
Master’s of Science Thesis

Commissioning of a Paul trap for
Collinear Laser Spectroscopy of

Exotic Radionuclides performed in a
30 keV MR-ToF device

Louis Croquette

Department of Physics

McGill University, Montreal

March 2023

A thesis submitted to McGill University in partial fulfillment of the requirements of the

degree of a Master’s in Science.

© Croquette 2023



Contents

1 Introduction 1

2 Background 3

2.1 Nuclear theory background . . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.1 Nuclear Shell Model . . . . . . . . . . . . . . . . . . . . . . . . . . . 3

2.1.2 Nuclear ground state properties . . . . . . . . . . . . . . . . . . . . . 5

2.2 Atomic shell model . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9

2.3 Fine and hyperfine structure . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3.1 Fine structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 10

2.3.2 Hyperfine structure . . . . . . . . . . . . . . . . . . . . . . . . . . . . 11

2.3.3 Using CLS to probe the hyperfine structure and to extract isotope shifts 13

3 MIRACLS Principle 14

3.1 ISOLDE production scheme . . . . . . . . . . . . . . . . . . . . . . . . . . . 14

3.2 Using MR-ToF devices to increase CLS sensitivity . . . . . . . . . . . . . . . 15

3.3 MIRACLS concept . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 16

3.4 First physics cases . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

3.5 Overview of MIRACLS beamline . . . . . . . . . . . . . . . . . . . . . . . . 18

3.6 Using Paul traps as a cooler-buncher preparation trap . . . . . . . . . . . . . 20

3.6.1 Operation principles of Paul traps . . . . . . . . . . . . . . . . . . . . 21

3.6.2 Mathieu equations and parameters . . . . . . . . . . . . . . . . . . . 23

3.6.3 Emittance . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 24

4 Experimental setup 26

4.1 Overview of the present beamline . . . . . . . . . . . . . . . . . . . . . . . . 26

4.2 MagneTOF ion detector . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 27

4.3 Ion source . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 28

4.4 Paul trap . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 29

4.4.1 Paul trap requirements . . . . . . . . . . . . . . . . . . . . . . . . . . 29



4.4.2 Paul trap design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30

4.5 Operational details . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31

4.5.1 High-voltage platforms . . . . . . . . . . . . . . . . . . . . . . . . . . 33

4.5.2 Paul trap operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

4.5.3 Vacuum system . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37

5 Experimental results and discussion 39

5.1 ToF Spectrum of ions extracted from the Paul trap . . . . . . . . . . . . . . 39

5.2 RF Stability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 41

5.3 Cooling times . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 42

5.4 Bu↵er gas pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45

5.5 Bunch extraction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48

5.6 Best achieved Paul trap performance for MIRACLS operation . . . . . . . . 50

6 Conclusion 53



Abstract

The Multi-Ion Reflection Apparatus for Collinear Laser Spectroscopy (MIRACLS)

is a novel experiment with the goal of performing high-resolution collinear laser spec-

troscopy (CLS) in a multiple-reflection time-of-flight (MR-ToF) device. By trapping

ions and revolving them around a few thousand times in an optical detection region

(ODR), significant gains in experimental sensitivity can be achieved compared to a

single passage in conventional CLS. This increase will allow for studying exotic ra-

dionuclides that are produced with low yields, thus opening a new region of the nuclear

chart to CLS experiments.

In order to fully benefit from the MIRACLS approach, the MR-ToF device requires

cooled ion bunches with strict emittance requirements. This necessitates the use of a

dedicated Paul trap tailored to match ion-bunch properties to the MR-ToF instrument

requirements.

In this thesis, a description of the goals of MIRACLS and its experimental setup

is provided, as well as the requirements for optimal MR-ToF and CLS performance.

The experimental setup for commissioning and characterization of this new Paul trap

is described in detail. The experimentally obtained temporal bunch width is compared

with the demands of the MR-ToF instrument. The Paul trap is shown to be able to

provide ion bunches with temporal widths of 123 ns, well matched to perform highly

sensitive CLS in the MIRACLS MR-ToF device.



Résumé

L’appareil à temps-de-vols multi-réflecteur pour spectroscopie au laser colinéaire

(MIRACLS) est une nouvelle expérience avec l’objectif de réaliser des études de spec-

troscopie au laser colinéaire (CLS) dans un appareil à temps-de-vols multi-réflecteur

(MR-ToF). En piégeant des ions et les faisant recirculer plusieurs milliers de fois dans

une région de détection optique (ODR), des augmentations importantes dans la sensibi-

lité expérimentale par rapport à un passage unique dans des études CLS conventionnels

peuvent être atteintes. Ces augmentations permettront l’étude d’isotopes radioactifs

exotiques produits avec de faibles rendements et rendront plus accessibles des nouvelles

régions de la carte nucléaire.

Pour réaliser les bénéfices de cette expérience au complet, l’appareil MR-ToF nécessite

des ensembles refroidis d’ions avec des exigences strictes d’émittance. Ceci oblige l’uti-

lisation d’un piège Paul dédié à la capture et refroidissement d’ions, afin de créer des

ensembles qui satisfassent les besoins de l’instrument MR-ToF.

Dans cette thèse, une description des objectifs de MIRACLS et de son installation

expérimentale est fournie, ainsi que les exigences pour l’opération MR-ToF et CLS op-

timale. L’installation expérimentale pour la mise en service et caractérisation du piège

Paul est détaillée. La longueur temporelle d’un ensemble déterminée expérimentalement

est ensuite comparée aux exigences de l’instrument MR-ToF. Le piège Paul a démontré

la capacité à fournir des ensemble d’ions avec des longueurs temporelles de 123 ns, ce

qui est supérieur aux exigences pour accomplir des études de CLS à haute sensibilité

dans l’appareil MR-ToF de MIRACLS.
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1 Introduction

The development of ion traps in the 1950’s and 1960’s significantly accelerated new physics

discoveries and advances. Wolfgang Paul’s proposal for a “New mass spectrometer without

a magnetic field” in 1953 paved the way for the development of a radiofrequency quadrupole

trap, now known as a Paul trap [1]. Meanwhile, Hans Dehmelt developed a device that was

able to trap an electron using a combination of electric and magnetic fields; he named this

apparatus a “Penning trap”, after Frans Penning who had done much of the early research

into electron confinement via a magnetic field (in order to increase the sensitivity of a vacuum

gauge). Since then, multiple areas of physics have seen significant progress such as precision

measurements of the electron’s magnet moment [2–4], determining the electron/proton mass

ratio [5], or demonstrating charged particle/anti-particle (CPT) symmetry using electron-

positron magnetic moments and mass ratios [6]. In 1989, Wolfgang Paul and Hans Dehmelt

won the Nobel prize in physics for their e↵orts in developing ion traps [7].

Paul traps continue to be of major importance in many fields of physics. In the realm

of nuclear physics, for instance, these devices are routinely employed as cooler-bunchers to

prepare cooled and bunched beams for a variety of experimental techniques including the

measurement of atomic masses and charge radii of short-lived radionuclides.

One such technique is collinear laser spectroscopy (CLS), where a narrow-band continu-

ous wave laser is overlapped with a bunched ion beam to resonantly excite atoms and probe

their hyperfine structure. Observing the fluorescence yield as a function of laser frequency

reveals the hyperfine spectrum from which conclusions about nuclear ground state properties

can be drawn. In modern CLS applications at radioactive ion beam (RIB) facilities, Paul

traps are needed to accumulate these exotic ions before they are released in a short ion bunch

with a temporal width of ⇠ 1 µs. This allows experimentalists to gate their analysis on the

ion-bunch passage through the laser-ion interaction and optical detection region and conse-

quently improve the signal to background ratio by many orders of magnitude.

Radionuclides, far from the valley of stability but accessible at low energy branches of

RIB facilities, typically exhibit short lifetimes on the order of a few milliseconds. In or-

der to study these rare isotopes, the on-demand production and delivery of these radioactive

Page 1
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atoms is necessary. The new Multi-Ion Reflection Apparatus for Collinear Laser Spectroscopy

(MIRACLS) is being developed and constructed at ISOLDE, CERN’s facility for the produc-

tion and delivery of these short-lived elements. The experiment will use a novel technique of

performing CLS inside a Multiple-Reflection Time-of-Flight (MR-ToF) ion trap. This device

is able to significantly extend the observation time of a measurement and thus improve the

experimental sensitivity by up to a factor of a few hundred compared to conventional CLS.

The CLS technique and MR-ToF instrument both have stringent requirements for suc-

cessful measurements and operation. In order to meet these demands, a dedicated Paul trap

has been built to prepare the ion bunch prior to its injection into the MIRACLS MR-ToF

device, where the highly sensitive CLS measurement takes place. This Paul trap must be

able to trap a 60 keV continuous ion beam from ISOLDE, to e�ciently accumulate and bunch

the ions, as well as release the ions in a well-defined ion bunch. This will reduce the bunch’s

energy spread and temporal width such that the ions can be used for CLS in the MIRACLS

MR-ToF device.

In this thesis, the installation and commissioning of the new Paul trap at MIRACLS’

high resolution apparatus will be described, which represents the main contribution of the

author to the project. Chapter 2 will discuss the necessary theoretical background to un-

derstand the motivation behind MIRACLS, covering the nuclear and atomic shell models, as

well as atomic fine and hyperfine structures. Chapter 3 will continue with a description of

the MIRACLS principle and how MR-ToF devices and Paul traps can be utilized to improve

CLS measurements. Chapter 4 will cover the experimental setup for commissioning and

testing the Paul trap. Chapter 5 will introduce and discuss the results of the experimental

characterization of the Paul trap. Chapter 6 will conclude this thesis.

Page 2
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2 Background

Laser spectroscopy is a powerful experimental method to reveal important information

about the structure of atomic nuclei. This section will outline the theoretical background

necessary to understand how results from collinear laser spectroscopy, and therefore the

MIRACLS experiment, can be used to validate and challenge theoretical models that describe

atomic nuclei.

2.1 Nuclear theory background

2.1.1 Nuclear Shell Model

The nuclear shell model was first proposed in 1932 by D. Ivanenko and E. Gapon and

further developed by M. Goeppert Mayer and J. H. D. Jensen in 1949, for which work they

earned the 1963 Nobel prize [8]. To this day, the model is successful in explaining many

observed nuclear phenomena, and continues to form the basis for many modern theoretical

approaches. The nuclear shell model attempts to explain the internal arrangement of nucleons

inside the atomic nucleus and its e↵ects on numerous nuclear properties, such as nuclear

charge radius, binding energies, excitation energies, etc. In particular, the behavior of the

atomic nucleus as a function of number of nucleons is of interest. As an example, Figure 1

shows the (a) single-, SN , and (b) double-neutron separation energy, S2N , for calcium isotopes

as a function of neutron number. Two interesting phenomena can be observed. First, there

is the see-saw structure in the single-neutron separation energy SN , which is explained by

nucleons strongly coupling together, forming a pair [9]. When removing one neutron (or

analogously one proton) from a nucleus with an even number of neutrons (or protons), it

is necessary to first break the pair, which requires more energy [10]. In order to isolate the

nuclear pairing e↵ect from other changes in the nuclear structure, one often looks at the

two-neutron separation energy S2N .

