
���������������	�
�	��

���
�������	�
�������������������������
�����
��
�����������	�
�����
�����������
�	�
�������	�����
�����
�����
��
���
�����������
���
�����
�	�
���������
�����	���
������� ������
���!���
�������!���"�����������
���
������������

���������������	���
�����
���


���������������
����
�#���	�����
� �$�����
�	��

�������	��������������������������
�%�&�%�&

���������������������	��������
�����������'�(�(�!�
���)�
�	�*�(�����������'�(�(�!�
���)�
�	�*�(�+�&�)�,�-�%�-�(���������������&�&�&�.�.�/�0�1�&

�����������
�������	���������
����
�2�������
�����	���*�������������
�������
�������	�����
�����3�����������	�����������!

�������������
�*����� �
�����*�������	�
�����!���
�����
���
�������
�������������
�����!�
� �����
�
�!�����	�
���������������������4���	���������5�������
�	���������
�������������
���)
�"�
�	�����
�	�����������
�	���
�����
���$���������
���������
�������������������������	�������
�����������)







DISS. ETH NO. 26855

Positronium Annihilation
Spectroscopy

Characterization of Novel
Nano-porous Materials with

Advanced Functionalities

A thesis submitted to attain the degree of

Doctor of Sciences of ETH Zurich

(Dr. sc. ETH Zurich)

presented by

Lars Frieder Gerchow
MSc. ETH Zurich, Switzerland

born on 30th Januar, 1989

citizen of Germany

accepted on the recommendation of

Prof. Dr. Andr�e Rubbia, examiner

Prof. Dr. Paolo Crivelli, co-examiner

Dr. Thomas Prokscha, co-examiner

Prof. Dr. Hans-Arno Synal, co-examiner

2020



II



`There is a great satisfaction in building
good tools for other people to use.'

Freeman JohnDyson

III



IV



Acknowledgements

My absolute biggest thanks goes to Paolo, as a friend and the best supervisor
one could imagine. His passion for a beautiful approach to science and life is
truly inspiring and simply incomparable.
I am also in great debt to Carlos for more things that I could possibly list here.
Thanks mate, the time with you has been a blast!
Thanks also goes to Andr�e for supporting the endeavours of applied positron
studies, his profound inputs on long term plans and his dedication for this
thesis.
Another great encounter was to work with Dave. The plentiful advice, discus-
sion and the remarkable approaches to solving the many problems in the lab
taught me the nuts and bolts of the lab life.
Big gratitude goes to all the other group members, i.e. Adamo, Artem, Alex,
Balint, Ben, Emilio, Di, Gianluca, Henry, Johannes, Laura, Max, Michael, Rich
and Zak. I think you'd all agree, we can be especially lucky that we form such
a pleasant squad.
Furthermore, I'd like to thank the whole sta� of the Institute, Bruno and
Patrick in the mechanical workshop, Ulf and Diogo for their support and fun
times, and especially Bettina, Jennifer, Rosa, Gaby and Caroline from the
administration, without them, science would be a nuisance.
Thanks also goes to our collaboration partners Nick and Etienne from PSI and
now Los Alamos, Robbie, Sharon and Bego from the ACE group, Maksym and
Vanessa from the MADE group.
I would also like to thank all the students I had the chance to meet during
their studies, Alessandro, Hevjin, Sebastian, Prapti, Mark, Nicola, Jonas, Um-
berto, Nikola, Sven, Matthias, Gustav, Manuel, Mirald, Jesse, Philipp, Paul,
Lucas, Max, Devesh and more. Another shout-out to the physics lab assistant
apprentices who visited our group, Andras, Nicola, Simon and Damian. It was
a pleasure to work with you.
Moreover, I'd like to thank Thomas and Arno for examining this thesis and
the many great encounters.
A big hug goes to the best allies one can imagine, Luca and Jan, keep on
rocking! Only the combination of all these people allowed me to enjoy this
project as deeply as I did.
Last but not least I thank all my friends in the many beautiful places on
this wonderful earth, my unique family with all the aunts and uncles, cousins,
grandparents, my brother and all the related kin, especially to emphasize are
my parents Peter and Susanne for their unlimited support and love. Without
them, I wouldn't have achieved this.
Finally, I'd like to deeply thank my love - Fiona - words are not enough to
describe how lucky I am to have her in my life.

If you want to go fast, go alone. If you want to go far, go together.
(African Proverb)

V



VI



Abstract

Positron, the anti-particle of the electron, and its bound state with an electron,
positronium, have found many applications in physics and chemistry. Due to
the unique sensitivity to a materials local electron density, positrons can be
used to investigate complex voids structures. As such, the development and
characterization of materials with precisely engineered porous networks is a
vibrant area of research. Applied studies with positron have found relevance
in catalysis, opto-, nano- and microelectronics, gas sorption, separation, and
sensors, among others. The technique relies on the rapid annihilation of the
positrons with the electrons of the material under study. In contrary to scatter-
ing, transmission or equilibrium techniques, the positron is a truly local probe
of its sourroundings. The methods studying the annihilation in time, energy
and position are grouped under the term Positron annihilation spectroscopy
(PAS). Studies have shown sensitivity to the amount, distribution, and connec-
tivity of single site defects, micro- and mesoporosity levels. Control over these
parameters are essential to guide the design for future materials.
The objective of this thesis was to expand the scope of PAS for the characteri-
zation of novel nanoporous materials with advanced functionalities. One aspect
of this work was increasing the availability of positron beams. Di�erent pro-
duction schemes exploiting the recent advances and availability of cyclotrons
were investigated. With the development of new kinds of radioactive thin-�lm
sources, a step towards small lab scale positron beams was made.
The �eld of possible applications was expanded with studies on state-of-the-art
materials with the ETH slow positron beam. A study on the pore evolution
of ZSM-5 zeolite emphasizes the unique sensitivity of PAS to the presence of
guest species within the micropore network. This opens new doors to study the
impact of targeted inclusion of pendant molecules on the textural properties
of other porous materials. Another study focused on the distinct impact of
chemical properties, e.g. acidity, on the positron annihilation characteristics.
The ability to evaluate both porosity and acidity in functional materials will
widen the scope of the technique for the analysis of functional materials.
Moreover, proof of concept studies on di�erent type of nanocrystals, surface-
anchored metal-organic frameworks, defect engineered copper �lms and carbon
nanotubes were made. For more wide-spread usage of PAS in the general scien-
ti�c community, also a strong fundamental understanding and the development
of a solid theoretical framework for data analysis is essential. An automated
analysis to derive the desired structural information without requiring an in-
volved knowledge of the technique is a particular challenge. Therefore, another
core activity of the thesis was the development of improved numerical tools
and models to account for the complexity in the pore architecture of functional
materials.
Concluding, the work presented in this thesis expanded the number of successful
application of PAS. Furthermore, it highlighted a set of problems which need to
be tackled towards a more wide-spread use and proposed solution approaches.

VII



VIII



Zusammenfassung

Positronen und der gebundene Zustand mit einem Elektron, Positronium, ha-
ben viele Anwendungen in der Physik und Chemie. Aufgrund der einzigartigen
Sensitivit•at von Positronen, ist die Anzahl neuer Anwendungen in den letzten
Jahren stetig gestiegen. Ein Fokus ist die Untersuchung von neuartigen Materia-
lien mit funktionellen Eigenschaften und komplexen Strukturen mit Anwendun-
gen in den Materialwissenschaften, der Nanotechnologie, der Festk•orperphysik
oder der Medizin. Mit der Positronenvernichtungsspektroskopie (PAS) lassen
sich besonders gut Aussagen•uber die Menge, Verteilung und Konnektivit•at
von Porosit•at •uber verschiedene Grossenskalen die f•ur das Design wesentlich
sind, tre�en. Trotz dieses vielversprechenden Potenzials sind sich die meisten
Wissenschaftler der M•oglichkeiten dieser Anwendung in den verschiedensten
Bereichen nicht bewusst. Folglich ist die Technik eher unverbreitet.

Ziel dieser Arbeit war es, den Anwendungsbereich von PAS zur Charakterisie-
rung neuartiger nanopor•oser Materialien zu erweitern. Ein Aspekt dieser Arbeit
war, die relevanten Bereiche f•ur eine erh•ote Verf•ugbarkeit von Positronenstrah-
len zu untersuchen. Daf•ur wurden verschiedene Quellentypen untersucht und
die j•ungsten Fortschritte bez•uglich der Verf•ugbarkeit von Protonen Zyklotrons
bewertet. Mit der Entwicklung neuer Arten radioaktiver D•unnschichtquellen
wurde ein wichtiger Schritt in Richtung kompakter Positronenstrahlen f•ur den
Laborgebrauch gemacht.

Das Anwendungsfeld vom PAS wurde mit Studien an modernsten Materialien
mit dem Positronenstrahl der ETH vergr•ossert. Eine Studie zur Porenentwick-
lung von ZSM-5 Zeolith verdeutlicht die einzigartige Emp�ndlichkeit von PAS
gegen•uber dem Vorhandensein von Gastspezies im Mikroporen-Netzwerken.
Eine andere Studie konzentrierte sich auf den Ein
uss chemischer Eigenschaf-
ten, z.B. den S•auregehalt, auf die Positronenvernichtungseigenschaften. Die
F•ahigkeit, sowohl die Porosit•at als auch die Azidit•at in funktionellen Materia-
lien zu verstehen, best•arkt den Umfang der Technik zur Analyse von funktio-
nellen Materialien. Dar•uber hinaus wurden Machbarkeitsstudien zu verschie-
denen Arten von Nanokristallen, ober
•achenverankerten metallorganischen
Ger•usten, Kupfer�lmen mit gezielter Defektentwicklung und Kohlensto�na-
nor•ohren durchgef•uhrt. Eine weitere Kernaktivit •at der Arbeit war die Entwick-
lung verbesserter numerischer Werkzeuge und Modelle, um die Komplexit•at der
Porenarchitektur funktioneller Materialien gezielter ber•ucksichtigen zu k•onnen.

Zusammenfassend hat die in diesem Werk vorgestellte Arbeit weitere erfolg-
reichen Anwendungen von PAS aufgezeigt. Dar•uber hinaus wurde eine Reihe
von Problemen erl•autert die im Hinblick auf eine breitere Nutzung angegangen
werden m•ussen und L•osungsvorschl•age derer vorgeschlagen.
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Chapter 1

Introduction

Breakthroughs in the development of novel materials and devices are often prompted
by advances in characterization methods and vice versa. The design of functional
solids by precise engineering of small defects, voids, porous structure and the
amount, distribution and connectivity of such is a vibrant �eld of research. The
increasing complexity is in demand of improved descriptors to successfully discrim-
inate during the development. Especially in the design of hierarchical nano-porous
materials commonly applied tools like electron microscopy or sorption techniques
do not provide access to the manifold structure information and their impact on
the materials properties.

1.1 Positron Annihilation Spectroscopy

Positrons, the anti-particles of an electron predicted by Dirac in 1928 [1], and
�rst discovered by Anderson in 1933 [2], readily annihilate when interacting with
matter. The energy of the annhilation is carried away by two or more gamma rays.
Before annihilating, the positron and electron may form a hydrogen-like atom
called PoSitronium (Ps). Depending on the relative spin orientation of the electron
and positron being parallel or anti-parallel, Ps is di�erentiated into the triplet
Ortho-PoSitronium (oPs) and singlet Para-PoSitronium (pPs), respectively.

The term Positron Annihilation Spectroscopy (PAS) is grouping methods em-
ploying the unique sensitivity of the annihilation characteristics of positrons and
Ps to study materials. Acting as a dynamic local probe, positrons can resolve
the smallest structural features in various depth and concentrations. The depen-
dence to the immediate electronic environment on the nanometer scale yields
complementary insight to established techniques on e.g. defect sizes and pore
architecture. These properties have led to the development of di�erent techniques
and applications in many laboratories around the world over the years [3]. The
handful of these methods grouped under PAS are applied to study defects and
porosity by measuring the precise energy, angular correlation of the annihilation
photons, the annihilation position in space, and the time di�erence between the
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1.1. POSITRON ANNIHILATION SPECTROSCOPY

Figure 1.1: Schematic overview depicting the physical processes, and
their timescales, which are of importance for PAS.

positron's �rst interaction with the object under study, until its annihilation. A
deeper explanation of the most common techniques is given in Section2.1.5.

The interplay of all aspects leading to the annihilation and the subsequent emission
of gamma rays enables the unique perception on voids in materials. Figure1.1
shows an overview of the physical processes which need to be considered for the
application of PAS.

Secondary particles created on impact can provide information about surface
characteristics. Changing the implantation energy results in depth pro�ling [4],
allowing to probe the homogeneity or the interconnection length of pores [5, 6], or
porosity hidden beneath dense layers or di�usion barriers not accessible by other
techniques [7, 8], e.g. gas adsorption [9]. The direct annihilation of positrons is
in
uenced by positron binding defects and the electron momentum distribution.
A thermalised positron may form the hydrogen-like atom positronium with an
electron. The rapidly decaying singlet called pPs with a lifetime in vacuum of
� pPs = 125 psand the longer lived oPs� oPs = 142 ns. The long lived oPs can be
quantum mechanically con�ned in pores on thenm to um scale. Depending to
what electron density the oPs is exposed to, its lifetime will be shortened down
to 1 ns.

Practically all parameters from the annihilation, the ratio of the distinct anni-
hilation channels, pPs, direct annihilation (also called in-
ight, positron or e+
annihilation), Ps in pores or vacuum, as the attributed lifetimes, gamma ray

2



CHAPTER 1. INTRODUCTION

energy and collinearity can be used for the assessment. When studying a set
of samples, the change in the annihilation response can be used to disseminate
di�erences in the pore network in terms of interconnectivity, pore topologies,
distribution, accessibility and sizes, as chemical active sites like acidity.

So far, however, PAS has only been largely applied in academics. Direct (positron)
annihilation used for defect assessment in metals and semiconductors has been the
focus of many research projects in the past [4, 10, 11]. This sub-�eld focusses on
the changes in the lifetime in the subnsscale of direct annihilation of positrons and
Doppler shifts of the annihilation photons. A defect can quantum mechanically
con�ne a positron and reduce the probability of annihilation with the electrons
resulting in a longer lifetime. The two511 keVphotons emitted on annihilation
can carry Doppler shifts of the participating electron momentum. A change of
electron momentum can often be related to defects and their type [4].

On the other hand, the research related to the longer lifetime region accompa-
nying Ps is not as established. Early work was done for the characterization of
porous silica which led to the �rst theoretical models of positronium lifetimes in
materials [12, 13]. These models were later re�ned [14] and successfully applied
in porous low-k dielectrics [5, 6] and polymers [15].

Proof-of-concept work done in collaboration with the group of Advanced Catalysis
Engineering (ACE) from the Institute for Chemistry and Bioengineering, D-CHAB,
ETH, has shown a particular interesting correlation about the e�ect of oPs created
inside the material and di�using back out into vacuum for the material class of
hierarchical porous zeolites. The investigated zeolite structure MFI has an intrinsic
pore structure of long channels with a diameter0.55 nmand arti�cial added larger
pores in thenm range. It is used as a catalyst in the chemical industry for the
cracking of larger carbon molecules into smaller ones. These processes heavily
rely on the interconnectivity [16].

Figure 1.2 shows the assessment of the pore network of a set of di�erently treated
materials with two techniques related to a performance parameter, the lifetime
of a material under reaction. The two techniques are the most commonly applied
technique for pore characterization, gas sorption, and PAS. In gas sorption
the material of investigation is subjected to gas of high pressures at a constant
temperature and the uptake and release of gas is measured as isotherms. These
isotherms provide information of pore volumes in di�erent size regimes. However,
as the Figure1.2 shows, gas sorption parameters do not show a correlation to the
zeolite performace. In contrast, the PAS parameters of oPs out-di�usion, which
can be understood as the level of interconnectivity, shows a clear correlation. Up
to now, PAS is the only method that conveys such a relationship [17].

These �ndings kicked o� the material characterization with positrons at ETH and
the work of this thesis was dedicated to establish and advance it further.
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Figure 1.2: Lifetime of hierarchical MFI zeolite for the conversion of
methanol to ole�ns. (left) mesopore volume by gas sorption. (right)
PAS pore connectivity. (small) TEM micrographs. Reproduced with
permission from [17]. Copyright 2019, John Wiley and Sons.

1.2 Limitations and Potential

With the current trend of downscaling functional architectures small scale fea-
tures like defects or pores, engineered or unwanted, the importance of PAS is
expected to increase given its unique sensitivity compared to other techniques as
shown in Figure1.3. It was shown that complementary information compared
to well-established methods can be gained [3, 11, 15]. Speci�cally, the positron
acting as a dynamic local probe enables this di�erent viewpoint.

For a successful widespread usage of this technique, there are still a few key points
that should be addressed [3, 4, 10, 11, 15, 18{ 20].

First of all the community is comparatively small with only a few dozen positron
beams worldwide. Moreover, most laboratories utilizing positrons do not solely
focus on the material characterization. This limits the accessibility for potential
users and discoveries pushing the boundaries of existing techniques.

Secondly, the sparse material research is mostly focused on the scienti�c side.
An increase in the study of industrially relevant materials would increase the
awareness, therefore the demand and ultimately boost the availability.

Furthermore, some �elds of the underlying physics are not fully understood yet.
For example, the formation of Ps in a material is still a mostly qualitative model.
There is no ab-initio physical understanding to successfully predict the quantitative
amount of positronium formation.

Also, the modelling of the correlation between lifetimes and pore sizes has its
limits within basic geometries. The Tao Eldrup model presented in Section2.2.1
works well for spheres, cubes and channels with closed walls and localized Ps.
Geometries of higher symmetries which allow delocalised Ps Bloch states and open
pore structures which large openings like cages require more advanced models
where only a little or very speci�c e�ort has been made so far. Moreover, highly
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Figure 1.3: Overview of PAS sensitivity for defect sizes and concentra-
tion compared to other techniques, optical Microscopy (OM), Trans-
mission Electron Microscopy (TEM), Scanning Tunneling Microscopy
(STM), Atomic Force Microscopy (AFM), Neutron scattering (N), and
MEchanical techniques (ME). Adapted from [15].

connected systems with pore of various sizes have only been started to be studied.

Last but not least, also instrumentation and data analysis itself can still undergo
improvements. A sophisticated analysis would include all annihilation parameters
to draw encompassing conclusions. Unfortunately, many studies nowadays do
not go to the necessary depth regarding the correlation of the parameters which
panders to jump to erroneous interpretations. This is partially due to detectors
optimized for the di�erent PAS methods presented in Section3.1.

Another reason is that the data analysis tools are not robust enough yet for
the inexperienced user. The current solutions used in the community are often
susceptible to input bias in the data �tting procedures.

In regard of the kick-o� studies [16, 17] on the particular class of zeolites which
motivated this thesis PAS has shown a novel complementary insight. On the
other hand, for a more quantitative comparison across a multitude of materials it
was shown that paramets like the acidity could play an important role. Moreover,
zeolites can exhibit pores spanning over whole crystals as localised ones of di�erent
sizes. The e�ect of such geometries on the PAS response has not been investigated
in detail [10]

Therefore, the work conducted in this thesis can be separated into three sectors,
work on the instrumentation (Chapter 3 and Chapter 4) for higher availability,
exploring new possibilities for descriptive models (Chapter5), and applied material
characterizations, the continued investigation of zeolites and proof-of-concept
studies of other nano-porous materials with advanced functionalities (Chapter7)
by means of positronium di�usion and annihilation.
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Chapter 2

Positron(ium) Annihilation
Spectroscopy

This chapter introduces the background knowledge for the techniques associated
with PAS. All quantities related from the start of interaction of positrons with
material up to the annihilation and the detection of the annihilation photons can
yield valuable information about the underlying processes. After an introduction
to the interaction of positrons with matter an overview of the most common PAS
methods is given.

2.1 Interaction of Positrons with Matter

Positrons, the anti-particles of an electron predicted by Dirac in 1928 [1], and
�rst discovered by Anderson in 1933 [2], readily annihilate when interacting with
matter. Before annihilating, the positron and electron may form a hydrogen-like
atom called Ps. Depending on the relative spin orientation of the electron and
positron being parallel or anti-parallel, Ps is di�erentiated into the triplet oPs and
singlet pPs, respectively. During the annihilation, the available energy, mainly
consisting of the rest masses of the involved positron and electron (1022 keV), is
emitted via gamma rays. Because of charge conjugation conservation in Quantum
Electrodynamics (QED), the triplet will decay into an odd, and the singlet into
an even number of photons [21]. Since the emission of a single photon is forbidden
by momentum conservation, oPs mainly decays into three photons within a plane
to conserve momentum. The photon energies ful�l three-body decay kinematics
as �rst calculated by Ore and Powell [22] and depicted in the overview of the
kinematics in Figure2.1

E 
;i � 511 keV;
3X

i

E 
;i = 1022 keV : (2.1)

The singlets (pPs) main annihilation channel in the centre of mass frame is into
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Figure 2.1: Schematic of the di�erent positron decay channels and their
kinematics. The energies of the emitted photons from the annihilation
have to conserve the energy and momentum the respective positron
and electron had before.

two back-to-back photons with

E 
; 1 = E 
; 2 = 511 keV : (2.2)

While higher orders decays into 5, 7,... or 4, 6,... are possible, they are greatly sup-
pressed by multiples of the �ne structure constant� . Other rare decays predicted
by the Standard Model (SM) or by physics beyond the standard model [23{ 27], are
even less probable and not of concern for material characterization with positrons.
The most precise theoretically calculated decay rates in vacuum for pPs [28] and
oPs [29{ 33] are

� pPs,exp = 7989:7168(2) µs� 1 (2.3)

� oPs,exp = 7:039 929(10) µs� 1 : (2.4)

The leading factor for the three order of magnitude smaller decay rate of oPs
is the suppression by the additional photon. The measured values �pPs =
7990:0(17) µs� 1 [34] and � oPs = 7:0404(10) µs� 1 [35] agree well with the predicted
ones. With Ps being a purely leptonic system free of �nite-size e�ects and mostly
annihilating through the electromagnetic force, measurements of these decay rates
have been of fundamental interest in the past for the veri�cation and development
of bound state QED [36].

Since the discovery of positronium by Deutsch in 1951 [37] it was realized that
both positrons and positronium are highly sensitive to their immediate electronic
surroundings in an astonishing fashion. It was found that depending on the kind
of gas and the concentration, i.e., pressure, the decay rate will increase due to a
process called pick-o� annihilation [38].

The positron has a �nite probability to annihilate with an electron other than its
bound partner e�ectively reducing the lifetime. In denser mediums like liquids
or solids the electron densities, their chemical potentials and the variation of

8



CHAPTER 2. POSITRON(IUM) ANNIHILATION SPECTROSCOPY

oP
s in

te
rc

ry
st

al
lin

e
 / 

10
0 

- 
14

2 
ns

oP
s m

es
op

or
es 

/ 1
0 

- 
10

0 
ns

oP
s m

ic
ro

po
re

s /
 1

 -
 1

0 
ns

D
A

 / 
0.

15
 -

 1
 n

s
si

ng
le

 s
ite

 d
ef

ec
ts

pP
s 

/ 0
.1

25
 n

s

oP
s v

ac
 / 

14
2 

ns

lifetime �l / ns

0.1 1 10 100

Figure 2.2: Overview of lifetime intervals and the corresponding con�n-
ing elements using the porosity terminology of the IUPAC de�nitions:
pore diameter< 2 nm for micropores, between 2 and50 nm for meso-
pores, above 50 nm for macropores [39].

such can give rise to multiple pick-o� decay channels, each being a characteristic
of its physical nature e.g. material-dependent electronic con�gurations, band
structures, defects and voids. While the e�ect on the annihilation characteristics
can be manifold, as will be discussed in the following sections, one parameter,
the lifetime, stands out. Spanning over three orders of magnitude from the pPs
annihilation with 125 psto the oPs vacuum lifetime of142 ns, it maps single site
defects (a single missing atom� �A) up to open voids with sizes of100 nm. An
overview of lifetimes and the corresponding environment is shown in Figure2.2.

However, to be able to fully understand observations, one has to account for the
most dominant physical processes from the moment the positron �rstly interacted
with matter until it annihilates, see Figure 2.3. Moreover, even the emission and
propagation of the gamma rays, their detection and the whole data acquisition
can be of relevance.

2.1.1 Secondaries

When a positron impinges on a surface with keV energy, multiple electrons, called
secondary electrons, can be knocked out of the material [40]. In case of a head-
on collision with a nucleus, the positron may leave the material again and is
usually called a backscattered positron. While exiting the material, a backscat-
tered positron has a non-vanishing probability to capture an electron to form
positronium. With energies ofeV and more the Ps is often called fast, hot, or
backscattered positronium [41]. The momentum, direction and ratio of these
secondaries yield valuable information about the surface of the material [42], but
in the assessment of the interior of a sample, it is only the secondary electrons
which can be used to tag the impact of the positron de�ning the timet0 = 0 ns
for PAS measurements [43].
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Figure 2.3: Schematic overview depicting the physical processes, and
their timescales, which are of importance for PAS. Reprint of Figure1.1
for readability.