The second phenomena observed is a sharp discontinuity at A = 40 (and also at A = 48).

This is a feature explained by the nuclear shell model, in which specific nucleon numbers lead

to a closed nuclear shell. These magic numbers are N = 2, 8, 20, 28, 50, 82, and 126 [11].

Page 3
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Considering that a calcium atom contains 20 protons, the drop in S2N reflects the neutron

shell closures at N = 20 and N = 28. In the traditional shell model, the shells for protons

and neutrons are fully independent of each loading, leading to doubly-magic nuclei such as

48Ca and 208Pb in which both neutrons and protons entirely fill their respective shells.

Figure 1 – (a) One neutron separation energy SN as a function of atomic mass. (b) Two
neutron separation energy S2N as a function of atomic mass. Adapted from [12].

In addition to the separation energy, nuclear shell closures also a↵ect many other observ-

ables. These include nuclear charge radii, with significant di↵erences in mean square radii

apparent near magic numbers. Figure 2 shows (a) the di↵erences in mean-square charge

radius, � hr2i, and (b) absolute charge radii, Rch, as a function of the number of neutrons

for potassium (K) isotopes. As the number of neutrons increases, so does the charge radius

of the nucleus. The stabilizing e↵ects of the N = 28 shell closure clearly manifests in these

plots as a relative reduction in the charge radii.

Page 4
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Figure 2 – (a) Di↵erences in mean-square charge radii relative to 47K (Z = 19) (b) Absolute
charge radii. From [13].

2.1.2 Nuclear ground state properties

In order to validate and refine modern nuclear models, it is necessary to study properties

of a nucleus, especially of short-lived radionuclides far away from stability. The primary tool

for probing nuclei at MIRACLS is collinear laser spectroscopy (CLS), where a narrow-band

continuous wave laser is used to resonantly excite ions to a higher energy state and then

observe fluorescence photons. When counting the number of observed photons as a function

of laser frequency, atomic hyperfine spectra are recorded which allow experimentalists to

deduce characteristics of the atomic nucleus such as the nuclear spin, the nuclear magnetic

dipole moment, the nuclear electric quadrupole moment, and the nuclear charge radius.

Hence, via the hyperfine interaction between the atomic nucleus and its surrounding electron
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cloud, nuclear properties are imprinted into the atomic spectrum.

Nuclear spin Nuclear spin is the total angular momentum of an atomic nucleus, and is

defined by:

I =
X

n

jn =
X

n

(ln + sn) (1)

where l is the orbital angular momentum, s is the intrinsic angular momentum, and j is the

total angular momentum of a nucleon n, which has to be summed over all nucleons in order

to obtain the total spin I for the nucleus. Nuclear spin is dependent on the number of each

type of nucleon, and can either be integer or half-integer. Due to the nuclear pairing e↵ect, a

pair of like-nucleons couples to a combined angular momentum of 0. Thus, the ground state

of an even-even nucleus has a spin of 0. Even-odd nuclei have half-integer spin, and odd-odd

nuclei have integer spin.

Nuclear magnetic dipole moment The nuclear magnetic moment arises from the spin

and orbital angular momentum of the protons and neutrons in the atomic nucleus. The

nuclear magnetic dipole moment is given by:

µ̂ = gÎµN = gÎ
e~
2mp

(2)

where g is the nuclear g-factor, Î is the spin of the nucleus as defined above, µN is the nuclear

magneton, e is the elementary charge, ~ is the reduced Planck constant, and mp is the rest

mass of a proton. Since it is dependent on the nuclear spin, ground states of even-even nuclei

will not have a magnetic dipole moment, though even-odd and odd-odd nuclei will exhibit

magnetic dipole moments. Since all paired nucleons couple to zero spin, only the unpaired

nucleons are expected to contribute to the dipole moment. In the case of only one unpaired

nucleon, the magnetic moment is thus assumed to be entirely due to this nucleon’s combined

spin and orbital angular momenta. For total moment µ, this has the form:

µ = jgj =
j(j + 1) + l(l + 1)� s(s+ 1)

2(j + 1)
gl +

j(j + 1)� l(l + 1) + s(s+ 1)

2(j + 1)
gs (3)
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where gl and gs are the Landé g-factors for orbital and spin angular momentum, respectively.

For a free proton gl = 1 and gs ⇡ 5.6, and for a free neutron gl = 0 and gs ⇡ �3.8. Since

j = l± 1
2 , Equation 3 simplifies to µ = gl(j� 1

2)+gs
1
2 for j = l+ 1

2 , and µ = gl
j(j+ 3

2 )

j+1 �gs
j

2(j+1)

for j = l � 1
2 [14]. Section 2.3 will cover how the nuclear magnetic dipole moment interacts

with the magnetic field generated by electrons surrounding the atomic nucleus, and, together

with the nuclear electric quadrupole moment, cause the hyperfine splitting of energy levels.

Nuclear electric quadrupole moment The nuclear electric quadrupole moment, Q,

describes the shape of the nuclear charge distribution. A Q value of 0 indicates a perfectly

spherical charge distribution, while Q > 0 indicates an American-football shape distribution

and Q < 0 indicates a cushion-like shape distribution, as shown in Figure 3. For a given

angular momentum state I the electric quadrupole moment is defined by:

Q = hIM = I|Q̂0|IM = Ii (4)

where Q̂0 =
P

i
ei(2z2i �x2

i
�y2

i
). It is experimentally known that electric quadrupole moments

of even-even nuclei with I = 0 will also have a quadrupole moment of zero [15].

The quadrupole moment discussed above is considered to be the experimentally observed

quadrupole moment. However, it is also possible to construct an intrinsic quadrupole moment

Q0 relative to the symmetry axis of a non-spherical nucleus [16]. This can be related to the

observable moment by:

Q =
I(2I � 1)

(I + 1)(2I + 3)
Q0 (5)

Clearly for I = 0 and I = 1
2 , Q = 0, despite Q0 not necessarily being zero. This can be

interpreted as a nucleus with zero spin is unable to be characterized as having a preferred

direction in space.

Page 7
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Figure 3 – Shapes of nuclei based on the value of the electric quadrupole moment

Nuclear charge radius Nucleons are confined to an atom’s nucleus, but the atomic nu-

cleus does not have a definite outer limit, much like a planet’s atmosphere. Instead, nuclei

have a function that describes the nucleon density as a function of distance from the center

of the nucleus. Assuming a nucleon has a radius of r0 on the order of 1 fm, then an atomic

nucleus composed of A nucleons should follow the ratio A ⇡
4
3⇡R

3

4
3⇡r

3
0
. Therefore the nuclear

matter radius should be:

R ⇡ r0A
1/3 (6)

It is expected that the nuclear charge radius follows the nuclear matter radius. However,

significant di↵erences between the two are of particular interest, leading to neutron-dense or

neutron-deficient nuclear skins. Novel experiments such as the antiProton Unstable Matter

Annihilation (PUMA) project are seeking to investigate the nuclear surface even for short-

lived radionuclides using anti-protons and pion tracking in annihilation processes [17].

The charge distribution of a nucleus was first determined experimentally, rather than

predicted theoretically, by R. Hofstadter at the Stanford Linear Accelerator Center (SLAC)

using electron scattering [18]. They determined that the charge (and nucleon) density can

be described to first order by the Fermi distribution:

⇢(r) =
⇢0

1 + e(r�R)/a
(7)

Page 8
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where ⇢0, R, and a are all fitting parameters. This distribution describes well the nuclear

charge distribution above A > 20 with ⇢0 = 0.17Z

A
fm�3, a = 0.54fm, and R = (1.128A1/3 �

0.89A�1/3)fm.

Measurements of nuclear charge radii, including short lived radionuclides reveal many

interesting phenomena, including pairing e↵ects and signatures for shell closures. However,

electron scattering experiments are di�cult to perform on short-lived radionuclides given

their availability in only small samples sizes at dedicated RIB facilities. Instead nuclear

charge radii are determined from so-called isotopes shifts which can be measured with high

accuracy and precision by laser spectroscopy even for exotic radionuclides, see Section 2.3.2.

2.2 Atomic shell model

Similar to the nuclear shell model, atoms display interesting characteristics around elec-

tron shell closures. This model, aptly named the atomic shell model, originally was formu-

lated as part of the Bohr model of the hydrogen atom but has since been formalized under

a quantum mechanical framework [19]. There are four quantum numbers that can be used

to fully describe an electron in an atom: n, the principle quantum number; l, the azimuthal

quantum number, ml, the magnetic quantum number; and finally s, the spin quantum num-

ber.

The principle quantum number denotes the shell of an individual electron. Each shell

represents an electron orbit, and can be filled by 2n2 electrons. The factor of 2 is a conse-

quence of the Pauli exclusion principle, by which only 2 electrons (one with up-spin and one

with down-spin) can occupy the same state.

Within these shells subshells can arise, which can have quantum number l = 0, 1. . . n� 1.

The azimuthal quantum number describes the subshell angular momentum L = (~)2l(l + 1)

as well as the shape of the orbital. Traditionally, there are letter equivalents for notation

when describing the l quantum number: for the s (sharp) orbital, l = 0; for p (principle),

l = 1; for the d (di↵use) orbital, l = 2; and for the f (fundamental) orbital, l = 3. From

l, we are also able to define the range for ml, which is ml = �l,�l + 1, ...0, ..., l � 1, l. The

magnetic quantum number defines the orientation of the orbital in a three-dimensional space.

Figure 4 demonstrates the shape and orientation of each orbital based on its 3 first quantum
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numbers.

The spin quantum number represents a particle’s intrinsic angular momentum. The spin

can be further broken down into s, the magnitude of the spin, and ms the direction of the

spin. Since an electron is a fermion, s will always be ~/2, and therefore ms will either be

�1/2 or +1/2 (down or up-spin respectively), in units of ~.

Figure 4 – Hydrogen atomic orbitals visualized. Figure from [20].

2.3 Fine and hyperfine structure

Despite the vast di↵erence between the size of a nucleus and its surrounding electron

cloud, the nucleus has significant e↵ects on the atomic orbitals. By studying the atomic

structure, researchers are thus able to deduce to a high degree of precision numerous nuclear

properties of nuclear ground states and long lived isomers.