2.1.2 Scattering

After implantation, the positrons undergo multiple collisions inside the bulk ma-
terial reaching thermal energies in a matter of tenths of picoseconds. The main
loss mechanism is the ionization of electrons, which form the so-called `spur'. The
implantation depth depends on the positrons initial energyE. The obtained distri-
bution in 1D depicted in Figure 2.4 is called Makhovian implantation pro�le [44]
which can be parametrized as

P(x) =
d

dx
� T (x) =

mxm� 1

xm
0

exp

2

4 �

 
x
x0

! m
3

5 ; (2.5)

wherem is a material-dependent dimensionless parameter andx0 is related to the
mean penetration depth �x by

x0 =
�x

�[ m� 1 + 1]
; (2.6)
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Figure 2.4: One dimensional positron implantation pro�lesP(x) for
di�erent energiesEe+ and the relation to the mean implantation depth
x (in the inset).

with � being the Gamma function. Depending on the implantation energy E (in
keV) the mean penetration depth is

�x =
�
�

E n ; (2.7)

with the density � [g/cm3]. The exponentn = 1:6 and � = 40p
2

µg cm� 2 keV� n

are material dependent �tting parameters, which can be obtained by transmis-
sion/absorption experiments with samples of di�erent thickness. The values 1.6
and 40 were found empirically with techniques where positron impinge perpen-
dicular on the surface of the material. The denominator

p
2 was introduced to

account for grainy samples where the mean incident angle is 45� [45{ 47]. Consid-
ering a �nite 2D or 3D object of the size comparable to�x, a convolution of the
1D case becomes inevitable when the implantation pro�le is of relevance to assess
non-uniform properties or volumes as will be shown in Section5.1.

2.1.3 para-Positronium Annihilation

A thermalized positron may pick an ionized electron from the spur (spur model [48,
49]) or capture a bound valence electron (Ore Model [50]) and form positronium.
In the case of anti-parallel spins, it is the singlet pPs which decays with a lifetime
of 125 ps by intrinsic annihilation emitting two back-to-back 511 keV photons.
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2.1.4 Direct Annihilation

Positrons do not necessarily need to form positronium prior to the annihilation.
The direct annihilation is a competing process of positrons annihilating with an
electron in the sample. Any electron, ionized from the spur and bulk (valence
as core) electrons will result in the emission of two gamma rays. Because of the
smaller overlap of the positron and electron wave function compared to the pPs,
the lifetime is slightly larger, material dependent, and usually below 1 ns.

2.1.5 ortho-Positronium Annihilation

While understanding and considering all the processes is important for the analysis
of porous materials with positrons, oPs annihilation has the highest sensitivity
in the porosity assessment. oPs, formed as pPs but having parallel spins, has
lifetimes depending on its surroundings ranging from a couple ofns up to a
maximum of 142 ns. The upper limit is the vacuum value predicted by QED,
a shortening of the lifetime of oPs inside a material arises due to the so-called
pick-o� e�ect, the annihilation of the positron with another electron from the
bulk rather than the one it is bound to.

This process leads to a direct correlation between the lifetime of oPs to the
surrounding electron density, i.e., pore topology of a material. Since the de-
Broglie wavelength is in the same order of magnitude as the characteristic sizes
of typical voids in bulk material, atomic defects, micro-, or mesopores, etc., these
mimic a �nite potential well where oPs can be quantum mechanically con�ned in
a lower energy state than in the bulk. The size and geometry of a void will dictate
the wave-function and probability distribution of such con�ned positronium. As
expected, the trapped oPs is more likely to be found in the centre of the void
because of the repulsive force of the electrons on the pore surface through the
Pauli exclusion principle against the positronium's electron.

Nevertheless, there is a non-vanishing overlap of the positronium wave function
with the electron layer at the surface of the void leading to pick-o� annihilation
into two photons with a lifetime characteristic to the void's topology. An ap-
proximation of such con�nement and its correlation to the lifetime was initially
described by the Tao-Eldrup model [12, 13], and subsequently re�ned [14, 51].
Moreover, if the material has a porous network, oPs lives long enough to di�use
through it.

The propagation process is geometry dependent, i.e., more classical in channels or
based on quantum mechanical tunnelling from pore to pore in closed voids [52{ 54].
During the di�usion process, the interconnectivity throughout the network and to
the object's surface, as chemically active sites, are probed. This may be observed
by measuring lifetimes associated to large voids, lower oPs formation due to the
oxidation of oPs or the emission into vacuum with a kinetic energy equal to the
con�nement energy in the pore. The escape from the bulk material is followed
by the self-annihilation in vacuum into three gamma rays with the very distinct
lifetime of 142 nsand can be well separated from micro- and mesopore decays.
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Studies employing these relation are presented in Section6.2 and 6.3. Additional
information can be gained from gamma ray energy, making the probed electron
momentum distribution visible in Doppler shifts of the photons as detailed in
Section2.2.3and 2.2.4.

There exist a multitude of experimental techniques which are sometimes published
under di�erent names and abbreviations as there is no overall agreement on a
nomenclature. Nevertheless, the most common techniques can still be grouped
under PAS as all methods are recording spectra of the annihilation in one or
another dimension, time, energy, collinearity, etc.

2.2 Positron Annihilation Spectroscopy
Methods

While all methods are relying on the fact that a positron will annihilate with an
electron at some point di�erent techniques may focus on di�erent processes and
quantities of the interaction of positrons with matter. This is partially because
there might be a speci�c interest in a particular processes but also because the
quantities often require di�erent detectors and a thorough detection has not yet
been developed.

2.2.1 Positron Annihilation Lifetime Spectroscopy

Positron annihilation lifetime spectroscopy (PALS) is a method to investigate the
structure of a bulk sample on a nm scale. A schematic of the experimental setup
of the spectrometer is shown in Figure2.5. It is based on acquiring a lifetime
spectrum S by recording millions of start (t0) and stop (annihilation) events as
shown in Figure2.6. This spectrumS(t) is a sum of exponentials convoluted with
the detector's time resolutionR(t). The individual components are corresponding
to the di�erent annihilation channels i with lifetimes � i and intensitiesI i presented
in Section2.1.

S(t) =
X

i

I i =� i exp
�
� t=� i

�
~ R(t) (2.8)

The ratios and lifetimes of these can be extracted with sophisticated �tting proce-
dures involving Markov Chain Monte Carlo, Simulated Annealing and Bayesian
Inference methods, and provide quantitative information in terms of interconnec-
tivity, pore sizes and distribution of a porous network [5, 14]. Prior calibration
and/or simulation of the setup to compensate di�erent two gamma/three gamma
detection e�ciencies which can distort such relations might be important.

Studying the evolution of these parameters for di�erent sample sets, or a single
sample which underwent treatments, gives insight into the relative porosity or
defect parameters. When using a positron beam di�erent implantation energies
can be used to do a depth pro�ling. This gives access to study distributions,
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Figure 2.5: Schematic of a positron annihilation lifetime spectrometer.
Positrons coming from the left (red) pass a time tagging system like
shown in Figure3.4. Secondary electrons (red) created on positron
impact on the target are transported back to the time tagging detector
MicroChannel Plate (MCP) .

Figure 2.6: Example of a typical positron annihilation lifetime spec-
trum. Reproduced with permission.

buried layers, or interfaces. For the interpretation of these values beyond relative
changes from one measurement to the other one has to rely on models.

Tao-Eldrup Models

The correlation between positronium lifetime and void size already indicated
in Figure 2.2 has been explained at �rst by Tao-Eldrup model (TE). Tao and
Eldrup could validate it with experimental data on r � 1 nm sized pores in bulk
polymers [12, 13]. It assumes the positronium being a single particle of twice
the electron mass con�ned in the ground state of an in�nite spherical potential
well. In the centre an in�nite lifetime is assumed, in an empirically determined
distance � R = 0:16 nm to the walls the spin-averaged Ps lifetime of 0.5 ns. The
overall annihilation rate is an average of the annihilation rate in the whole volume

14



CHAPTER 2. POSITRON(IUM) ANNIHILATION SPECTROSCOPY

V

x0 L

V = ! V = !

poresize

!

!

EoPs,1

EoPs,2

1
L / nm
10 100

0

60

120

100

 / 
nm

!

Figure 2.7: The principle of the Rectangular extension of the Tao El-
drup model (RTE) and its experimental con�rmation [14]. Reproduced
with permission. Copyright 2001 American Chemical Society.

of a pore weighted by the absolute value of the oPs wave function. The TE
annihilation rate of con�ned oPs in a pore with a radius ofR + � R is

� TE (R) = � A

2

41 �
R

R + � R
+

1
2�

sin

 
2� R

R + � R

! 3

5 ; (2.9)

with the spin-averaged vacuum annihilation rate �A = ( � pPs + 3� oPs)=4, the
singlet � pPs and triplet � oPs vacuum annihilation rates. However, the TE model
has its limitation, it only works well for pore sizes withR < 1 nm.

An approach to overcome this restriction was to include excited states in the
model [55]. Acknowledging temperature is important because in larger pores
excited states can be more easily populated as the energy di�erence gets smaller.
Even if this model was in agreement with the data of well-known materials, it
failed in practice because to get an accurate result the calculation of several high
order Bessel functions and its zeros was needed [55]. A more practical solution
was implemented by Gidley et al. [5]. They implemented rectangular pores in
the TE model, called the RTE model, and included excited states which were
necessary to model larger pores with diameters up to100 nmand temperatures
above 0 K as shown in Figure2.7.

The approximation is of advantage as the calculation of excited states can be
simply done by separation of variables. Moreover, it has been shown in [56],
that the annihilation rate is quite geometry independent and more de�ned by the
classical mean free path,l = 4V=S, whereV is the volume andS the surface area
of the pore. The results of the RTE can, therefore, be scaled to represent other
(closed) pore geometries.

For calculation of the annihilation rate in the RTE model the positronium wave
function 	( x; y; z) is approximated as the single-particle solution of an in�nite
square well with side lengthsa; b; c,

	( x) =

s
8

abc
sin

� nx � x
a

�

sin
� ny � y

b

�

sin
� nz� z

c

�

; (2.10)
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In the center of the pore, the annihilation rate is assumed to be �T . In the region
near the walls, within a distance� , the spin-averaged rate �A is taken. The overall
annihilation rate is expressed as

�( x; y; z) = � A � �( x; y; z) ;

with �( x; y; z) =

8
>>>>>>><

>>>>>>>:

� pPs � � oPs

4 ;

0

B
B
@

�
�
�

1

C
C
A �

0

B
B
@

x
y
z

1

C
C
A �

0

B
B
@

a � �
b� �
c � �

1

C
C
A ;

0; otherwise;

:
(2.11)

The expectation value of the annihilation rate can be expressed as the trace of the
density matrix times the annihilation rate matrix [14]. For an oPs atom in thermal
equilibrium with the pore, the Boltzmann equation describes the population of
the excited states. Therefore the non zero elements of the density matrix are

� ijk;ijk =
exp

�
� E ijk =kBT

�

1P

i;j;k =1
exp

n
(� E ijk =kBT)

o ; (2.12)

with the energies from the three-dimensional in�nite potential well,

E tot = E i + E j + Ek =
h2

8m

0

@n2
x

L2
x

+
n2

y

L2
y

+
n2

z

L2
z

1

A ; with nx ; ny; nz 2 N+ (2.13)

the equation becomes,

� ijk;ijk =
exp

�

� h2

16kB T me

�
i 2

a2 + j 2

b2 + k2

c2

� �

1P

i;j;k =1
exp

�

� h2

16kB T me

�
i 2

a2 + j 2

b2 + k2

c2

� � : (2.14)

Since the density matrix is diagonal for a system in thermal equilibrium, its only
needed to evaluate the diagonal entries of the annihilation rate matrix

� ijk;ijk = hijk j� A � �( x; y; z)jijk i

=� A �
� pPs � � oP s

4

Z a� �

�
dx

Z b� �

�
dy

Z c� �

�
dz 	 2(x; y; z)

=� A �
� pPs � � oP s

4
f i (a)f j (b)f k(c) ;

with f p(q) = 1 �
2�
q

+
1

p�
sin

 
2p� �

q

!

:

(2.15)
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The expected annihilation rate in the RTE model thus is

� RTE = Tr f �� g =
1X

i;j;k =1

� ijk;ijk � ijk;ijk

= � A �
� pPs � � oPs

4
F (a; T)F (b; T)F (c; T) ;

with F (q; T) =

1P

i =1
f i (q) exp

�
� h2 i 2

16q2kB T m

�

1P

i =1
exp

�
� h2 i 2

16q2kB T m

�

= 1 �
2�
q

+

1P

i =1

1
i � sin

�
2i � �

q

�
exp

�
� h2 i 2

16q2kB T m

�

1P

i =1
exp

�
� h2 i 2

16q2kB T m

� :

(2.16)

The constant � was determined by comparison to the TE-model's �R to be 0.18
nm. Overall it is the most spread model used in the literature and was successfully
used to predict the lifetime of simple pore structures like 3D spheres, cubes, 3D
rectangles, 2D channels and 1D sheets [5, 6, 8, 16, 17, 51, 56{ 65].
To study other changes in the PAS parameters suitable models need to be devel-
oped on a case by case basis.

For example, out-di�usion from porous thin �lms was successfully described by
Gidley et al. [5]. Adaptations from there for a study zeolites, a materials with a
more complex hierarchical organization, is described in Section6.2.

2.2.2 Time-of-Flight

Measuring the velocity distribution of the oPs emitted into vacuum by recording
the spatial annihilation points outside of the sample or measuring the time spec-
trum of oPs 
ying a pre-de�ned distance like shown in Figure2.8. A subsequent
analysis with Monte Carlo simulations allow determining what underlying velocity
distribution would create the measured time or spatial distributions. The velocity
is directly linked to the con�nement energy of the pore oPs was emitted from
and holds information about the quantum-mechanical state of oPs in the pore
network [52, 53, 66].

2.2.3 Doppler Broadening Spectroscopy

If the positron and electron would be at rest when they annihilate the 511 keV line
would have the width of the detector resolution. While this assumption is true
for positronium, in fact mostly any positron just before annihilation, an electron
can have various energies and momentum from being bound as a core electron,
over valence to conduction electrons. This electron momentump will introduce a
Doppler shift of the two thought to be E 
; 1 = E 
; 2 = 511 keVphotons 
 1 and 
 2

by the part of the momentum perpendicular to the detector surfacep? [67].
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Figure 2.8: Sketch of the Time-Of-Flight (TOF) spectrometer.
Positron coming from the left (red) pass a time tagging system like
shown in Figure3.4. Secondary electrons (blue) created on positron
impact on the target are transported back to the time tagging detec-
tor MCP . Reproduced with permission. Copyright 2019, American
Physical Society.

Assuming without loss of generality the electron momentum pointing to the plane
of detector 2 (measuringE 
; 2) the shifted photon energies are

E 
; 1 = mec2 �
1
2

p? c ; E
; 2 = mec2 +
1
2

p? c : (2.17)

The collection of a spectrum composed of many photons smears the individual
shifts to a broadening of the original 511 line.

Recording the energy spectrum of the annihilation photons as shown in Fig-
ure 2.9a using a High Purity Germanium (HPGe) detector which has an excellent
energy resolution (� 1 keV) and therefore is sensitive to the broadening is called
Doppler Broadening Spectroscopy (DBS). Analyzing the line shape lets one de-
duce information about the momentum distribution of the electrons the positrons
annihilated within the bulk.

In the analysis of the DBS spectrum usually, the ratio of di�erent areas to the
total peak area are compared, i.e., the S-parameter is the central S-area ("S" for
shape) over the total area as a parameter for low momentum electrons and the
similar W-parameter ("W" for wings) for large momentum electrons as shown in
Figure 2.9c. This way e.g. the concentration of crystallographic point defects,
as they typically bind low momentum electrons or chemically active sites, can
be studied because these alter the for the positron visible electron momentum
distribution [ 4].

An advanced way of DBS is CDBS which is based on the same principle but
makes use of the greatly improved Signal to Noise Ratio (SNR), see Figure2.9c,
by using two HPGe detectors in coincidence and back-to-back geometry. The
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Figure 2.9: a) The properties of the two photon annihilation of a
positron at rest with an electron having a �nite momentum pe =
(px ; py; pz) that ful�lls momentum and energy conservation. b) A sim-
ulated 2D ACAR spectrum of the distribution of px and py momenta
of crystalline quartz. c) Typical spectra of DBS (red dots) and Coinci-
dence Doppler Broadening Spectroscopy (CDBS) (black dots) ofE 
; 1.
d) An AMOC plot, the relief of a DBS spectrum in time. Reproduced
with permission. Copyright 2019, John Wiley and Sons.

higher sensitivity allows to study the full line shape rather than comparing areas
as done in DBS. When comparing full sample sets it is also common to compare
all samples to a reference by looking at the ratio of the full line shapes [68].

2.2.4 Angular Correlation of Positron Annihilation
Radiation

Like in DBS the momentum of the electrons induces not only Doppler shifts but
also deviations from the momentum conservation thought to be back-to-back
annihilation angle of the two 511 keV photons. With two detectors in coincidence
one measures the Angular Correlation of positron Annihilation Radiation (ACAR),
i.e., the 511 keVphotons, which deviate slightly from180°as shown in Figure2.9b.
Considering the case of annihilation at rest withptot = 0 where the photons would
impinge perpendicular on two detectors would have0° between them. If now the
annihilating electron has a momentump = pk + p? with p? perpendicular to the
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detector surface the measured angle becomes

^ = arctan

 
pk

mec + p?

!

(2.18)

�
pk

mec
; (2.19)

with p? � mec and pk � mec : (2.20)

With scanning or position sensitive detectors this correlation can be extended to
two dimensions (2DACAR). Compared to CDBS an even better SNR leads to not
only assessing the concentration of crystallographic point defects or chemically
active sites but can also yield information about their type. In the case of defect-
free samples, it was also employed to measure the Fermi surface of the material [69].

2.2.5 Age Momentum Correlation

Combining a DBS spectrum taken with a HPGe detector with a scintillation de-
tector with good time resolution one can study the evolution of the 511 line within
the positron lifetime as depicted in Figure2.9d. This additional information of the
time domain allows to observe variation in the positron-electron momentum dis-
tribution depending on the positron state, e.g. slowing down, trapping, chemical
reactions and positronium pick-o� annihilation [70].

An only recently developed advanced implementation of this technique, Four-
dimensional Age MOmentum Correlation (4DAMOC), a position-sensitive HPGe
combined with a position-sensitive detector with a good timing resolution allows
to measure the lifetime of the positron and the full 3D momentum of the electron
pe = ( px ; py; pz) at the same time. It can be understood as combining AMOC
with 2DACAR [ 71].

2.2.6 Others

While these are the most common techniques the list of possible methods is long
and growing. Worth to mention is the development of Positron induced Auger
Electron Spectroscopy (PAES) [72], a surface analysis tool making use of the
potentially very shallow annihilation of an electron to induce Auger transitions
without using damaging and more penetrating high energetic electrons.

Furthermore, the in Section3.1.3 presented the development of the bu�er gas
positron trap by Surko [73, 74], accumulating thousands of positrons over long
periods, implanting them all at once opens the path to observe kinematic e�ects
by taking 'snapshot Positronium Annihilation Lifetime Spectroscopy (PALS) spec-
tra'. This method called Single Shot Positron Annihilation Lifetime Spectroscopy
(SSPALS) is a completely new �eld with many more possible applications [75],
e.g. shooting light from pulsed lasers onto the sample at times of the positron
implantation or positronium emission [76, 77].
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Moreover, a lot of e�ort was not only put in developing these methods but also a
considerable amount of work lies in the proper data analysis of the methods. For
now, the interested reader is invited to peruse the given references for a higher
level of detail.
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Chapter 3

Instrumentation

The heart of any applied research is the experimental apparatus. Having a setup
creating good data in terms of the quantities of interest is the prerequisite for
a successful analysis. This chapter introduces the instrumentations related to
PAS and the work conducted in this sector. Section3.2 describes the continuous
slow positron beam at ETH used for most of the studies presented in this thesis.
The interdisciplinary project of the development of an in-operando cell, PAS
measurements of chemicals under reaction at up to1 bar and 500� C, is presented
in Section3.3. Furthermore, development of additional positron beam access at
ETH (Section 3.4) and tailored detector arrangements (Section3.5) are presented.
Finally, a novel approach to radioactive source production schemes utilizing the
increased availability of medical proton cyclotrons is discussed in Chapter3.6.

3.1 Experimental Techniques

The basis of any positron experiment is the source. From a strictly instrumental
point of view, one can separate PAS devices into two groups, bulk- and beam-
based, distinct in the way the sample is probed. The di�erent energy spectra of
the positrons lead to di�erent penetration depths as will be discussed in Section
3.1.2 and 3.1.3. While Beam PAS is superior in the structural analysis by its
variable implantation pro�le and spot size, also requiring less sample material, it
is more expensive in acquisition and maintaining.

In contrast, bulk PAS does not necessarily need to be operated under vacuum
and can, therefore, be performed in gas atmospheres more easily. The source is
in contact with the sample and is directly penetrated by thekeV positrons. In a
beam, the positrons have to travel up to several meters at lower energies (� eV).
Since any residual gas will readily annihilate the positrons the formation and
transport has to be in Ultra High Vacuum (UHV). A more complete overview
about implementation can be found here [20].
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3.1.1 Positron sources

In contrary to electrons positrons are not abundant in nature. One has to rely on
sources which are most often man-made to deliver su�cient rates (MHz - GHz).
In general, there are two physical processes which are exploited for the generation
of positrons, � + decay and pair-production. The radioactive sources are more
commonly seen in laboratory scale experiments while techniques involving pair-
production usually involve heavier machinery like accelerators or reactors which
only exist in large scale facilities.

Overall, the activity of positron sources has intrinsic limits. The positron emission
from radioactive sources is capped by self-absorption. After a certain activity, i.e.,
large amounts of necessary material, the probability of positrons stopping in the
source becomes signi�cant. This limit is reached for22Na at around 5 GBq [78,
79]. For the case of pair production, it is the intensity of the primary beam and
also the amount of power that one can deliver to the converter without damaging
it [ 80]. The highest rate of fast positron rates for electron LINAC based pair
production sources is1013 e+ /s at the EPOS facility in Halle, Germany [79]. The
strongest fast positron source used for a slow positron beam creation worlwide
is at the NEutron induced POsitron source at MUniCh (NEPOMUC) [78]. The
positrons generated by pair production from absorption of high-energy prompt
gamma-rays reach an intensity of 1014 e+ /s.

Radioactive

The most commonly used sources on a laboratory scale are radioactive� + emitters.
During the decay, a proton in a nucleus with mass numberA and atomic number
Z disintegrates into a neutron, positron and electron neutrino, leaving behind a
daughter nucleus. Depending on the available energy, this process is followed by
further decays. E.g. if the nucleus is in an excited state, with the emission of
photons,

A
Z X ! e+ + � e + A

Z � 1Y �
�

! 
 + A
Z � 1Y

�
: (3.1)

The kinetic energy the positron carries away is determined by the three-body decay
and ranges from0 keV up to the endpoint energyTmax , see Figure3.1. While
there exists plenty of di�erent � + sources, they have vastly di�erent properties
which led to the use of only a few for PAS [20].

The main criteria is the half-life t1=2. A long half-life guarantees a similar positron

ux over a given period. This makes comparisons between di�erent experiments
easier as one can work under similar initial conditions. Moreover, a long-lasting
source does not need frequent replacement which with current infrastructure results
in less downtime and eventually operational costs. Other source properties of
interest are the exact decay scheme, possible ways of production, i.e., reactions
and their cross-sections, the� + branching �( � + ) as a measure of positron emission
relative to the overall activity of a source which might have other competing decay
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Figure 3.1: Scheme of the energy spectrum of positrons emitted from
a 22Na source and after moderation in a (110) tungsten foil.

channels as e.g. electron capture, and the already named endpoint energyTmax .
Last but not least, also the safety during handling and usage, e.g. phase at room
temperature or vacuum compatibility, is important for laboratory purposes.

A list of common sources and their properties is presented in Table3.1. In the past,
58Co was the most often used emitter as it was easily produced in high activities
from Ni being exposed to fast neutrons in the 
ourishing days of fast nuclear
reactors. Nowadays it is more convenient to use22Na as it o�ers a much larger� +

branching and a vastly longer half-life of2.6 yearswith a similar endpoint energy.
This is only possible due to the advance in particle accelerators technology which
increased their abundance in industry. Isotopes requiring high 
uxes at high
energies are even produced under pro�table business concept like being done by
iThemba Labs1 in South Africa.

Pair Production

Rather than from decay, one can also get positrons by pair-production from
energetic photons. A photon with su�cient energy (E 
 � 2mparticle ) can convert
into a pair of particle anti-particle conserving energy and quantum numbers like
charge, strangeness, lepton number, etc. As also momentum needs to be conserved,
this process is only possible if another object carries away the recoil. Practically,
this is achieved by irradiating a solid with hard gamma rays where either single
nuclei or electrons will interact with the photon [82]. The necessary photons

1http://www.tlabs.ac.za/

25
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Table 3.1: Endpoint energyTmax of the � + , half-life t1=2, � + branch-
ing Br(� + ), production target and reaction, maximum cross-section
� max (E � ), corresponding projectile energyE � , EOB activity AEOB for
1 � m foil sources of58Co, 22Na and 48V [81].

Isotope 58Co 22Na 48V

Tmax (keV) 475 545 695
t1=2 (d) 70.85 950 15.97
Br( � + ) (%) 14.9 90.6 50
Reaction 58Ni(n fast ,p) 27Al(p,X) 48Ti(p,n)
� max (E � ) (mb) 600 44 382
E � (MeV) 10 44 12
� target (g=cm3) 8.9 2.7 4.5
AEOB (kBq/10 16 neutrons) 47.5 - -
AEOB (kBq/µA h) - 0.05 24

can be created by multiple methods, accelerator-based bremsstrahlung [83{ 86],
nuclear reactor neutron-induced bremsstrahlung [87{ 89] or from intense laser
pulses either via Compton scattering with a high energetic electron beam or again
bremsstrahlung from laser-accelerated electrons in solid targets [90{ 92].