2.3.1 Fine structure

To a first approximation, an atom can be modeled as a point charge nucleus surrounded

by an electron cloud. When accounting for electron-electron interactions, and hence spin

coupling interactions, the total angular momentum of the system can be described as J =
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L+ S. The spin orbit interaction causes a shift in energy of:

ES�O =
�

2
[J(J + 1)� L(L+ 1)� S(S + 1)] (8)

where � is the spin-orbit constant dependent on the principle quantum number n and the

azimuthal quantum number l [21]. Furthermore, since an electron can have either a up-spin

or a down-spin, this creates a splitting of the energy levels with a di↵erence:

�ES�O =
↵2

nl(l + 1)
E(n) (9)

where E(n) is defined by the Bohr formula E(n) = � e
2
/4⇡✏0
2a0

1
n2 and ↵ is the fine structure

constant. This structure is called the fine structure.

2.3.2 Hyperfine structure

However, when taking the internal size and structure of the nucleus into account this

causes further shifts and splittings from the expected energy levels, known as the hyperfine

structure. It arises from the electromagnetic interaction of the nuclear moments with the

orbiting electron cloud. A new quantum number is therefore necessary to characterize the

states of this system, the total angular momentum F . This is the vector sum of the nuclear

spin I and the total electron spin J ; therefore, F can range from |I � J | to I + J .

Since there are two electromagnetic moments associated with the nucleus, there will be

two contributions to the resulting energy shift.

The first contribution comes from the magnetic dipole moment, µ, described above in

Section 2.1.2, interacting with the magnetic field at the center of the nucleus that is generated

by the electrons, BJ . Using C = F (F + 1) � I(I + 1) � J(J + 1) as a notation, the atomic

energy shift due to the interaction with the nuclear magnetic dipole can be stated as:

�Edipole =
µBJ

2IJ
C (10)

where µBJ

IJ
= AJ is defined as the magnetic hyperfine coupling constant. This is only valid

for I > 0 and J > 0 as otherwise there is no hyperfine splitting.
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A second contribution arises from the nuclear electric quadrupole moment Q as defined

also in Section 2.1.2. Here the contribution only exists for I, J > 1
2 , as otherwise Qs = 0.

Here the energy shift is:

�Equad/~ = BJ

3C(C + 1)� 4I(I + 1)J(J + 1)

8I(2I � 1)J(2J � 1)
(11)

where BJ is the quadrupole hyperfine parameter defined by BJ = eQs h@
2
Ve

@z2
i [22]. Past first

order approximations the contributions of higher order electromagnetic multiples become

su�ciently negligible where they can be ignored, and only the magnetic dipole and electric

quadrupole moments need to be considered. Once AJ and BJ are known for a reference iso-

tope with known nuclear moments, unknown nuclear moments of other isotopes of a chemical

element can be extracted using ratios of the atomic hyperfine coupling constants AJ and BJ

of lower- and upper-hyperfine levels:

µ = µref

AJI

AJ,refIref
(12)

Q = Qref

BJ

BJ,ref

(13)

These ratios are valid all along the isotopic chain, though some smaller order corrections are

necessary in µ for some isotopes with significant hyperfine anomalies [23].

In addition to the hyperfine splitting due to the nuclear electromagnetic moments, the

atomic nucleus also a↵ects the atomic spectra through its non-vanishing size and charge

radius. In particular, the isotope shift �⌫ reflects tiny di↵erences in (fine structure) transition

frequencies when more and more neutrons are added to the atomic nucleus. For the shift

between isotope A and another isotope A0 of the same element, the di↵erence in transition

frequency is:

�⌫A,A
0
= ⌫A

0

0 � ⌫A

0 (14)

The isotope shift is the sum of the mass and field shifts, of which the latter is proportional

to the di↵erences in mean square charge radii � hr2iA,A
0
between isotope A and A0.
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2.3.3 Using CLS to probe the hyperfine structure and to extract isotope shifts

The hyperfine structure as well as isotope shifts can be investigated using collinear laser

spectroscopy [24]. This experimental technique uses an accelerated ion beam overlapped

with a laser to excite the ions to a higher energy level when the laser wavelength matches

the energy di↵erence of the selected electronic transition. The ions then emit fluorescence

photons, which can be detected by a photomultiplier tube (PMT) in an optical detection

region (ODR). To scan the hyperfine spectrum of an isotope, it is necessary to scan the

wavelength of the laser in the reference frame of the ion beam. A clever technique can be

applied in which the ions are accelerated resulting in a shifted laser frequency (and therefore

wavelength).

This can be achieved by taking advantage of the relativistic Doppler e↵ect [25]. In the

reference frame of the ions, the laser wavelength will be shifted according to:

f = fL
1� cos(↵)�p

1� �2
(15)

where ↵ is the angle between the ion beam and the laser, and � is the relativistic Lorentz

factor:

� =
v

c
=

s

1� M2
0 c

4

(Uq +M0c2)2
(16)

Here M0 is the rest mass of the ions, q is the charge of the ions, and U is the total acceleration

voltage. In this case, the beam is parallel to the laser so ↵ = 0 and therefore the observed

frequency for the ions is f = fL
1��p
1��2

.

For high-resolution CLS, fast-ion beams are used as a tool to minimize Doppler broadening

and thus to obtain a high laser-spectroscopic resolution. The relation �f / �E/
p
E indicates

that the best results are achieved with low energy spread �E and high-energy E beams

[26]. Hence, it is advantageous to use fast-ion beams, typically on the order of tens of

kiloelectronvolts, paired with a low energy spread.
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3 MIRACLS Principle

Far from the valley of stability, isotope production becomes increasingly di�cult and thus

ions of interest can be synthesized and delivered with yields as low as a few ions per second.

Typical CLS setups are limited to nuclides with productions of 1,000-10,000 ion/s deliv-

ered to the CLS apparatus depending on the case and employed spectroscopic transition.

Moreover, very exotic isotopes are typically delivered with significant contamination from

other radionuclides [27]. All these factors make it so that measurements of low-yield nuclides

require novel measurement techniques to increase sensitivity and e�ciency. The Multi-Ion

Reflection Apparatus for Collinear Laser Spectroscopy (MIRACLS) o↵ers a solution to these

challenges by performing CLS inside an MR-ToF (Multiple-Reflection Time-of-Flight) ap-

paratus. Following the successful demonstration of the MIRACLS concept in a low-energy

MR-ToF device [28–30], a new high resolution setup is currently being built and finalized

at ISOLDE, CERN. This new MIRACLS apparatus will o↵er the ability to trap and mea-

sure low-yield nuclides with high experimental sensitivity and high spectroscopic resolution.

Additionally, the mass separation capabilities of the MR-ToF instrument will allow the sup-

pression of disturbing contaminants.

3.1 ISOLDE production scheme

Given the short lifetimes of many isotopes of interest, nuclear physics experiments often

require on-demand production of isotopes in order to study them. The Isotope Separator

OnLine DEvice (ISOLDE) is CERN’s facility dedicated to the production and study of ra-

dioactive ion beams (RIBs). ISOLDE uses the isotope separation online (ISOL) method,

where a high-energy 1.4GeV pulsed proton beam from CERN’s Proton Synchrotron Booster

is directed to and impinged onto a thick target. This creates a wide variety of radionuclides

via fission, fragmentation, and spallation reactions. The target is kept at a high temperature

in the order of ⇠ 2000°C. This facilitates the di↵usion of the synthesized radionuclides into

the ionization region, where the radioactive atoms can be ionized via surface, plasma, or

resonance laser ionization sources. The ions are subsequently accelerated to an energy of 30

to 60 keV.
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Depending on the used target station, the beam is either directed into the General Pur-

pose Separator (GPS) or High-Resolution Separator (HRS), where the ions of interest are

selected in mass by passing one (GPS) or two (HRS) magnetic dipole separators [27]. How-

ever, these magnets can only separate the beams with a resolving power of R = m/�m ⇡ 800

for GPS and a few thousands for HRS; to further suppress remaining contaminating isobars,

experimentalists would often benefit from an additional separation, such as using an MR-ToF

device. Beams delivered from HRS are then directed into ISCOOL, the ISOLDE radiofre-

quency quadrupole trap, where they are bunched and cooled before the beam is sent to one

of the various experimental stations at ISOLDE.

ISOLDE is able to deliver beams of over 700 di↵erent nuclides, which are used in various

experiments in fields such as nuclear physics, life sciences, solid state physics, fundamental

symmetry studies, and nuclear astrophysics.

3.2 Using MR-ToF devices to increase CLS sensitivity

Multi-Reflection Time-of-Flight (MR-ToF) devices are primarily employed to perform

mass measurements and mass separation. They are used by injecting an ion bunch in between

two coaxial electrostatic mirrors separated by a drift tube, and then revolving the ion beam

in between these two mirrors. Thus, an e↵ective ion flight path of a few kilometers can be

folded into a device with an extension of ⇠ 1m.

The di↵erent masses for each ion species in an impure bunch will take di↵erent amounts

of time to travel in each revolution; after numerous revolutions, the di↵erent masses will have

formed distinct bunches, which can then be selectively extracted depending on the desired

isotope. Assuming uniform kinetic energy Ekin upon injection into the MR-ToF device, each

mass will have a di↵erent velocity:

vi =

r
2Ekin

mi

(17)

The mass resolving power is defined as:

R =
m

�m
=

t

2�t
(18)
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where t is the total time of flight for the ion species, and �t is the temporal width of the

bunch. Typical MR-ToF devices allow for mass resolving powers greater than R ⇠ 105 in

only a few (tens of) milliseconds [31–35].

Similar to artificially increasing the distance traveled by the bunch during mass separation,

the aim of MIRACLS is to extend the detection region when performing CLS. Ultimately,

MIRACLS could achieve tens of thousands of revolutions through the optical detection region,

compared to the single pass in conventional CLS. In contrast to other ion traps, an MR-ToF

device confines ion bunches of several kiloelectronvolts of beam energy. Thus, by envisioning

an unprecedented MR-ToF apparatus operating at 30 keV, the long observation time enabled

by an ion trap is combined with the high resolution of fast-ion beam CLS.

3.3 MIRACLS concept

Despite its long and successful history, conventional CLS of bunched beams is limited in

its sensitivity to radionuclides with 103 � 105 ions per second delivered. Radioactive ions

that are available at low energy branches of radioactive ion beam facilities and measured

using this techniques have half-lives on the order of milliseconds or more, whereas the ions

only interact with the laser beam for a few microseconds at most. By trapping them inside

an MR-ToF device and revolving them in-and-out of the ODR, it is possible to extend the

interaction time to the order of the half-life, greatly increasing the measurement time and

ensuing sensitivity while maintaining the high resolution of conventional CLS.