The cross section� N for positron electron production from a photon interacting
with a nucleus has a threshold energy ofE 
 = 2me = 1:022 MeV and depends on
the target's material atomic number Z as� / Z 2. The creation can also occur
in the �eld of an atomic electron, calledtriplet production due to the emission of
a third particle, the electron struck from the recoil. The kinematics result in a
higher threshold ofE 
 = 4me = 2:044 MeV and the cross section is only linear
with Z � e / Z . Standard targets are Au, Pt or W. Tungsten is preferred because
of its higher melting point and lower costs. Both pair production channels have
a strong energy dependence early on, and quickly become the dominant photon
matter interaction and plateau at about 100 MeV. A plot of the attenuation
coe�cient of tungsten versus photon energy is shown in Figure3.2.

3.1.2 Bulk Setup

In Bulk PAS one uses a thin radioactive� + emitter which is sandwiched between
sample material. The positrons of the� + spectrum with energies ranging from
0 keVto e.g. 543 keVfor 22Na uniformly probe several hundreds ofµm. The sample
chamber is surrounded by gamma detectors to observe the annihilation photons.
If interested in the correlation of the time of annihilation with the moment of
implantation one has to work with a positron source where it is possible to trigger
on a nuclear transition gamma-ray as thet0 which is in coincidence with the
emission of a positron from the� + source. This necessity and its long lifetime
makes22Na to the most commonly used source in Bulk PAS.
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Figure 3.2: Gamma attenuation coe�cient of the di�erent physical
processes and the total attenuation for tungsten [93].

3.1.3 Beam Setups

A schematic of the parts of a positron beams is shown in Figure3.3. For almost
all experiments with positrons, having a source of monoenergetic e+ is of great
advantage or even crucial because a narrow energy spectrum leads to the ability
to distinguish and investigate underlying physics where the energy is an important
parameter. Since all available sources emit positrons with an energy spectrum up
to several MeV via pair production or radioactive decay, the method of converting
positrons of variable energies to a more or less constant energy calledmoderation is
of great interest. Starting from a narrow energy distribution of these slow positrons
after moderation on theeV scale, they can then be guided electrostatically or
magnetically, accelerated with the mean energy between some eV up to tens of
keV and impinged on a sample.

In contrast to the one from the Bulk PAS, this allows a narrow implantation pro�le
which enables to study surface, surface near, bulk and depth-dependent e�ects.
While the operation of a bulk setup can be done at atmospheric pressure, the
high cross-section of slow positrons with gas requires an ultra-high vacuum (UHV)
environment. The time-tagging of positrons necessary to study the annihilation in
the time domain can be done in two ways. The �rst is time bunching the positrons
relative to a global clock to de�ne the moment of arrival by beam manipulation.
The second is by detection of secondary particles produced by the positrons on
impact.

Positron Moderation

Ever since its �rst discovery in 1950 [94] moderation e�ciency has been a vibrant
�eld of research. The conversion from fast (keV) to slow positrons (� eV) occurs
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Figure 3.3: Schematic parts of a slow positron beam.

in a range of speci�c solids and moderation itself is even in them a subsidiary
process [95, 96]. Two classes of materials with speci�c properties allow a small
fraction of the positrons which have stopped in the material to be re-emitted from
the surface before they annihilate. One type is metals with a negative work func-
tion [97], the other is materials with very long di�usion lengths for positrons [96].
Because the positron 
ux is one of the main performance parameters of a positron
beam, a high e�ciency is of special interest. This is valid for both standard
radioactive source laboratory beams as for intense beams. Especially because the
production rate of fast positrons for both methods has the upper limits discussed
in Section3.1.1.

Di�erent moderators are compared by a quantity calledmoderation e�ciency ".
In the literature, one �nds di�erent de�nitions of " . A commonly used one is a)
to use the number of moderated positronsNmod divided by the number of fast
positrons impinging on the moderator. Another is b) to divideNmod by the total
number of positrons emitted by the source or c) in the case of a radioactive source
the overall activity. Each de�nition serves as an assessment of various aspects.
When using a) one focuses on the performance of the material, b) weights in
the geometric design and c) is a more general approach, e.g. useful when the
source has di�erent decay channels, having a higher overall decay rate than actual
positron activity (positrons emitted per second) and radiation safety is of interest.
When not stated di�erently, from now on de�nition b) is used for the moderation
e�ciency ".

The standard work function based moderators are thin single crystalline tungsten
foils or tungsten meshes with e�ciencies of the order of10= 4 [98]. The most
e�cient commonly used moderators rely on the long di�usion length of positrons
in frozen rare gases, e.g. neon has a typical e�ciency of� = 7 � 10� 3 [96]. A novel
class of moderator developed at ETH, the cyclotron trap assisted moderator, out-
performed these with an e�ciency of1 % in an proof-of-principle experiment [99].
Moreover, preliminary simulations suggest a potential of up to10 %. The mod-
eration method and the work towards dedicated positron sources to deliver rates
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similar to standard radioactive base beams is presented in Chapter4.

Continuous Beam

A slow positron beam in continuous mode is using the low energy positrons
directly from the moderator without further modifying the time domain. The
rate is therefore based on the stochastic emission of positrons from the source and
follows a Poisson distribution. Continuous operation provides the highest average
positron rate for a given source. Typical rates are 106 e+ =s for radioactive sources
but go up to 109 e+ =s for reactor based beams.

A high rate seems to be bene�cial to gather the needed statistics faster but
depending on the application it can also lead to unwanted pile-up background.
Measurements like TOF and PALS, which rely on detecting the annihilation
photons up to hundreds ofns after the arrival of the corresponding positron, will
su�er if there is a high chance of having two annihilation events in the same time
window. The times of arrival will not have distinctive stops but can be paired with
uncorrelated signals which results in distortions of the data. A way to overcome
this, is to compress the random arrivals by bunching them to short puleses which
is presented in the next section.

The time tagging is usually achieved by detecting secondaries emitted on positron
impact shown in Figure3.4 for the case of a magnetically guided slow positron
beams. With the target at a negative potentialU, Secondary Electrons (SE)
created at the target will be accelerated upstream. A charged particle detector,
such as a MCP facing downstream, can then detect them and serve as at0 tagging.
The time resolution hereby depends on the MCP resolution, which is usually sub
ns, and in most cases on the more signi�cant di�erences in� ns transit times of the
electrons [43]. For enhanced e�ciencies, one can combine the detector positioned
slightly o�-axis with an E � B de
ection system which steers the positrons going
downstream around the detector and de
ects the upstream moving electrons in
the opposite direction directly on the detector.

Bunched Beam

Time bunching is a technique where a continuous beam is manipulated by time-
varying electric �elds in order to have prede�ned time periods where positrons
can arrive on the target and when not. One can imagine the potential set on the
source to vary in time in a manner that creates a velocity distribution linear in
time. Later positrons will start to catch up to earlier ones until at one point in
time all positrons are in the same spot. Obviously, it is not possible to increase the
potential inde�nitely. Therefore it needs to be ramped down in regular intervals.
The resulting velocity distribution will resemble a sawtooth wave. The positrons
will travel in compressingbuncheswith a repetition rate of the sawtooth signal.
The term bunch, usually understood as a multiple number of particles arriving in
a short time followed by a time of no arrivals, has to be loosened for the technically
achievable positron rates and bunch frequencies (kHz-MHz). Depending on the
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Figure 3.4: Scheme of a time tagging setup used for continuous positron
beams. Positrons are coming from the left (blue) and are guided around
the MCP tagging detector which faces the target, secondary electrons
(SE, red) created by the impact of positrons on the target at a given
potential U are transported back to the MCP. Taken from [100]

positron 
ux after moderation and the repetition rate, a bunch can have no
positrons, one positron or multiple ones.

The time of arrival will be de�ned by a transit time o�set relative to the signal
triggering the bunching spread out from a time jitter due to the energy distribution
of the positrons. In speci�c con�gurations, it can be of interest to combine the
bunching with a secondary detection scheme. Either when the bunching time of
arrival distribution is worse than the time resolution of the secondary particle
detector or when one requires the rejection of possibly `empty' bunches.

Bu�er Gas Trap

A beam utilizing the principle of a bu�er gas trap is also a bunched beam but works
with an accumulating technique rather than accelerating positrons to di�erent
velocities [73]. Positrons emitted from the moderator enter a multistage Penning-
Malmberg trap with a stepwise increasing depth. To be trapped, the positrons
need to dissipate energy such that they fall below the entry potential. This is
achieved by having nitrogen as a �rst bu�er gas at residual pressures.

A collision of a e+ with an N2 can excite the nitrogen molecule and catch the
positron in the �rst stage of the trap. Subsequent collisions will cause the positrons
to be eventually trapped in the last stage with leftover energy of a few eV. To
reduce the annihilation losses during the trapping, the bu�er gas pressure is
reduced towards the last stage by di�erential pumping. In the last stage another
gas, CF4, is used to further cool down the positrons to a thermal energy spread.
The di�erent molecular structure is more susceptible for low energetic excitations
and has a lower annihilation cross-section.

With this technique, positrons can be accumulated for up to a few seconds before
saturation is reached. To keep the positron plasma better con�ned, the last stage's
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electrode is segmented into four quarter shell cylinders. On these electrodes, an
alternating electric potential is set on top of a constant one. The time-dependent
potential is a sine function with �= 2 phase shifts between the 4 electrodes to
create a rotating electric �eld. This method is called therotating wall technique
and is proven to compress the plasma e�ciently [74, 101].

Sudden release of the stored positrons allows intense bunches of up to105 e+ /bunch.
The repetition rate is correlated with the number ofe+ per bunch and the energy
spread, as the accumulation and cooling time is reduced. Useful frequencies are
therefore lying in � Hz � 10 kHz.

3.1.4 Detectors

The detectors necessary for PAS include gamma-ray detectors and single charged
particle detectors. Single-particle detectors are required for tagging and the
assessment of the beam quality. Important characteristics are the time resolution,
dark count rates, detection e�ciency and depending on the application, possibly
the position resolution. Given the low currents of particles, all single-particle
detectors follow an electron multiplication scheme to create a readable electric
signal. The incoming particle, called the primary, will impinge on a cathode
where it releases secondary electrons on impact. These electrons are then further
multiplied by accelerating them onto dynodes. By repeating this process, 105 to
108 electrons are �nally collected on an anode which can be read out by electronics.
Depending on the dynode structure one di�erentiates between discrete dynode
multiplication as found in standard electron multipliers and photomultipliers
(PMT), and continuous dynodes as in channeltrons or MCP , see Figure3.5.

The MCP is the most utilized. An early review of the technology can be found
here [102]. For similar detection e�ciencies, it is the most compact and the only
method in which the multiplication preserves the position information. Speci�c
anode con�gurations exploiting this, o�er sub-mm position resolution. Moreover,
MCPs o�er the best time resolutions due to the low spread of the electron shower
from the short transit times.

The other single particles detectors can o�er better detection e�ciencies because
of higher open area ratios (active to dead area ratio) and enjoy exceptionally
low accidentals from having less dynode surface. These accidentals, also called
dark counts, mostly originate from thermal emission of electrons from the dynode
surface which produces signals indistinguishable from real events. The gamma-ray
detectors, mostly scintillators, are used to study the annihilation photons.

An incoming high-energy photon can excite or ionize the scintillators material.
With the energy of the particle transferred to the scintillator. The energy is then
re-emitted by scintil lation, the emission in the form of light mostly in the visible to
UV spectrum. With electric light sensors such as photomultipliers, which exploit
the photoelectric e�ect to transform the photons into electrons and then multiply
these in the schemes as the single-particle detectors, the initial particle becomes
measurable. While the list of performance parameters is similar to the one of
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Figure 3.5: Multiplication schemes of di�erent single particle detec-
tors [103, 104].

single-particle detectors, time resolution, detection e�ciency, etc., scintillator
assemblies are also assessed by the energy resolution of the energy of the primary
particle. The characteristics are dependent on multiple material parameters as
geometrical con�gurations.

3.2 ETH Z•urich Continuous Slow Positron
Beam

Most of the PALS work presented in this thesis evolves around the magnetically
guided ETHZ Slow Positron Beam located at ETH Zurich H•onggerberg. With the
groundwork being started at CERN in 2002. The setup was build and designed
for a study of exotic decays of oPs in vacuum as described by Alberola et al. in
2006 [24]. After being moved to Zurich in 2010 a new goal to measure the oPs
1S-2S transition was set [105, 106].
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Figure 3.6: Picture and schematic of ETH slow positron beam.