By extending the interaction time, this results in an improvement in sensitivity of:

S

N
=

p
r
s

n
(19)

where S/N is the signal-to-noise ratio of the measurement, r is the number of revolutions

in the MR-ToF instrument, and s/n is the signal-to-noise ratio of a single pass through the

ODR. Each revolution improves the measurement sensitivity, resulting in an improvement

factor on the order of 30 to 700 times compared to traditional, single-passage CLS [36].

However, to achieve this, MIRACLS requires significant changes in the operation of CLS.

(1) MIRACLS needs to have a bunched beam of narrow temporal width to ensure e↵ective
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MR-ToF operation. (2) The bunch needs to be of su�cient energy to minimize Doppler

broadening but with small energy spread to obtain high CLS resolution. (3) Finally, an

ODR needs to be implemented into the MR-ToF device directly.

While the MIRACLS concept itself has been successfully demonstrated in a low-energy

apparatus with stable ions and a beam energy of ⇡ 1.5 keV [28–30], for online operation,

the high resolution setup with up to 30 keV beam energy is required. This high-resolution

apparatus requires a newly designed MR-ToF device rated for up to 60 kV applied to the

electrodes of its electrostatic mirrors. Additionally, a compact preparation trap for bunching

and cooling of the incoming ISOLDE beam is necessary, which must fit in the small space

given to the MIRACLS experiment. It must also be rated for a 60 keV beam from the

ISOLDE facility.

3.4 First physics cases

The MIRACLS experiment’s first physics cases are magnesium (Mg) isotopes in the island

of inversion as well as at the N = 8 neutron shell closure. Specifically, the experiment will be

looking at the nuclear charge radii of 20Mg, 33Mg, and 34Mg in order to validate leading ab-

initio nuclear structure calculations. Magnesium was specifically chosen as the first science

goal of MIRACLS due to its closed two-level ionic structure in the D1 and D2 transitions

(which are the transitions are from the ionic ground state 3s2S1/2 to the excited fine structure

states 3p2P1/2 and 3p2P3/2, respectively). With each revolution in the MR-ToF device, the

ions are excited and then emit a fluorescence photon; however, if the excited ions were to

(partially) decay into a metastable state then the spectroscopic transition could not be re-

excited in additional revolutions. By using a closed two-level system, one ensures that the

excited ions will decay back into their initial state, therefore allowing the spin-0 isotopes 20Mg

and 34Mg to be probed multiple times at MIRACLS prior to radioactive decay. For 33Mg+

ions, the ionic ground state exhibits a hyperfine splitting due to its nuclear spin I = 3
2 . This

implies that over time the ions are pumped into other hyperfine states and the MIRACLS

signal will eventually diminish. However, MIRACLS’ low energy apparatus demonstrated a

gain in signal strength by a factor of 5 compared to single-pass CLS even for 25Mg(I = 5
2).

Thus, a similar signal enhancement will make a measurement of 33Mg possible, too.
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Another element of interest is cadmium, for which experimental studies are planned after

successful experiments with Mg isotopes. Cadmium shares the closed two-level property of

magnesium, albeit with higher masses, and therefore is ideally suited for performing CLS in

an MR-ToF apparatus, too.

Table 1 shows the yields from ISOLDE for the Mg isotopes of interest.

Isotope Yield at ISOLDE

20Mg 17 ions/µC (expected when suppressing 20Na yields) [37]

21�33Mg >1000 ions/µC [38]

34Mg 140 ions/µC [38]

Table 1 – Isotope production yields for 20Mg, 33Mg, and 34Mg in units of ions per µC of
proton beam current.

3.5 Overview of MIRACLS beamline

MIRACLS’ high resolution setup is presented in Figure 5. Ions delivered by ISOLDE at

⇡ 50 keV will be accumulated and trapped inside the Paul trap that sits on a two-stage high-

voltage platform (floated to 48 kV and 50 kV) to match the incoming ion beam energy. This

Paul trap serves as a cooler-buncher for the rest of the MIRACLS setup. Ions injected into

the Paul trap (floated at the 50 kV high-voltage platform) will be bunched and cooled using

room temperature helium gas, after which the bunches will be extracted and accelerated into

the 2 kV transport beamline, which is floated to 48 kV with respect to the laboratory ground.

Downstream of the Paul trap there is a quadrupole bender which connects the o✏ine ion

source branch to the rest of the beamline. The o✏ine branch is used to provide continuous

beam of stable isotopes for setup and system optimization prior to online measurements. The

ion source itself is also floated to 2 kV on top of the 48 kV high-voltage platform. Ideally,

the o✏ine ion source would have been located upstream of the Paul trap near the hand-over

point between ISOLDE and MIRACLS. However, due to space constraints in the ISOLDE

hall it was placed after the Paul trap and will require reverse beam injection into the Paul

trap. In order to inject into and extract from the Paul trap using the same side, the bias

voltages applied to ion optical elements along the shared beam path will need to be switched
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from reverse injection to extraction mode during the ion cooling in the Paul trap, on a short

timescale of a few milliseconds.

Downstream of the quadrupole bender a 30 degree bender allows for bi-directional laser

access into the MR-ToF instrument. Directly following the 30 degree bender the ions leave

the 48 kV platform and are accelerated to ⇡ 50 keV for injection into the MR-ToF device.

Finally, at the end of the beamline there is the MR-ToF device itself. It is composed of two

large chambers housing the electrostatic mirrors with a drift-tube and ODR in between these

two chambers. The ions are captured into the MR-ToF device by means of the in-trap lift

technique [39].

Along the entire beamline, the system will have multiple beam optics elements and diag-

nostics as well: there are double-sided plates directly before and after the Paul trap for tuning

through the Paul trap in normal or reverse operation. These can also be used to measure

beam transmission through the Paul trap. There is a collimator directly after the o✏ine ion

source and a single-sided plate on the quadrupole bender for tuning the ion source branch.

In order to detect bunched beams, there is a magneTOF ion detector directly before the 30

degree bender, and two magneTOF detectors in the MR-ToF device, one in each electrostatic

mirror chamber. MagneTOF ion detectors are devices that measure ion time-of-flights with

sub-nanosecond resolution [40].

There are multiple beam optics components all throughout the beamline to assist with

steering and focusing: a high-voltage einzel lens before the Paul trap, two einzel lenses be-

tween the Paul trap and the quadrupole bender, an einzel lens in the ion source branch, and

another einzel lens directly downstream of the quadrupole bender.

The system also features three gate valves to separate di↵erent vacuum sections for sys-

tem safety. One is installed directly after the Paul trap, one separates the ion source branch,

and finally one is installed directly after the 30 degree bender.
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Figure 5 – CAD model of the MIRACLS high resolution apparatus. ISOLDE beam enters
from the left.

3.6 Using Paul traps as a cooler-buncher preparation trap

As described in Section 3.3, the MIRACLS technique requires bunches with a small time

and energy spread for optimal MR-ToF performance. A small temporal ion-bunch width is

needed to fully capture the ion bunch with the in-trap lift and to maintain a short bunch

structure during the entire storage time in the MR-ToF instrument. The latter is also benefi-

cial for CLS sensitivity as it allows to gate on a narrow ion-bunch passage and thus to reject

more background photons uncorrelated to the ions. Additionally, for CLS a small energy

spread on the order . 1 eV is required to decrease Doppler broadening. The quality of a

bunch can be described by its longitudinal and transversal emittances, where longitudinal

emittance is a product of the time and energy spreads. This concept will be further described

in Section 3.6.3.

In order to prepare the continuous ISOLDE beam into bunches for MR-ToF use, MIRA-

CLS uses a newly designed Paul trap. Also known as an RadioFrequency Quadrupole (RFQ)

cooler buncher, this device uses a bu↵er gas to cool the ions while they are being trapped by
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an oscillating RF field.

3.6.1 Operation principles of Paul traps

The goal of an ion trap is to confine ions in all three spacial dimensions. However, Earn-

shaw’s theorem states that no point charge can be confined in three dimensions with simply

electrostatic fields [41]. A Paul traps gets around this by using rotating electric fields to trap

the ions.

This can be easily understood by imaging a ball on a hyperbolic paraboloid surface, as

seen in Figure 6. If the saddle surface is stationary, the ball is confined in one direction, but

free to fall in the other direction. However, if the field is rotated with a frequency within a

specific range, the ball will feel a net force towards the center of the field, be unable to fall

in either direction, and will therefore be confined.

The first Paul trap designs were typically made with three hyperbolic surfaces acting as

two endcaps and a ring electrode [42]. However, hyperbolic sheets are di�cult to manufac-

ture, and such a design restricts accessibility, e.g. for laser access, as well as scalability to

larger sizes. As such, linear Paul traps have gained popularity compared to their traditional

counterparts. A linear Paul trap functions similar to a quadrupole mass filter. Thus, the

hyperbolic field ensures radial ion confinement while the axial trapping is achieved by an elec-

trostatic potential which is formed by DC electrodes and/or endcaps. The radial hyperbolic

field is approximated by using four half-cylindrical rods as shown in Figure 7.
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Figure 6 – Ball on a saddle potential. Rotating the potential around its saddle point with
specific frequencies will trap the ball in the local minimum of the saddle.

Figure 7 – (a) Hyperbolic field lines generated by applying the potentials on the electrodes
seen in (b). Figure from [42].
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3.6.2 Mathieu equations and parameters

In this section, z represents the longitudinal coordinate of the Paul trap, while x and y

reflect the radial coordinates. The cylindrical rods will generate a potential:

�(t) =
V (t)

2r20
(x2 � y2) (20)

where r0 corresponds to half the distance between two opposing rods and V (t) is a time

dependent voltage applied to the electrodes [42]. V (t) can either be a sinusoidal wave V (t) =

U + V0 cos(!t) or a square wave V (t) = U + V0�(t) with total period T where

�(t) =

8
><

>:

1 0  t < T/2

�1 T/2  t < T

and U is a DC voltage and V0 is the RF amplitude. The sinusoidal potential can be

inputted into the general equation for a Lorentz force acting on a particle in an electrostatic

field F = �e�� applied on a quadrupole mass filter [42]:

mẍ = �e
�0

r20
x (21)

mÿ = e
�0

r20
y (22)

mz̈ = 0 (23)

The equations for the x- and y-components can be rewritten as:

0 =
d2x

d⌧ 2
� (ax � 2qx cos(2⌧))x (24)

0 =
d2y

d⌧ 2
+ (ay � 2qy cos(2⌧))y (25)

where qx,y = 2eV0

!2m0r
2
0
and ax,y = 4eU

!2m0r
2
0
. These are the Mathieu equations, which have either

stable or unstable solutions [43]. Stable solutions are defined as the parameter-space where

the motion around the z axis is stable, and radial motion is limited in amplitude. Figure

8 shows the stability diagram for trapping in a linear Paul trap [44]. Since U = 0 for the
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MIRACLS Paul trap, a will always be zero. For a square wave, optimal q values are between

0.3 and 0.4 but for stable ion confinement can be as high at q = 0.7 [45].

Figure 8 – (a) Stability diagram for a linear Paul trap with sinusoidal RF fields. Stable
trapping occurs in the overlapping regions, of which there are four indicated. (b) An enlarged
view of the largest region of stability. Figure from [44].

3.6.3 Emittance

As mentioned in Section 3.3, high quality ion bunches are crucial for the MR-ToF oper-

ation at MIRACLS. The bunches are evaluated by their emittance, which is a measure of

a bunch’s (temporal) width, radial extension and divergence as well as energy spread. The

emittance can be separated into a longitudinal and transversal emittance.

The longitudinal emittance is a combination of an ion bunch’s temporal width �t and

energy spread �E. The root-mean-square longitudinal emittance is defined as:

✏rms,long =
q

hE2i ht2i � hEti2 (26)

which simplifies to ✏rms,long = �E�t if E and t are not correlated. For ions in thermal equilib-

rium with the bu↵er gas that are subsequently extracted from a Paul trap, the longitudinal

RMS emittance of the ion bunch can be estimated [46] according to:

✏rms,long ⇡ ⇡
kBT

!z

(27)
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where T is the temperature of the bu↵er gas and !z =
q

2eVDC

mr20
is the ions’ longitudinal

oscillation frequency in the Paul trap.

The root-mean-square transversal emittance is defined as:

✏rms,trans =
q

hu2i hp2
u
i � hupui2 (28)

where u = x, y is the ions’ displacement from the beam axis and pu = px, py is their momenta

in the transverse directions. Similar to the longitudinal emittance, this can be estimated as

a function of the radial oscillation frequency !r [46]:

✏rms,long ⇡ ⇡
kBT

!r

(29)

Assuming a Gaussian beam, both RMS emittances can be converted into a measurement

of the percentage p% of the beam that is described by the emittance. For a 95%-emittance,

the RMS-emittance can be multiplied by a factor of 2 ln(20) [47]:

✏95%,long = 2 ln(20)✏rms,long (30)

✏95%,trans = 2 ln(20)✏rms,trans (31)

Subject to conservative forces, the emittance is a conserved quantity and thus should not

change along the beamline; the exception is inside the Paul trap, where the bu↵er gas cooling

procedure is non-conservative and the emittance is intentionally reduced.
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4 Experimental setup

The experimental setup for testing and characterizing the Paul trap has a few variations

compared to the final MIRACLS beamline. The biggest di↵erence is the option of operating

the 48 kV platform on ground, since the stable beam for the Paul trap commissioning is

delivered at  2 keV from the o✏ine ion source rather than the 60 keV beam from ISOLDE.

4.1 Overview of the present beamline

The experimental setup of the present work contains many components that are perma-

nently installed and will remain part of the full MIRACLS beamline. The beamline built

and used in this work is shown in Figure 9.

Magnesium ions are created in the o✏ine ion source, where a collimator is installed to

provide a well-defined ion beam and to separate the ion source region from the ultra-high

vacuum sections of the transfer beamline. The ion source facing plate of the collimator is

electrically isolated and allows to measure the intensity of ion beam fraction which is not

passing through the collimator. Its current reading thus provides information about the ion-

beam stability.

Downstream of the collimator there is an einzel lens, followed by a gate valve. After the

gate valve there is the quadrupole bender; directly behind the bender, in straight continua-

tion of the ion source beam, there is a one-sided plate to measure the incoming ion beam to

aid in beam tuning.

To the right of the bender is a set of einzel lenses, as well as a retractable bi-directional

current-measuring plate for beam tuning. The next component is another gate valve, after

which is the Paul trap. Lastly, the injection cross, enclosing the high-voltage einzel lens and

another retractable bi-directional plate, is installed between the trap and the beam port to

ISOLDE, but is not directly used in this work.

Extracted ion bunches from the Paul trap will always travel towards the MR-ToF device.

Left of the quadrupole bender there is the 30 degree bender chamber; ejected ion bunches

will travel straight through the quadrupole bender to impact the magneTOF ion detector

installed at the front of the 30 degree bender chamber.
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Figure 9 – Overhead view of the Paul trap testing beamline.

4.2 MagneTOF ion detector

In order to measure the ions’ time-of-flights precisely, MIRACLS uses a set of magneTOF

detectors along the beamline. These detectors are capable of sub-nanosecond ToF resolu-

tion, and operate on the principle of secondary electron emission. Incoming ions enter the

detector and strike a cathode, which then releases secondary electrons. These electrons are

guided by cross electrostatic and non-uniform magnetic fields onto dynodes, which amplifies

the measured current [40]. A high voltage, opposite to the ions’ charge, is applied in order

to power the magneTOF. Figure 10 shows the design and electron path in the magneTOF

detector.

In the present work, the magneTOF detector is mounted on a pneumatic actuator, which

itself is mounted on a feedthrough flange. This flange has other ports in order to power

the magneTOF detector and feed through the measured signal. It is located on the vacuum

chamber encasing the 30 degree beam bender.

The signal from the magneTOF detector is passed through an amplifier and a discrimina-

tor to convert the analog signal into a digital signal. It is then transported o↵ the high-voltage

platform in an optical fibre after converting the discriminator’s TTL signal into a light pulse.

Finally the signal is fed into the Data AcQuisition system (DAQ).
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Figure 10 – Ion optical arrangement of the inner magneTOF detector, as well as ion and
electron trajectories. Figure from [40].

4.3 Ion source

Access to online ISOLDE beam is limited to due time limitations, so it is of significant

advantage to have an o✏ine ion source attached to the beamline. As the element of interest

in future online work is magnesium, it is preferred for the ion source to also provide a beam

of stable magnesium ions. The ion source used in this setup ionizes the atoms using electron

impact ionization. A diagram of the source is shown in Figure 11. An oven filled with solid

magnesium is heated to generate the neutral magnesium vapour.

In an electron impact ion source, electrons hit a neutral atom, and, if the kinetic energy

of the initial electron exceeds the first ionization energy of the atom, knocks o↵ an electron

leaving behind a positively charged ion. The electrons are emitted by a heated filament,

and then accelerated towards a grid surrounding the relevant ionization region; the electron

energy is determined by the potential di↵erence between the filament and the grid. Its

value is set to maximize the formation of Mg+ ions while minimizing the ionization of other

residual-gas particles whose ionization cross sections peak at higher electron energies. After

the atoms have been ionized, they can be extracted in a continuous beam. The ion source

also has three electrodes in the extraction region for beam focusing. For the stable beams

in this study, the grid was biased to +265V for a beam energy of 265 eV, and the filament

biased to +184.3V which results in an electron energy of ⇡ 80 eV.
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Figure 11 – Diagram of the Mg electron impact ion source used for o✏ine testing and cali-
brations. Figure adapted from [48].

4.4 Paul trap

Within MIRACLS, the Paul trap is one of the most important components, as it is re-

sponsible for preparing the bunches to be injected into the MR-ToF apparatus. The principle

goal of this thesis project was to build the test setup as well as to characterize the Paul trap

in its first commissioning experiments.

4.4.1 Paul trap requirements

The newly designed Paul trap has stringent requirements for optimal performance. First,

it needs to accept and trap ISOLDE beam with minimal ion losses. The MR-ToF device

requires bunches with small temporal width (< 700 ns) while CLS requires bunches with low

energy spread (< 1 eV) and benefits from higher energies [36, 49]. The spacial expansion of

the bunches in transverse directions should also be small as to maximize ion-laser overlap.

Experimentally, it requires specific devices to measure the energy-spread as well as transverse
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displacements and momenta and therefore to obtain the complete phase space. However,

through the use of an ion detector the temporal spread of a bunch can be measured, and

therefore the Paul trap parameters can be optimized for minimizing the bunch width. The

excellent agreement of the measured and simulated ion-bunch structure in the other Paul trap

operated at MIRACLS [28] provides strong confidence to gauge the experimental performance

of the trap based on the temporal ion-bunch profile and rely on simulations for the other

emittance parameters.

4.4.2 Paul trap design

A longitudinal view and an angular cross-section view of the Paul trap are shown in

Figure 12. The longitudinal view shows the DC electrode configuration of the Paul trap, as

well as the placement of the half-cylinder RF rods. The helium line to supply the bu↵er gas

is visible below the Paul trap, and the D-sub connector to bias the DC electrodes is also

visible on top of the trap structure.

The DC electrodes serve to form an axial potential well in the Paul trap into which the

injected ions are accumulated. In order to have more control over the well minimum, the

electrodes come in two sizes: seven larger electrodes are located at the front of the trap, and

five axially shorter electrodes towards the downstream section of the trap to control the field

more precisely. The DC electrodes are also manufactured with wedges (which can be seen

in Figure 12) which serve to strengthen the static field that is otherwise shielded by the RF

rods. The DC electrodes are designed such that the insulating ceramics are never directly

exposed to the trapping region; this ensures that any stray ions are unable to impact the

ceramic which could otherwise cause a charge build up, and thus uncontrollably alter the

electric field seen by the ions.

The RF rods and DC electrodes are sandwiched between two endcap electrodes with a

hole with a diameter of 5mm. By applying the respective potential to the endcaps, they can

either confine the ions inside the trap or allow for injection or extraction. On each endcap

there is an endcone mounted towards the exterior of the trap. The endcones assist during

injection as they decelerate the beam and help focus the ions into the trap. The endcaps also

help keep the high pressure bu↵er gas from increasing the pressure in the rest of the system
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by forming a pressure barrier.

Figure 12 – (a) Longitudinal cross-section of the Paul trap showing the DC electrodes and
RFQ cylinders (b) Angular cross-section of the Paul trap showing the spacing between the
half-cylinders, and the wedges on each DC electrode as well as the ceramic insulators.

The performance of the Paul trap has been studied in detail through simulations in order

to understand the injection from ISOLDE into the Paul trap [50] and its operation within

MIRACLS, particularly when trapping a beam from the o✏ine ion source [51].

4.5 Operational details

An important part of the Paul trap operation is the high-voltage platform it sits on.