It was during that period, that the search for e�cient positron to positronium
into vacuum converters for fundamental studies sparked the material characteri-
zation activities. Since then, some parts like detector setup and the source have
undergone multiple upgrades but the overall concept stayed the same. A picture
and a scheme are shown in Figure3.6.

The power train is a22Na Source, with the current one inherited from the ALPHA
experiment2. It had an initial activity of 417 MBq(19.06.2014). In the early years
in Zurich, it was coupled to a cryogenic solid neon moderator. Later in 2015, it
got replaced by a tungsten mesh moderator as the rare gas moderator was moved
to the second positron beam which is based on a bu�er gas trap [107]. Only to go
via an intermediate frozen argon moderator upgrade in early 2018 back to a more
e�cient neon version in late 2019. Depending on the model the source potential
was set to be between100 V and 200 V. After the moderator, a couple of beam
shaping components follow before the positrons are guided to the experimental
setup.

The �rst element is the chopper. A combination of drift tubes and a high trans-
mission mesh allows blocking the beam by applying a potential. With in-house
developed electronics allowing to switch up to �V = 200 V on top of a DC o�set
V0 with rise and fall times of � � 20 ns at frequencies of up tof � 500 MHz

2http://alpha.web.cern.ch
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and duty cyclesD between 3�=f � D � (1 � 3�=f ) the beam can be e�ectively
choppedinto bunches of positrons.

After the chopper, the beam is magnetically guided along a90° bend. A small
fraction of fast positrons penetrated the moderator material. Because they con-
taminate the beam quality, they get separated from the slow ones. While the
moderated positrons follow the magnetic �eld lines adiabatically, the unmoderated
ones with keV energies go straight and annihilate in the vacuum chamber wall.
The bend therefore e�ectively acts as a crude velocity selector.

Between this energy �lter and the experimental sector lies a long straight vacuum
pipe with approximately an 1 m long drift tube which serves as a buncher, see
Section3.1.3. A set of coils in a Helmholtz con�guration creates a uniform mag-
netic �eld up to the experimental section. The tube was speci�cally designed to
have a50Wwave impedance mimicking a RF cable to perfectly accept alternating
potentials. When coupled to an arbitrary waveform generator (AWG) and an
ampli�er (AMP) a time-dependent voltage V(t) � t2 can be applied. This will
accelerate positrons arriving at the entry at later times. The squared dependence
will lead to linear velocity distribution. On exit, the same trick can be applied to
increase the overall energy amplitude. With the correct slope and travel distance,
all accelerated positrons will arrive at the same time (smeared only by the e�ect
of the energy spread).

A set of steering coils complements the beam manipulation to correct for any drift
introduced by the curve or o�set from prior misalignments. Afterwards, aE � B
de
ection system like shown in Figure3.4 guides the beam around the positron
tagging system.

The beam is then coupled into a magnetic guiding �eld of the sample chamber
created by a long solenoid. It has the advantage over larger coils that a solenoid
has very little external stray �eld which could disturb detector operation. The
sample stage consists of a long arm reaching inside the solenoid with an insulated
holder at the end. With an electric feed through (SHV20) it is possible to set
the sample to potentials up to 20 kV. This will accelerate the positrons onto
target once they reach the proximity and de�ne the implantation energyEe+ .
Moreover, it also de�nes the energy of the secondary electrons which are guided
back up-stream to the tagging system.

Outside of the vacuum chamber multiple gamma-ray detectors were incorporated
to around the beam forming the PAS spectrometer. A Bismuth Germanium Oxide
(BGO) and Barium Fluoride (BaF2) scintillator for PALS are shown in Figure3.7.
The large solid angle of the BGO with its size of20 cm� 8 cm makes the BGO
ideal to measure oPs escaped into vacuum. It's high Z and density provide a high
detection e�ciency. In comparison, the BaF2 is much smaller (2.5 cm� 2 cm) but
its intrinsic 
uorescent decay is a lot faster,0.7 nsversus the300 nsof BGO. A
comparison of the time spectra is shown in Figure3.8. Therefore, the BaF2 is
important for resolving oPs components with� � ns lifetimes. The High Purity
Germanium (HPGe) detector with its good energy resolution is needed for DBS
measurements. It is connected to a liquid nitrogen cryostat to be cooled down to
77 K. This is important as the HPGe is a semiconductor which would otherwise
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Figure 3.7: Overview of the PALS spectrometer. (left) The guiding
solenoid, steering coils, the BaF2 and BGO detectors. (right) Details
of the detectors and the sample holder which is inside the guiding
solenoid vacuum tube.

Table 3.2: Comparison of PAS detectors in terms of energy resolution
� E = � 511=511 keV and time resolution� t

Material � E (%) � t (ns)

BGO 16 5
BaF2 18 0.9
Ge 0.3 -3

su�er from high intrinsic current/background at room temperature. The energy
spectra of the HPGe and the BaF2 (very similar to the BGO one) are shown in
Figure 3.9. Table 3.2 summarizes the di�erent characteristic time and energy
resolutions.

3.3 Operando Cell

The ETH operando cell is a project initiated in as a continuation of the zeolite
performance study [16, 17]. Zeolites are a porous material used as catalysts in
chemical engineering applications. The reactions require temperatures of several
hundred � C and gas pressures of around1 bar to have a su�cient rate. A standard
application is the cracking of ole�ns. Adding zeolite Z to the cracking of a reactant
ABC into products A and B will speed up the reaction ratek

ABC k A + BC (3.2)

ABC + Z
kz > k

A + BC + Z (3.3)

In principle the catalyst in a reaction is not consumed by the reaction. However,
in reality, unwanted product or containment C can deactivate the zeolite rendering

3Integrated electronics of detector does not allow a timing readout.
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Figure 3.8: Time spectra of the PALS detection system of the BaF2

and BGO scintillator normalized to the prompt peak. A zoom on the
peak is shown on theleft to emphasize the di�erent time resolutions.
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Figure 3.9: PAS energy spectrum of the HPGe and BaF2 detectors
normalized to the are.
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it useless.

ABC + Z
kz A + B + ZC (3.4)

This process is quanti�ed as the lifetime of the catalyst. For the design of zeolites
for industrial applications it is therefore of interest to have not only a high reaction
rate kz � k but also a su�cient lifetime.

In the mentioned study [17], di�erently performing zeolite types were measured
through PALS. A clear relation between the lifetime under reaction and a PALS
response was striking. To further investigate this e�ect on a microscopic level it
is of interest to study the evolution of the porous framework of the zeolites.

A simple approach would be to iteratively characterize samples with di�erent
durations under reaction. It is however anticipated that the time it takes for the
transfer from the reaction oven to the positron beam and the di�erent conditions in
temperature and gaseous atmosphere will have an impact on the precise structure
of the coke deposition. Therefore, the ideal case is to perform a measurement
under in-operandoconditions, i.e., while the use-case reaction is running.

This challenging task of combining an ole�n cracking reactor cell with a positron
beam was started together with the Advanced Catalysis Engineering group of
ETH in late 2016. The main criteria are:

ˆ positron beam

{ vacuum for positron transport up to interface

{ positron tagging capabilities for PALS

{ annihilation detectors shielded from high temperature

{ magnetic �eld for positron transportation in proximity of cell

ˆ reactor cell

{ controllable stable operation of up to 600� C

{ controlled 
ow of 1 bar of gas through sample (ethanol - nitrogen mix-
ture)

{ sample close to interface - limiting e+ annihilations in gas

ˆ interface

{ acceptable transmission for positrons

{ withstand 1 bar di�erential pressure

{ sustain the high temperature

A setup for the characterization of polymers under controlled humidity at atmo-
spheric pressure was already implemented by Zhou et al. at AIST, Japan [108].
The schematic is shown in Figure3.10. A pulsed positron beam with a nar-
row phase space and a beam spot of200 µmoriginating from an intense electron
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Figure 3.10: Schematic of the in-situ humidity controlled PAS cell at
AIST, Japan (not to scale). (a) Silicon frame, (b) SiN �lm window, (c)
Kapton foil spacer, (d) BaF2 scintillator, and (e) temperature-humidity
probes. Reprinted with permission from [108]. Copyright 2012 by AIP
Publishing.

LINAC pair production source is shot through a30 nmthick 0:5 mm� 0:5 mm SiN
window onto the sample mounted in an enclosed humidity-controlled chamber.

For the design of the ETH operando cell, two di�erences exist, the higher tempera-
ture and the worse beam spot size. Theoretically, the pulsed bu�er gas trap beam
would be the more suitable candidate as the driving positron source. Because
the secondary beamline, see Section3.4.2, was only in the early planning stage
and the positronium spectroscopy experiment was installed for long term mea-
surements, the cell was drafted for the continuous beam. This imposed additional
requirements on the design. The cell would need to be 
oated at a high voltage
of around 10 keV to ensure the positrons penetrate the interface and still have
su�cient implantation energy. Furthermore, the interface would need to act as the
positron tagging surface for the secondary electron emission on positron impact.
On the same time, it should produce as little uncorrelated spontaneous electrons,
a main source of background, as possible.

The principle and �rst test prototype shown in Figure 3.11was designed, built and
tested in close collaboration with the members of the ACE group of the Institute
for Chemical and Bioengineering (ICB), DCHAB, ETH. An austenitic stainless
steel cap and body form the housing. With a copper o-ring gasket inspired by
CF sealing, the two parts enable to load the sample, and seal for UHV tightness
afterwards. The gas lines are fed from the back and 
ush the whole interior space
in which the sample sits.

A resistive heater wire mounted as a spiral in a ceramic housing enables to deliver
the necessary power to heat the cell. The temperature is measured either by the
resistivity curve of the heater itself or by an additional thermocouple introduced
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axially from the back into the ceramic. Electrically isolated with a PEEK or
ceramic cylinder the whole cell is mounted on a stick and can be placed and

oated at HV in the beam UHV chamber in the same fashion as sketched for the
standard targets in Figure3.4. This also ensures the shielding of the detectors
from the high temperature by the external vacuum vessel as enables the usage
of the existing solenoid for the magnetic guiding �eld. The power cables for the
heater not shown here are also 
oated at the same HV and electrically isolated
by an inductive transformer from the PID controller power supply outside of the
vacuum system.

The interface is a SiN window from Silson Ltd.4 similar to the one used in the AIST
approach. A square substrate of SiN14 mm� 14 mm� 0:4 mm hosts membranes of
350 µm� 350 µm� 30 nm in a rectangular pattern with a pitch of 0.75 mmwithin
a 10 mmcircular boundary. This arrangement o�ers the technical maximum possi-
ble optical transmission oropen area ratioof T = ( 0:35 mm)2=(0:75 mm)2 = 0:218.
The transmission probability for 5 keV positrons through a30 nm SiN is around
95 %[109]. Larger membrane sizes or a smaller pitch would reduce the stability
below the critical 1 bar requirement. The window substrates were glued to the cell
cap right after production from Silson Ltd. To reduce potential charging e�ects
of the SiN from positron beam exposure a3 nm Au deposition was added with
the help of the deposition service from Paul Scherrer Institute (PSI).

The prototype shown in Figure3.11was used for the �rst tests just under vacuum,
without heating and gas. A previously well-characterised zeolite powder with an
oPs vacuum fraction was mounted by acetone solution evaporation. To study the
e�ect of the cap and window the following sequence was measured

1. w/o a cap

2. w/ a cap but w/o a window

3. w/ a cap and w/ a window

The �rst part of the study showed the expected PALS response. During the second
part of the measurements �rst problems became eminent. An unexpectedly high
number of uncorrelated spontaneous electrons were emitted from the cap under
HV. This issue could be resolved by additional surface polishing. Afterwards, the
results were also in line with the data from 2. The third part of the investigation
showed a severe problem. It yielded no oPs production. From original fraction of
about f oPs;vac = 0:3 is expected to be attenuated by the open area ratio and the
physical positron transmission tof SiN

oPs;vac = 0:3�0:218�0:95 = 0:06. An investigation
by mounting the window in front of an MCP con�rmed the problem of little to no
transmission. A precise analysis with an optical microscope performed by Bego~na
Pu�ertolas shown in Figure 3.12 revealed what one might already expect when
looking at the optical transmission from a light source presented in Figure3.11.
The windows were manufactured too small. With the measured side length of
131 µmthe open area is only0.03. This explains why nof SiN

oPs;vac = 0:009 was found.

4http://silson.com/
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Figure 3.11: Schematic and pictures of the operando cell.

Figure 3.12: Optical microscopy size measurement of the SiN mem-
brane
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During the downtime, because of several month lead time for the new windows,
several other tests were performed. To distinguish between potential error sources
a blank cap without any SiN window was used to study the design approach.

1. heating tests

2. chemical reaction rate

3. vacuum tightness w/ & w/o heating

4. heating w/ HV

5. vacuum tightness w/ heating w/ old window

The chemical reaction study lead to an improved gas design which guarantees a
better saturation for the sample by introducing an axial o�set between the inlet
and outlet. Reproducible vacuum tightness was achieved after several glueing
iterations. The joints of the di�erent materials under temperature cycling required
speci�c care, i.e., several layers of glue, to deal with the di�erent expansion rates.
Several heating cycles with the cell under vacuum and HV were also performed
successfully.