ISOLDE can deliver beam with energies up to 60 keV and the MIRACLS ion trap system is

designed to handle incoming ion beams with energies of up to 50 keV in order to maximize

the MR-ToF performance. However, due to the space limitations at ISOLDE the setup is

very compact. Therefore the Paul trap, with a length of 25 cm, is quite short compared to

other cooler-bunchers at RIB facilities. Simulations in [50] indicate that this Paul trap length

and its He stopping power is su�cient to e�ciently capture a continuous beam of 20–34Mg

ions. For heavier Cd isotopes, ISCOOL may be used as a pre-cooler and buncher such that

the ion beams from ISCOOL can be dynamically captured at the MIRACLS Paul trap by

closing the injection endcap once the bunch has entered the trap.

Moreover, the ion beam transport from the Paul trap to the MR-ToF instrument is done

at ⇡ 2 keV to allow the use of compact steerers and einzel lenses (compared to lengthy
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quadrupole triplets at higher transport energies) before the beam is accelerated back to

50 keV again. For this reason, a two stage high-voltage (HV) platform is installed.

Figure 13 shows a diagram of the control system for the experimental setup. The system

is operated using the Experimental Physics and Industrial Control System (EPICS), a set

of open-source software developed for the purpose of controlling complex systems from one

unified set of tools. This server managing this system is hosted on the Ground Control PC,

and will provide a consolidated interface to manage almost all the system parameters. These

parameters include: reading out pressure gauges; controlling the Paul trap and beamline

tune via the RF power supply, switch and ISEG power supplies; and setting timing patterns.

The utilization of EPICS to control the system has many advantages. As all the parame-

ters are controlled via a server, the MIRACLS beamline can be controlled entirely remotely

when radionuclides are delivered from ISOLDE; this is critical, as the high-voltage platforms

that are an integral part of the functionality make manual control unfeasible, not to mention

exposure to radiation during online radioactive beams studies.

In order to communicate with the EPICS server on ground potential, the high-voltage

platforms are equipped with network switches and fiber-to-ethernet converters, and fibres

are fed onto the platforms from ground; TTL-to-optical pulse converters are also installed to

accomplish the same goal, but with timing pattern signals. The network switches propagate

the ethernet connection to the electronics on each high-voltage platform. A WAGO digital-

to-analog and analog-to-digital converter is installed to control analog signal devices, which

inputs and outputs signals to communicate with pressure gauges, the helium bu↵er-gas mass

flow controller, beamline actuators, and gate valves. An ISEG crate is positioned on each

platform to provide bias voltages for the beamline elements. These power supply units come

with EPICS pre-installed and are directly connected to the network switch. A PC (with

EPICS installed) positioned on each platform controls the remaining devices such as the RF

control supplies, picoammeter, and high-voltage Spellman power supply.
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Figure 13 – Control system schematic for MIRACLS.

4.5.1 High-voltage platforms

Most of the MIRACLS transfer beamline between the Paul trap and MR-ToF instrument

sits on the first-stage of the high-voltage platform, which is designed to be floated at 48 kV.

All beamline components except for the MR-ToF device, reacceleration region, and first

vacuum chamber connecting to ISOLDE are located on this platform. The Paul trap itself sits

on the second-stage of the platform, which is floated 2 kV on top of the first stage. Floating

the Paul trap to close to 50 kV allows one to slow the ions delivered from ISOLDE to a kinetic

energy of a few electronvolts before entering the Paul trap. This makes the trapping more

e↵ective since the ions now travel through the Paul trap more slowly, therefore interacting

more with the bu↵er gas, and have less energy to dissipate. A simplified circuit diagram of

the high-voltage platforms and electronics is shown in Figure 14.

Both of these high-voltage platforms are fully surrounded by perforated aluminum sheets,
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and can be accessed through interlocked doors. On the platforms there are a variety of

electronics that need to be powered to operate the MIRACLS ion-trap system. In order

to provide su�cient electrical power to both platforms across the floating potentials, the

system uses isolating transformers that are rated for high voltage di↵erentials. The resistors

and capacitor between the platforms serve to safely discharge the platforms when the high-

voltage is removed.

In order to fully isolate each part of the voltage platform, ceramic breaks were installed on

either side of the Paul trap. Each break contains a grounding tube, which serves to shield the

ion trajectory from external fields and to protect the ceramic from building up a charge from

ion deposits. A large ⇡ 10 cm long vacuum ceramic break (rated for 60 kV voltage potentials)

is installed directly upstream of the Paul trap, and a much smaller ⇡ 2 cm vacuum ceramic

break (rated for 10 kV voltage potentials) is installed directly downstream of the Paul trap.

The breaks need to be su�ciently long to avoid violent electric discharges that can occur

across high-voltage potentials.

Figure 14 – Simplified circuit diagram of the electronics setup for the final MIRACLS exper-
iment. The switches represent pneumatic hammers that ground the platforms to earth when
the safety cage is not locked.
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4.5.2 Paul trap operation

The Paul trap is a complex device in this experimental setup. It has a series of electrical

components and a gas system, all installed on a high-voltage platform. The Paul trap floating

is powered by a Spellman power supply, controlled by a WAGO unit installed on the 48 kV

platform, see again Figure 13.

The square-wave RF field is generated by two signal generators to power the cylindrical

rods. The Power Supply Unit (PSU) is responsible for outputting the DC voltage and feeds

into the voltage switch, which outputs two square waves with opposite phase. Both of these

units can be addressed via a USB connection with a control computer placed on the 50 kV

subcage HV platform. Some of the DC electrodes are equipped with the ability to switch

their electrostatic potential quickly in order to control the ion injection and extraction.

The helium injection system sits entirely o↵ of the high-voltage Paul trap platform. A

Grade 5.7 helium bottle is attached to a mass flow controller, which is also controlled via the

WAGO unit.

Figure 15 shows an example of the electric potential along the Paul trap axis, one for

trapping and cooling the ion beam (blue) and one for extracting the bunch from the trap

(red). These electrodes are controlled by HV switches, triggered by a signal sent via a fibre

optical cable, which receive the respective bias voltages from an ISEG crate 1. Figure 16

shows the typical timing pattern which is used during the present Paul trap commissioning

with MIRACLS’ own ion source.

The measurement cycle starts with the beamline being prepared for ion injection. The

beam can enter the Paul trap over the raised potential of the end cap (blue curve in Figure

15). The ions lose energy via collisions with the bu↵er gas and cool to the bottom of the

well. Figure 17 shows the individual steps in the trajectory of the ions through the beamline

for o✏ine ion source beam.

After a well-defined ion loading time, a beam gate is enabled by switching the potential

of a steerer in the ion source branch to deflect the ion beam away. As no further “hot” ions

are injected into the Paul trap, all trapped ions thermalize with the bu↵er gas. During this

1. Bu↵er circuits between the ISEG power supply and HV switches were installed in order to minimize
noise when switching the electrode potentials rapidly.
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cooling time the transfer beamline is prepared for ion transport and ToF measurement at

the magneTOF ion detector. Once the cooling time is completed, the Paul trap extraction

endcap is lowered (see red curve in Figure 15) and the ions are released. This is also the start

signal sent to the DAQ system to measure the ions’ time-of-flights until they impringe onto

the magneTOF ion detector.

Figure 15 – Example of a potential along the Paul trap axis for trapping ions (blue) and
extraction ions (red) in respect to the floating of the Paul trap’s cage floating

Figure 16 – Timing patterns for the beamgate, beamline tune, endcap switching, and DAQ
system trigger
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Figure 17 – Schematic of the o✏ine ion source beam trajectory through the beamline. The
beam gate is one of the electrodes on the einzel lens steerer in the o✏ine ion source branch.

4.5.3 Vacuum system

Ion trap experiments demand for excellent vacuum conditions to minimize the risk and

negative impacts due to ion collisions with residual gas particles. These vacuum require-

ments are especially stringent in the MR-ToF apparatus to minimize ion losses during the

measurements. However, due to the bu↵er gas cooling, the interior Paul trap pressure re-

quired (10�4 � 10�2 mbar) in order to stop ions is much higher than the pressure desired in

the rest of the system (10�9 � 10�8 mbar). This represents another design challenge, which

was solved using di↵erential pumping barriers such as the endcaps, and a multitude of tur-

bopumps installed throughout the system.

Even though the bu↵er gas pressure is high during operation, the cleanliness of the Paul

trap, especially of the trapping region, is imperative. Excessive outgassing or impurities in

the gas may lead to charge exchange and thus to undesired ion losses. Great care was thus

taken to prepare and assemble the trap as cleanly as possible. Without gas leaking into the

trap, the pressure in the Paul trap’s vacuum chamber is measured as low as 4⇥ 10�10 mbar.

Figure 18 shows the planned final vacuum system, including the installed MR-ToF device

chambers. For system safety, there is a EPICS-based software interlock that communicates
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with the pressure gauges, gate valves, and electrical valves to ensure that any malfunctions

close all valves to avoid damage to the vacuum pumps.

Figure 18 – Diagram of the MIRACLS vacuum system.
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5 Experimental results and discussion

5.1 ToF Spectrum of ions extracted from the Paul trap

When the ions are released from the Paul trap, their bunch structure can be characterized

by measuring the time of flight (ToF) to a magneTOF ion detector located in the vacuum

chamber hosting the 30 degree bender. Whenever an ion from the bunch impacts the mag-

neTOF detector, a signal is sent from the device to a Multichannel analyzer, controlled by

MPANT software. The combination of the magneTOF’s small signal width of about ⇠ 1 ns

and a data acquisition system capable of resolving signals with 80 ps bins leads to a high

time resolution. A typical measurement includes 1000 bunches, also referred to as ion shots

or measurement cycles, each lasting around 100 ms.

A sample Time-of-Flight (ToF) spectrum for one measurement is presented in Figure 19.

Figure 19 – Example ToF spectrum for a bunch, and the Gaussian fit results. The plotted
data represents an average of 1000 cycles. This example has an average of 13.81± 0.12 ions
per bunch (obtained by integrating the plotted data), with the fit calculating a temporal ion
bunch width of 838.83 ± 9.42 ns.
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The average number of ions per bunch, also called the counts per shot, can be calculated

by numerically integrating the number of ion counts over the bunch spectrum. The total

area under the curve is integrated and divided by the total number of cycles to obtain the

number of ions per bunch. It is important to trap ions as e�ciently as possible, since the

yields of the isotopes of interest for MIRACLS are small and any losses are detrimental to

the experimental sensitivity. For the same incoming ion flux, it is thus desirable to extract

as many ions as possible of the initially injected ions. The number of extracted ions is

consequently one measure to characterize the performance of the trap.

As discussed in Sections 3.6.3 and 4.4.1, a measure of the quality of the bunches is

the temporal ion-bunch width. It can be characterized by the Full-Width Half-Maximum

(FWHM) 2 of a bunch width which can be extracted by fitting the spectrum to a Gaussian

distribution, as shown in Figure 19. The bunch center can also be extracted from this

Gaussian fit; while the center does not reveal much about the quality of the bunch, it is a

useful quantity to know when calibrating the timings along the beamline, such as setting

ToF gates at specific moments to select the desired ion species.