The vacuum heating test performed with the old window assemblies to test mem-
brane stability under heat strain revealed a severe mistake from the SiN window
supplier. During the heating, major leaks would appear. Further warming up
would let the window fall o� the cap. After consultation with the company, it
was found that the glue used to mount the SiN in the cap is not speci�ed for the
required temperature in contrary to what was communicated during the design
phase. With a resistance of up to180� C the utilised two-component epoxy Loctite
9492 is not suitable for the needed 600� C.

Several other in-house tested epoxies which are rated for the necessary temperature,
on the other hand, failed to meet the UHV sealing requirement. Pictures of the
new, recently received, SiN windows are shown in Figure3.13. The proper open
area ratio is visible.

Currently, a supposedly last resort of special welding techniques to seal the SiN
wafer via an intermediate material to the cap is explored with the help of the
mechanical workshop of PSI. While a proper vacuum seal is strictly necessary, the
project of utilizing the second positron beam of the laboratory, the bu�er-gas trap
based bunched beam, for PAS measurements (see Section3.4.2) could already
ease the requirements. The beam o�ers a much better energy spread (� thermal)
and a smaller beam spot, thus the membrane arrangement could be switched from
an array to a single one. In regard of the space limitations, one single1 mm2

window is considerably more stable and will be a lot easier to handle. Moreover,
the cell would not need to be 
oated at10 keV to guarantee su�cient positron
implantation energies because the pulsed positron bunches can be accelerated
beforehand.

On success, this would revolutionize the understanding of catalytic materials and
other functional solids by enabling the time-resolved monitoring of pore network
evolution under reaction conditions as also studying the details of gas sorption in
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Figure 3.13: Picture of new operando window with an open area ratio
of 21.8%.

porous materials.

3.4 Beam Development

Improving the properties of an experimental setup, a higher availability or tailoring
towards speci�c applications goes hand in hand with any research. One part
was to study the performance of the bu�er gas trap based beam for material
characterization. In Section3.4.1a simulation developed to model the bunching
process is presented. The results applied to the characteristics of the bu�er gas
trap beam are shown in Section3.4.2.

3.4.1 Bunching Simulations

One important �gure of merit of a positron beam for material characterization
is the time resolution of the positron arrival on a target. A good time resolution
allows the di�erentiation of decay components with short lifetimes. As presented
in Section 3.1.3, there exist two ways of tagging a positron arrival. The direct
way, by de�ning the arrival by e.g. detection of secondary particles generated on
impact, or the indirect way by pulsing the positrons to pre-de�ne the possible
time of arrivals.

The time resolution of the direct methods, i.e. the detection of SE, is limited to
� t � 1 ns because of the spread of the electron transit time, detector and DAQ
time jitter [ 43]. The spread of the time of arrival in the indirect way is related
to the energy spread of the positrons. A di�erence in energy leads to di�erent
transit times covering the same distance in the beam. For example a typical
transportation energy of a positron beam is100 eV. The cw-beam has an overall
beam length of around3 m. Considering an energy di�erence of1 eV between two
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Figure 3.14: Measured positron energy distribution of the cw-beam
used as an input for the bunching simulations.

positrons, the di�erence in transit would be2.5 ns. Under such circumstances a
direct tagging would give better results.

As a matter of fact, the positrons exiting a bu�er gas trapped beam have an energy
spread of only� 25 meV[74] since the positron thermalise at the temperature of
the cooling gas. Running the numbers gives a time di�erence of 0.06 ns.

While this estimation gives an impression of the importance of a low energy spread
for a good time resolution for an indirect method, it is not directly applicable.
The examples are based on knowing the startt0, e.g. the emission of the positron.
This is in practice even harder to achieve then measuring the time of arrival.

The solution comes with the process of bunching. Lets take two hypothetical
positrons which are starting with a time di�erence of50 ns. One can now impose
the same time of arrival by accelerating the later one. Again, assuming3 m
distance and100 eVenergy for the �rst positron its transit time would be 505.5 ns.
The second positron, starting50 ns later, needs to be accelerated such that it
catches up, i.e. its transit time needs to be reduced to505:5 ns� 50 ns= 455:5 ns.
This implies, that its energy should be126 eVinstead of100 eV. Since the voltage
goes likeV / t2, this scheme cannot be continued forever, e.g. for a positron
starting 350 ns later the energy already needs to be on the keV level.

To overcome this limitation one can periodically return to the starting energy
of 100 eV. The result are positrons arriving as pulses with a frequency of this
re-start. Practically, this can be achieved by applying a time varying potential
on an electrode which accelerates (and/or decelerates) positrons either when
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they are created and/or while they pass through [110]. The time dependent
potential is usually applied by amplifying the output of an Arbitrary Waveform
Generator (AWG). Because the amplitude an ampli�er can output is limited,
some bunching schemes rely on applying a varying potential twice [24] to reach
su�cient compression.

To calculate the needed waveform for bunching positrons with a realistic energy
distributions, e.g. a Gaussian spread with� E = 1 eV around a mean energy of
100 eV, numerical solutions from simulations become indispensable. While there
exist simulation suites like SIMION [111] which can work with varying potential
and magnetic �elds, the Monte Carlo particle tracing methods are rather time-
consuming. For example, the simulation of bunching104 positrons starting at
various times in an 300 ns interval takes several hours to compute.

To increase the iterative optimization a MATLAB code was developed to simulate
a simpli�ed case. The simulation neglects fringe �elds, i.e. makes the assumption
that the acceleration or deceleration process has a negligible duration compared
to the overall time-of-
ight. It is also reduced to one dimension, the beam axis.
For magnetically transported beams this approximation is justi�ed as long as
the magnetic �eld strength does not vary signi�cantly, i.e. no momentum is
transferred from the axial to the radial component or vice versa. The numerical
code, based on matrix operations, uses a linearly sampled phase space density
matrix representation and runs considerably faster. The simulation of similar
parameters is achieved in tenth of seconds. Moreover, not only the calculated
ideal pulse shape, but also a real measured one can be easily incorporated into
the simulation to model the measured data.

The starting point are three matrices of sizem � n, representing the energy values
E, the time T , and the densityP of the phase space. The initial energy matrix
holds the energy distribution of the beam in them-dimension and is padded to
match the n-dimension which holds the starting time information in the time
matrix. In contrary to the common approach of looking at the variables with
respect to time, the matrices can be understood as recordings with respect to a
given point in space.
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The times are linearly spaced over the region of interest, e.g.t1 = 0 and tn = 1=fB

with f B being the frequency at which the buncher operates (re-starts the ramping
up). The energiesE j are a linearly spaced samples of the energies of interest,
e.g. ranging from� 3� for a Gaussian energy spread. The densitiesP i;j represent
the normalized probability (

P
i;j P i;j = 1) of the phase space sample

�
E i;j ; T i;j

�
.

Figure 3.14shows a measured positron energy pro�le of the cw-beam. Padding it
to the starting times of interest results in the initial phase space representation
shown in Figure3.15.

If the positrons now travel for a given distances1 the matrices are evolved like

E0 = E ; (3.8)

T 0
i;j = T i;j + s1

s
m

2E i;j
; (3.9)

P0 = P (3.10)

to represent the variables in regard to this new position.

If there is a change in energy, e.g. all positrons are accelerated from the same
electrode potentialV1 it is simply added to the energy matrix

E0
i;j = E i;j + V1 : (3.11)

A time varying potential V(t) applied at s1 would be incorporated as

E0
i;j = E i;j + V(T 0

i;j ) : (3.12)

An example of the application of aV / t2 potential is shown in Figure3.16.
The evolution of the phase space of Figure3.15 for a distance of1 m is shown in
Figure 3.17.
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Figure 3.15: The initial phase space in terms of energy, time and
density for the bunching simulation.

Figure 3.16: The phase space in terms of energy, time and density of
a bunch of positrons after the application of a time varying bunching
potential.
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Figure 3.17: The phase space in terms of energy, time and density for
a bunch of positrons after evolution over a distance.

If an optimal compression after another distances2 is of interest it can be found by
adjusting V(t) to minimizing the spread of the time of arrivalsT 00weighted with
the density and the boundary condition of a monotonously increasingV(t). The
search is implemented via thequasi-newton algorithm[112] already embedded in
MATLAB.

The simulation was used for the optimization of the bunching process of the cw-
beam for the EPIC experiment as then was validated by recreating measured
time of arrival spectra from areal waveform acquired with a digitizer connected
to the bunching electrode [27]. Figure 3.18 shows the application of a second
time varying potential and Figure 3.19 the �nal evolution over a distance of3 m
representing the phase space for the arrival on the target. The applied pulse shape
with the corresponding positron bunch time distributions to which it is applied
are shown in Figure3.20.

3.4.2 Bu�er gas trap secondary beamline

The second positron beam in the laboratory, described in detail in [107], is a bu�er
gas trap beam used for positronium spectroscopy. The intense pulses within a short
time, very low energy spread (thermal) and the possibility to operate with �eld-free
regions makes it an interesting setup for material characterization experiments
with speci�c requirements. Reactions which happen in very short time scales
� 1 µs might be analysed with the Single-Shot Positron Annihilation Lifetimes
Spectroscopy (SSPALS) technique. A full positron annihilation spectrum can be
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Figure 3.18: The phase space in terms of energy, time and density of
a bunch of positrons after the application of a second time varying
bunching potential.

Figure 3.19: The phase space in terms of energy, time and density of
a bunch of positrons arriving at the target.
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Figure 3.20: A measured bunching pulse (black line) is applied to an
initial 300 nslong positron pulse twice (blue & orange). After evolution
of the phase space the time distribution on target becomes the red
curve.
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recorded with a single bunch of positrons creating a snapshot of the properties
of the sample in time. Other samples, which can not be set on potential because
they would get damaged, could be characterized thoroughly. Furthermore, the
low energy spread of the positrons would allow studying interesting resonances in
the positronium formation like predicted for fullerenes by Hervieux et al. in [113].

Because the laser system for the positronium spectroscopy and the experimental
chamber regularly undergoes upgrades and maintenance, the utilization of the
beamline is far from 100%. Therefore the possibility to use the otherwise lost
positrons for material characterization or other tests would be of great advantage.
A change of the experimental setup on the end of the beam is not realistic as
the e�ort would outmatch the pro�t. In that perspective, the installation of
a switchyard with two ports was developed. The feasibility of a Y-switch was
simulated with Simion 8.15 in late 2016. The setup was later designed, constructed
and tested for vacuum performance in 2018, see Figure3.23.

The time resolution of the system was estimated with the simulation described
in Section3.4.1.

With the energy distribution stated in the literature for this kind of beam of
25 meV[73] time resolutions of subns are achievable. Taking a realistic con�gu-
ration of an initial positron energy exiting the trap of 100 eV, a buncher electrode
length of 30 cm, a positron pulse width of60 nsand another distance of30 cm
to the target results in a time spread of30 ps. The necessary pulse amplitude is
less than50 V is very well within the speci�cation of simple commercial ampli�er
systems. The plots of the compression and phase space on target are shown in
Figure 3.21& 3.22.

Increasing the energy distribution of the initial bunch to0.25 eVto account for
non-perfect bunching process, e.g. timing miss alignment, noise on the electronics,
etc., still results in a time spread of only0.24 ns. Compared to the current PAS
spectrometer (see Table3.2), this is an improvement by a factor of three for the
pessimistic case and more than a factor of ten for the ideal case. A spectrometer
with this time resolution will allow to separate even the fastest decaying oPs
components from the direct annihilation channels.

Moreover, the short positron bunches can be accelerated to thekeV implantation
energies by a pulsed electrode without having to 
oat the target holder at a high
potential. Not only does this simplify the mechanical design of the sample mount,
but also allows for uncomplicated additional features like e.g. heating or cooling.
Last but not least, also samples which would get damaged when subjected to
high voltage, e.g. Carbon NanoTube (CNT) samples like presented in Section7.4,
could be measured.

The �nal installation was done during a spectroscopy measurement downtime in
2019. The whole project was realized over the cause of three physics laboratory
assistant apprentices visits. This did not only open the possibility for a second
beam port but also allowed relocation of the spectroscopy setup into the dedicated

5https://simion.com
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Figure 3.21: The ideal bunching pulse to compress the positron pulse
from the bu�er gas beam and the corresponding time distributions.
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Figure 3.22: A representation of the energy and time distribution of
the bu�er gas trap positron bunch arriving on target.
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Figure 3.23: A picture of the Y section installed at the bu�er gas trap
beam. The CF16 port at30° and the rotatable coil enable a second
beam line.

laser room by rather transporting the positrons to the laser system than the other
way around.