As an example, the spectrum shown in Figure 19 is based on data collected over 1000

measurement cycles. The ion bunch contains on average of 13.81 ± 0.12 ions per bunch, and

the fit returns a temporal ion bunch width of 838.83 ± 9.42 ns (FWHM).

While the Gaussian fit appears overall as reasonable, it has a reduced chi-squared of

�2
r
= 2.97. This is largely due to an apparent skew where the right-side has a more pronounced

tail compared to the left-side of the bunch. Magnesium has three stable isotopes with varying

abundances: 24Mg(79%), 25Mg(10%), and 26Mg(11%) [52]. Given the short distance between

the Paul trap and the magneTOF, these individual isotopes cannot be resolved and thus

the less abundant, more massive isotopes lead to a tail with longer time-of-flights. This tail

may also be an e↵ect of reheating during the bunch extraction from the trap, in which the

accelerated ions collide with the helium gas atoms outside of the Paul trap which spreads

the ion energy [53]. This e↵ect will be investigated later in the discussion in Section 5.4.

2. The FWHM is invariant to normalization of a Gaussian distribution.
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5.2 RF Stability

The most important parameters for trapping the ions in the Paul trap are the RF am-

plitude and frequency. The potential generated by the digital voltage on the RF electrodes

is responsible for radial confinement inside the Paul trap and is critical in guiding the ions

to the axial center. For example, the importance of the RF field is illustrated when sending

an ion beam from the o✏ine ion source at low energies ( 200 eV) and in continuous mode

through the Paul trap; without the RF field applied, ions cannot be seen shooting through

the Paul trap.

Figure 20 shows the number of ions per bunch as a function of the RF parameters. A red

line showing the theoretical limit for trapping is shown on the left, although the e�ciency

significantly decreases before this limit. In general, the trap performs best at higher frequen-

cies and voltage amplitudes. However, due to the short distances between the RF electrodes

(⇡ 1 cm), higher voltages can lead to sparking between the electrodes. During the simulation

and design phase of this trap, it was shown that the trapping e�ciency initially doubles as

the RF amplitude is increased from 50 V to 100 V, but then only slowly improves until it

saturates at 200 V [51]. The trap was chosen to run at an RF amplitude of 200 V, and the

RF frequency chosen to maximize ion trapping e�ciency given this voltage.
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Figure 20 – Measured ions per shot as a function of RF parameters. The theoretical limit
q = 0.712 is shown as a red line. Experimental parameters: RF parameters = variable, Paul
trap floating = +260 V, loading time = 50 µs, cooling time = 30 ms, bu↵er gas pressure =
3.2 ⇥10�4 mbar, Endcap and endcone voltages during extraction = -250, -300 V in respect
to its HV cage

5.3 Cooling times

Another important parameter of the trap is its cooling time before extraction. During

injection, ions entering the Paul trap encounter the potential well formed by the DC elec-

trodes; however, these are electrostatic components and thus do not change the total energy

of the ions. In order to decrease the energy and energy spread of the ions, a bu↵er gas is

leaked into the trapping volume. Collisions between the neutral gas and ions decrease the

bunch’s energy and energy spread. As shown in Figure 16 and discussed in Section 4.5.2,

the time between when the beam gate bias that deflects the incoming beam is increased and
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endcap bias is lowered to release the ions is referred to as the cooling time, i.e. the amount

of time all the ions will interact with the bu↵er gas before extraction. As the cooling time is

increased, the energy and time spreads are expected to decrease exponentially before hitting

a saturation limit [54].

Figure 21 shows an ion intensity plot versus ToF and cooling time (a), as well as the

counts per shot and ion-bunch width as functions of the cooling time in the trap (b).

Figure 21 – (a) Ion intensity versus ToF and cooling time. (b) Counts per shot and temporal
ion bunch width as functions of cooling time. Experimental parameters: RF parameters =
200 V amplitude, 1.6 MHz, Paul trap floating = +260 V, loading time = 50 µs, cooling
time = variable, bu↵er gas pressure = 3.2 ⇥10�4 mbar, Endcap and endcone voltages during
extraction = -250, -300 V in respect to its HV cage

The lower plot labeled (b) shows the relationship between the ions per bunch and cooling

time, and the bunch width and cooling time. The decrease in bunch width as cooling time

increases is clearly visible in the plot, as the bunch width decreases steadily before the

saturation point at 10 ms cooling time. For a bu↵er gas pressure of p ⇡ 3.2 ⇥ 10�4 mbar,

this results in a total reduction of more than 60% in the FWHM from its initial value and
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experimentally demonstrates the e↵ect of the bu↵er gas cooling.

The upper plot, labeled (a), shows the recorded ToF spectra as a function of cooling

time. Once more, the process of ion cooling can be seen in this figure until a narrow but

intense central bunch is formed which is centered around 19 µs in ToF. Additionally, there

are two smaller bunches at 29 and 32 µs which grow in intensity for longer cooling times.

These smaller bunches are indicative of charge exchange, an e↵ect where the ions of interest

interact with contaminating residual gas in the trap and transfer an electron from the initial

neutral gas particle to the ion of interest. Upon extraction, this contamination will appear as

distinct bunches on the magneTOF detector. Since longer cooling times lead to more charge

exchange, these bunches grow in intensity with longer cooling times.

There are two potential sources of contamination: outgassing from the interior of the trap,

and impurities in the helium bu↵er gas. Since the Paul trap chamber has a baseline vacuum

of 4 ⇥ 10�10 mbar, it is unlikely that outgassing is the main source of the contamination.

However, the helium gas is supplied with a grade of 5.7, meaning that the gas is 99.9997%

helium. Applying the ideal gas law inside the volume of the Paul trap (0.12 L = 1.2⇥10�4 m3)

gives an approximation for the number of contaminant particles, where pcont is the percent

of contamination from the helium bottle:

N =
PV

kbT
) Ntotal =

(3.2⇥ 10�7 bar)(1.2⇥ 10�4 m3)

kb(293K)
= 9.54⇥ 1014 atoms (32)

Ncont = Ntotal ⇥ pcont = 9.54⇥ 1014 atoms⇥ (1� 0.999997) = 2.86⇥ 109 atoms (33)

Thus, despite the high purity He gas, there remains a large number of potential contaminant

gas particles which can contribute to charge exchange. In order to remove the potential

contamination from the helium gas, a liquid nitrogen trap could be employed in future ap-

plications to freeze out any other gases from the bu↵er gas line.

In the following Sections (5.4 and 5.5), all studies are performed in respect to the main

ToF peak seen at 19 µs.
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5.4 Bu↵er gas pressure

The bu↵er gas is a critical component of the Paul trap operation, as it is the primary

agent for dissipating the energy of the ions. The room-temperature gas is leaked into the

trapping volume, after which the ions will collide with the atoms, decreasing their overall

energy.

There are two primary factors when choosing a gas to act as a coolant: the mass of the

ions of interest, and the ionization energy of the gas. In order to minimize destabilizing

e↵ects from the bu↵er gas, the mass of the ions of interest should be much larger than the

mass of the gas [55]. This is what leads to an overall decrease in energy, as it ensures that

collisions are more likely to remove energy from the ions rather than increase energy while

being confined in the Paul trap. The gas also needs a high ionization energy, otherwise there

will be significant charge exchange of the coolant with the ions, which will be described later

in this section. Based on these considerations, helium was selected as an appropriate bu↵er

gas due to its low mass and high ionization energy.

The amount of bu↵er gas in the Paul trap is therefore an important factor in defining

the bunch width and number of ions per bunch. Figure 22 shows these two quantities as a

function of in-trap pressure on the left 3.

3. Measuring the pressure inside the Paul trap directly is not possible, so the pressure reported is estimated
from simulations and the measured gas pressure in the vacuum chamber hosting the Paul trap. See [51]
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Figure 22 – (a) Number of ions per shot and bunch width expressed in FWHM as functions
of in-trap pressure. (b) Two overlapping ToF spectra with the lowest and highest recorded
pressures normalized in intensity. Experimental parameters: RF parameters = 200 V, 2
MHz, Paul trap floating = +265 V, loading time = 500 µs, cooling time = 30 ms, bu↵er
gas pressure = variable, Endcap and endcone voltages during extraction = 100, -300 V in
respect to its HV cage

Two features are immediately visible from the plot on the left. As the bu↵er gas pressure

increases, so do the number of ions in the bunch, eventually reaching a saturation limit. As

the pressure increases, incoming ions are more likely to collide often enough with the atoms

to lose su�cient energy to become trapped; this explains why an increased pressure leads to

more ions per bunch. Eventually, all incoming ions are captured and the number of ions per

bunch can no longer increase, so increasing the bu↵er gas past this limit will not trap more

ions.

There is also a clear increase in FWHM with increasing bu↵er gas pressure. This e↵ect

has two potential explanations: space charge issues with the increasing number of ions, or

reheating during ion extraction and acceleration. During trapping and cooling, ions fall into

the potential minimum of the Paul trap. Increasing the number of ions also increases the

amount of charge in the trap well. The positive charges of the ions will repulse each other

due to the Coulomb force if they try to occupy the same volume, which happens at the po-

tential minimum. The increased Coulomb force causes the bunch to occupy a larger volume,

which translates to a larger width of the extracted ion bunch. Below the saturation limit, a

higher bu↵er gas pressure will result in more incoming ions being slowed down and trapped
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by the DC potential, which could result in space charge e↵ects being visible in the ion bunch

structure.

The increase in bunch width could also be explained by reheating, an e↵ect briefly men-

tioned in Section 5.1 to explain the tail visible on the ToF spectra in Figure 19. Reheating

occurs during extraction when a cooled ion collides with the bu↵er gas in the re-acceleration

path, e.g. in the region of the endcone, leading to a less Gaussian energy distribution. This

alteration in the distribution is reflected in the ToF spectrum, as less energetic ions will arrive

later at the magneTOF detector compared to the ions that did not undergo a collision with

a He atom. This results in a tail on the ToF spectrum; the right panel of Figure 22 shows

this e↵ect, as the tail of the distribution measured with a higher bu↵er gas pressure extends

past the right side of the distribution of the lower bu↵er gas pressure (whereas the left side

of the data overlaps with each other for both pressure values).

Establishing reheating as the primary contributor to the increase in bunch temporal width

is further supported by comparing the two lines in Figure 22 (a), in particular at higher pres-

sure. Although the number of ions reaches a saturation point at p ⇠ 1.5 ⇥ 10�3mbar, the

ion bunch temporal width continues increasing when raising the bu↵er gas pressure. Since

the number of ions per bunch remains constant in this region, an increase in bunch temporal

width cannot be indicative of space charge e↵ects, as they are dependent on additional ions

per bunch.

Figure 22 (b) shows the normalized ToF spectra for the lowest and highest bu↵er gas

pressures. While both spectra exhibit tails, the orange, higher pressure distribution extends

significantly past the bounds of the blue distribution recorded a low Paul trap pressure. This

results in an overall larger ion bunch width. Simulation studies at MIRACLS suggest that

space charge e↵ects do not typically appear for ion count rates ⇠ 20 ions/shot, and, if they

do appear, would instead present themselves as deviations in the very end of the bunch tail

with significant overlapping between the two main bunch structures. However, the observed

data show a large deviation of the distribution starting immediately after the peak which is

currently not fully understood.

Overall, the present data suggests that the observed increase in ion bunch width with

larger bu↵er gas pressure is more likely due to reheating during the ion reacceleration, but
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more work is needed to unambiguously confirm this conclusion.

5.5 Bunch extraction

The method of extraction is controlled via two electrodes of the Paul trap: the extraction

endcap and extraction endcone. As described in Section 4.4.2, the endcaps are primarily

responsible for opening and closing the Paul trap, while the endcones are used to help focus

the beam. This section investigates the e↵ects of both parameters on the ion bunch.

Figure 23 shows the (a) counts per shot and (b) temporal ion bunch width as functions of

the extraction potentials. The most significant feature of the plots is the e↵ect of the endcap

on the temporal ion bunch width; a more negative endcap potential leads to a smaller FWHM,

whereas the endcone has a negligible e↵ect. A more negative voltage applied to the endcap

creates a sharper potential curve inside the trap, essentially “kicking” the bunch out of the

trap. A more shallow potential gradient during extraction leads to a smaller energy spread

in the bunch, but also to a wider ion-bunch width. The endcone does not have this e↵ect

on the bunch width as the endcap shields the trap interior from the voltage applied on the

endcone; this is reflected in the measured data, where the lines are e↵ectively horizontal in

Figure 23 (b) when varying the endcone voltage.

However, the endcone and endcap voltages both a↵ect the number of ions per shot, as

seen in Figure 23 (a). The highest ion numbers per measurement cycle is obtained for

low (absolute) potentials applied to the endcap and endcone. This observation is not fully

understood but could be the result of focusing e↵ects and the resulting trajectory down the

beamline until the magneTOF detector. If the endcap voltage is su�ciently lowered and

the endcone kept much less negative, this configuration paired with the potential minimum

in the Paul trap generated by the DC electrodes could act as an einzel lens. This could

cause an unintended focus along the ion beam path between the extraction from the trap

such that a fraction of the ions do not reach the magneTOF detector, although the ions

were successfully extracted from the Paul trap. More work is thus needed to understand

the observed dependence of the ion intensity on the potentials applied to the endcone and

endcap.
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Figure 23 – (a) Number of ions per shot as a function of extraction potentials. (b) Bunch
width as a function of extraction potentials. Experimental parameters: RF parameters =
200 V, 2 MHz, Paul trap floating = +265 V, loading time = 500 µs, bu↵er gas pressure =
3.2 ⇥10�4 mbar, Endcap and endcone voltages = variable

Lastly, Figure 24 shows the ToF centroid of the ion bunch as a function the extraction

potentials. As expected, more negative potentials lead to an earlier arrival of the bunch

at the magneTOF detector. Since the bunch is extracted from the trap in less time, it

arrives faster at the detector. The e↵ect of the endcap on the temporal location of the bunch

center is stronger than the e↵ect of the endcone, which is also expected since the very initial

acceleration, still inside the trap region, is primarily due to the endcap as explained in the

two paragraphs above.
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Figure 24 – ToF centroid as a function of extraction potentials. The same experimental
parameters as the previous two plots were used.

5.6 Best achieved Paul trap performance for MIRACLS operation

The purpose of this Paul trap in the MIRACLS setup is to provide cooled bunches to

the 30 keV MR-ToF instrument. As stated in Section 4.4.1, the 30 keV CLS measurement

in the MR-ToF apparatus requires a bunch energy spread of less than 1 eV and a temporal

width of less than 700 ns [36,49]. Simulations of the beamline with a beam transport energy

of 2 keV and 50 keV show no change in the temporal bunch width nor the energy spread

requirements of the experiment [56].

These same simulations show that it is important to consider the energy spread of the

bunch when selecting parameters. Due to the conservation of emittance, a low temporal width

obliges a large energy spread, and vice versa. When using the in-trap lift technique to trap

the bunch in the MR-ToF device, bunches with large temporal widths can be chopped and

ions lost. Conversely, large energy spreads significantly increase Doppler broadening during

CLS measurements, and are detrimental to the CLS measurement resolution. Comparisons

between the energy spreads of the simulations and this first study remain challenging, given

the need for specific devices to measure experimentally the energy spread. Once the MR-

ToF apparatus is commissioned, the energy spread can be estimated by measuring the signal

during the CLS measurement and comparing it to the results of the simulations.
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However, it remains clear that the results of this study exceed the requirements necessary

for a more energetic beam. In the present study, the smallest temporal width achieved was

123 ns for the fitted FWHM, with an average of 3.31 counts per shot. This spectrum is

presented in Figure 25. It is achieved with the parameters presented in Table 2. This time

spread is almost a factor of 4 smaller than the requirements for optimal MR-ToF operation,

but can be increased in the aim of decreasing the energy spread of the bunch.

Figure 25 – ToF spectrum for the best recorded bunch temporal width

Parameter Value

RF Amplitude 200 V

RF Frequency 2 MHz

Paul trap floating +260 V

Loading time 500 µs

Cooling time 85 ms

Bu↵er gas pressure 6⇥ 10�5 mbar

Endcap potential -300 V

Endcone potential -300 V

Table 2 – Parameters to achieve best result for temporal width of the ion bunch
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Decreasing the ion bunch temporal width further is also possible without installing addi-

tional devices by utilizing the results from this study. For example, the dependence of the

bunch centroid on the extraction configuration, presented in Figure 24, is useful in calibrating

the extraction timings with the RF potential phase. The RF field changes the longitudinal

DC potential as well, resulting in individual ion micromotion along the axis of the Paul

trap. This can have an unintended e↵ect on the bunch and either add or remove energy,

depending on the moment the bunch is extracted. Although this e↵ect cannot be removed,

the systematic uncertainty in position that arises from it can be mitigated by consistently

extracting the bunch at the same point in the RF cycle. This can be done in future work by

synchronizing the moment of the ion extraction with the phase of the RF potential.
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6 Conclusion

In this thesis, the installation, commissioning, and first characterization of the Paul trap

in the Multi-Ion Reflection Apparatus for Collinear Laser Spectroscopy (MIRACLS) was dis-

cussed. An overview of the Paul trap experimental setup was provided, as well as extensive

details on the MIRACLS experiment’s goals and motivations.

Ion traps have revolutionized numerous fields of physics for their multitude of uses, and

have proved themselves as critical pieces of infrastructure for nuclear physics experiments.

The novel MIRACLS technique improves the sensitivity of experiments on short lived radionu-

clides by performing collinear laser spectroscopy inside a Multiple-Reflection Time-of-Flight

(MR-ToF) device; by trapping and revolving the ion bunches, MIRACLS is able to extend

the interaction time of the ion beam with an overlapping laser while maintaining the high

resolution of conventional collinear laser spectroscopy (CLS).

In order to couple the continuous, fast-ion beam delivered by ISOLDE with e↵ective

MR-ToF operation, a Paul trap was designed and constructed to cool and bunch the initial

radioactive beam. The Paul trap serves to provide ion bunches with beam energies of ⇡ 50

keV and low beam emittance of temporal widths less than 700 ns as well as an energy spread

lower than 1 eV as required for MR-ToF operation at MIRACLS. This allows for minimal

ion losses in the MR-ToF device as well as minimal Doppler broadening while conserving a

high beam energy, which results in a high spectroscopic resolution.

The first science case for MIRACLS is the study of neutron-deficient and neutron-rich

magnesium isotopes. As such, the characterization of the new Paul was conducted using

an o✏ine electron impact ionization ion source providing stable beam of Mg ions. This ion

source is located in a branch downstream from the Paul trap. The continuous ion beam from

the source was reversely directed into the Paul trap, after which the ions were cooled and

bunched. The bunched ions are then extracted from the same direction as they were injected,

and directed to a magneTOF detector in order to measure the time-of-flight spectrum of the

ion bunch.

Using this setup, the commissioning and characterization of the Paul trap was successful,

and the results discussed in this work. The Paul trap is able to trap ions from the o✏ine
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source, cool the ions, and extract them as ion bunches. Expected characteristics of cooled

bunches are observed, and various operating parameters can be controlled in order to maxi-

mize the quality of the bunches.

The Paul trap RF stability has been characterized and overall matches results from sim-

ulations of this system. The operating parameters for magnesium studies were selected to be

200V200 for the RF amplitude and 1.6MHz for the RF frequency. The optimal cooling time

is ⇡ 10�30ms; larger cooling times were observed to cause charge exchange, an undesirable

e↵ect where ions of interest are lost to contaminants. Bu↵er gas pressure is also an important

parameter of Paul trap operation, as too high a pressure can lead to reheating e↵ects on the

ion bunch during extraction or space charge up during cooling, both of which will increase

the temporal bunch width. The extraction parameters are the last important parameters

that directly influence the bunch width. The endcap voltage was determined to have the

largest e↵ect on the temporal spread and number of ions, but a combination of both endcap

and endcone potentials is necessary to optimize the trap performance. It was also concluded

that the Paul trap meets the operating requirements for the MIRACLS MR-ToF device.

The next steps of MIRACLS are to complete the assembly of the remaining MIRACLS

components and commission the MR-ToF instrument in preparation for its first online study

with radioactive magnesium beam from ISOLDE. Although the MIRACLS collaboration has

already been successful in performing CLS inside a low energy MR-ToF device, this will mark

the first time that an MR-ToF device operates at an energy of 30 keV, and mark the first

time CLS is performed in an MR-ToF on a Radioactive Ion Beam (RIB) beamline. Future

studies of cadmium isotopes are planned following the successful investigation of magnesium.

The critical components of the MIRACLS beamline, including the Paul trap and MR-ToF

device, will ultimately be installed as a permanent fixture as the ISOLDE MR-ToF mass-

separator. The first experiment benefiting from the ISOLDE MR-ToF instrument will be the

antiProton Unstable Matter Annihilation experiment (PUMA).
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