3.4.3 Test beam

The small slow positron beam shown in Figure3.4.3was constructed. The idea
stems from a similar standpoint as the switchyard. Often some equipment or
parts of other experiments need to be tested. An interruption of operation of
the larger positron beam is unwanted, often cumbersome and time-consuming. A
small setup which o�ers a constant 
ux of positrons, even at low rates, is often
enough to do a proof of concept and e�ciency studies.

Therefore a system with a tungsten mesh moderator and a weak22Na source
(130 MBq on 01.01.2012) was designed, constructed and tested. In the search
for an optimal moderation e�ciency with multiple tungsten meshes with 92.2%
transmission and a wire diameter of25 µm6 up to 16 layers were stacked. The
best moderation e�ciency of � = 8 � 10� 4 e+ s� 1 was achieved with 14 layers of
mesh resulting in a slow positron 
ux of about 1000 Hz.

To measure the number positrons per second BGO and BaF2 scintillators were
calibrated with a positron emitter of known and similar activity. It was also found
that the annealing of the tungsten meshes plays an important role. Otherwise,
the highly oxidised surface will trap any positron before it would get fully emitted
from the surface via the negative work function principle.

Not annealed meshes exhibited no measurable slow positron 
ux. For the annealing
process of solid single-crystal tungsten moderators a RHEED electron gun7 was
used to bombard the thin foil with � 1 mA of 10 keV electrons. This procedure
proofed to not work on stacked meshes since even at 16 meshes the transmission
is still too high with T = 0:92216 = 0:27 to absorb enough power and the large

6UNIQUE Wire Weaving Co., Inc., www.uniquewire.com
7RHEED-20, STAIB Instruments, www.staibinstruments.com
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Figure 3.24: A picture of the low 
ux positron beam for equipment
tests. The source and the moderator are in the lead castle on the left.
The long solenoid ensures only little fast positron contamination. The
detectors on the right (BGO - rectangular box, 2x BaF2 - cylinders)
and an electron multiplier inside the vacuum chamber serve for beam
characterization.

surface emitted to much heat. A solution was found by sandwiching the meshes
between50 µmthin sheets of tungsten which absorb all transmitted electrons and
also limits the loss from the thermal radiation of the meshes.

3.5 Detector Development

A proper detector (and DAQ) setup is as crucial as good beam qualities are to
conduct a successful PAS. While some integrated solutions can be purchased o�
the stock, others are only available in parts, but most of the time an experimental
one-of-a-kind speci�c setup is required. In the particular case of the two most
prominent detector types, single charged particle detectors and gamma-ray detec-
tors, see Section3.1.4, the necessity for unique designs for positron beams is most
prominent. This includes simple geometrical aspects as mounts, electrodes, etc.,
as readout schemes and acquisition tools.

3.5.1 Micro Channel Plate Detectors

Most commercially available MCP detectors have outstanding properties regarding
their individual purpose. Unfortunately in the design others properties important
in research regularly fall a bit behind. The universality or re-usability is often not
guaranteed. It might be electrical connections with are not built for repetitive dis-
and re-connecting, unhandy mounts, often bulkier than necessary, no redundant
parts for versatility and especially service ability. As any electric part degrades
with time, the heart of the detector, the microchannel plates, need to be replaced
from time to time. Some mounts are simply glued together intended for single-use,
others were just not made with this task in mind.

Most commercial designs rely on stacking cylinders of conducting and insulating
materials on top of each other. The sandwich is then held by at least three
insulating pillars. Resulting from this design choice the electrical connections
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Figure 3.25: CAD model of the CF 63 compatible MCP assembly.
The explosion view shows from left to right, the electrical connec-
tors, mounting screws, mounting pad, anode screws, anode, insulating
peek cylinder, backplate holder, nickel contact ring, back plate, nickel
contact ring, front plate, nickel contact ring, front plate holder and
insulator cover, and the front plate cover mounting screws.

necessary on the top and bottom of the plates as for the readout anode are
arranged radially. This method limits the usability in con�ned spaces. Also,
assemblies for standard-sized plates of e.g.40 mm have outer diameters of50 mm
and high voltage connections extending out up to an enclosing diameter of76 mm.
While these plates would be ideal to cover a large area inside a CF63 (I.D. 58
mm) vacuum pipe, the assemblies are practically not usable for such application.

For this purpose the multi-purpose compact mount shown in Figure3.25suitable
for positron beam applications was designed. The criteria were vacuum part size
Con-Flat (CF) standard compatibility, in house production, easy of handling, low
cost and versatility. An enclosing peek cylinder which con�nes and insulates the
assembly radially serves as the base. Rings with arms screwed to this cylinder
hold the microchannel plates in place. For the assembly, the plates can be sim-
ply dropped into the cylinder and clamped down by a front ring. The electrical
connections are designed for standard vacuum plugs and directly screw into the
respective parts. Furthermore, they are decoupling the mechanical stress gen-
erating on connecting. The MCP housing has an outer diameter of42 mm, the
mounting pad which can hold additional equipment like rejection electrodes etc.
via M3 through holes has an outer diameter of 56.5 mm.
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Central Hole

For the related project of the 1S-2S spectroscopy of positronium in a �eld-free
region [114] setup an MCP with special requirements was designed. A dedicated
low background detection scheme was thought of. The speciality is, that Ps is
usually formed in re
ection geometry. A positron beam impinges on a target from
where Ps is emitted into vacuum backwards, upstream. Lasers and detectors for
the excitation and measurement are therefore now arranged in a linear scheme
but rather occupy the same space as last beam shaping elements.

The detection scheme of the experiment is the detection of the Ps substituents.
After emission into vacuum, a two-photon excitation brings a small fraction of
1S Ps to the 2S state. A second laser brings 2S atoms to highly excited Rydberg
states. As excited states have longer self-annihilation lifetimes than the previously
discussed142 nsbecause the positron and electron wave functions have less overlap
the Rydberg atoms can travel longer distances than ground state Ps. This allows
for background suppression simply by putting space between detectors and source.
Additionally, a measurement of the time of 
ight and a known distance allows
approximating the velocity which can be fed into the data analysis to correct for
Doppler e�ects which shift and distort the measured transition line in frequency.
Moreover, being so close to the continuum, the ionization threshold is substantially
lower for a Rydberg Ps. In fact, so low that by simple electric �elds with strengths
of � kV mm � 1 the atom can be �eld ionized and electron and or positron can be
detected as charged particles and remnants of the excitation.

This gave rise to the necessity of an MPC with a central hole with a de�ned
�eld ionizing region and severe potential shielding. The opening needed to be
large enough not to clip the positron beam while shielding the beam from the kV
potentials on the MCP plates. On the other hand, the hole is in the maximum
of the direction of Ps emission, the bigger the hole the more signal is lost. The
design is shown in Figure3.26balances these requirements.

Position Sensitive (Segmented, Resistive Anode, Phosphor Screen)

As an important tool for beam quality (spot size, shape, etc.) and alignment single-
particle, position-sensitive detectors are very useful. While there is a multitude of
possible detectors for higher energetic particles, charged particles on the eV scale
are mostly characterised by MCP detectors. The design principle of the MCP
retains the position, see Figure3.5. For the position-sensitive anode collecting
the charge, multiple designs with di�erent pros and cons can be found in the
literature [102]. The most commonly used one is a phosphor screen [115].

Electrons from the MCP plates get accelerated to4 keV to have enough energy
to excite the micron sized phosphor grains of the screen. The subsequent light
emission via 
uorescence can be detected with CCD cameras and such to get a
two-dimensional digital image. A simple but limited approach is to segment the
anode in one or two dimensions. While this is mechanically easy a high number
of readouts is necessary for a decent position resolution.
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Figure 3.26: CAD model of the central hole positronium 1S2S spec-
troscopy.

Other anode types are based on charge division. Either directly distributing
the charge depending on the position or by measuring the transit times. One
implementation is the delay line anode which is based on at least two wires [116].
When the electron cloud emitted from the back of the MCP stack hits the wire
it creates an electrical signal which travels to both ends. By slowing down the
pulse measuring the time di�erence at both ends becomes feasible and one can
determine on which wire segment the signal was induced and therefore derive the
pitch or position. With two such wires arranged perpendicular two-dimensional
information can be reconstructed.

Another approach is to use an anode pattern which has electrodes with periodic
patterns changing some characteristic size in one direction. The most common
design is the wedge strip arrangement [117]. The emerging electron cloud is then
physically split and can be quanti�ed with charge integrators.

Yet another technique is to use a highly resistive layer as the anode and measure
the charge at multiple points on the border [118]. The charge is divided depending
on the position it hit the anode as the resistance towards the measurement points
varies. With charge integration or more advanced pulse shape analysis, the signals
of all read-out points can be combined via triangulation to reconstruct the impact
position. While this approach has the least requirement in terms of read-out
electronics the detector design is rather bulky. The reason for this is to limit
the distortion originating from the �nite size of the resistive layer [118]. With
the layer shaped in circular arcs covering the MCP active area, a linear position
feedback is regained.

Simulations have shown that rectangular anodes with a boundary layer of lower
resistivity for correcting the distortions can provide a similar performance [119].
Since the footprint of such anode is still considerably bigger than the MCP itself it
would not feasible to be coupled to e.g. the MCP mount shown in Figure3.25. In

56



CHAPTER 3. INSTRUMENTATION

fact, none of the position-sensitive anode designs, expect a phosphor screen, are of
comparable size as the MCP plate. As discussed before, the phosphor screen does
not o�er acceptable single particle position and time determination and requires
either optical access or a directly in vacuum mounted CCD camera.

These points lead to designing and testing a resistive layer anode of polygonal
shape of a higher order than a rectangle to cover the MCP active area but o�er
a smaller footprint. A hexagon was found to be the optimal shape. Similar
considerations of distortion compensation boundary layers like done by Ju et
al. [119] were made. The resistive layer was formed by100 nmcarbon sputtering
done at PSI on an insulating aluminium oxide plate. While the principle, design
and production were promising a 
aw of missing terminating resistors on the
readout points became eminent. Charge clouds impacting close to one readout
could cause currents in the mA because of the limited resistance which e�ectively
damage the carbon layer.

3.6 Cyclotron Driven Isotope Production
Sources

In the wake of the thin �lm source research, the question arose if it would be
viable to use short-lived� + emitters for intense slow positron beams as well. The
usual problem of the fast decay and therefore reduction in 
ux requires frequent
source exchange.

While the usual turnover of e.g.22Na is 4-5 years (� 2 half-lives) one would require
depending on the isotope monthly, daily or even hourly source exchanges or top-
ups. The recent increase in the number of accessible particle beams energetic
enough to create synthetic isotopes motivates to revise the common perception
in the positron community that only 22Na and to some extend58Co are practical
radioactive isotopes. Moreover, the usual opinion is that for intense beams it is
necessary to follow the path of pair production schemes described in Section3.1.1.

Good candidates for the necessary frequent source productions are proton cy-
clotrons designed for the medical application of positron emission tomography
(PET) isotope productions. New developments of target stations enable high
current irradiations with small beam spots [120]. Furthermore, the energy range
necessary for typical PET isotopes like18F overlaps with many threshold energies
for the creation of other � + emitters. An overview of the properties of proton
cyclotron from the market-leading companies is presented in Table3.3. Given by
the scheduling of PET scans in hospitals the cyclotrons are also not utilized to
100%. An example of the coverage of cyclotrons of IBA Radio Pharma Solutions
in Europe is shown in Figure3.27.

Primary criteria for the potential positron sources are the half-life,� + branching,
endpoint energy, phase or solidity at ambient temperature, production process,
threshold energyE thres , cross-section� , yield Y, abundance of target material,
melting or boiling point of target material and potentially competing (follow-up)
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Figure 3.27: A map showing the IBA proton cyclotrons (black 11 MeV,
yellow 18 MeV, blue 30 MeV version) mainly used for positron emission
tomography isotope production distribution in Europe [121].

Table 3.3: Typical proton energiesEp and maximal currents I max

for commercial cyclotrons of the industry leaders IBA Radio Pharma
Solutions (IBA), General Electric Health Care (GE) and Advanced
Cyclotron Systems Inc. (ACSI)

Ep (MeV) 7.8 9.6 16.5 18 19 24 30 30 30-70

I max (µA) 25 50 160 300 300 300 500 1500 750
Company GE GE GE IBA ACSI ACSI ACSI IBA IBA
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reactions. Of secondary importance would be overall radiation which needs to
be considered for shielding purposes, re-usability of the source as a future target,
etc. An overview of positron sources is given in Table3.4. For the case of low Z
targets, the cross-section distributions for low production threshold energies are
usually a lot broader. Therefore, the physical yieldY at the highest cross-section
is underestimating what is technically feasible.

The number of product atomsN produced per secondPN is given by the target
2D number densityn, the projectiles per second �, and the process cross-section
� (Ep) (cm2), which depends on the projectile energyEp

PN = � (Ep) n � : (3.13)

In case of protons and �xed solid targets this translates to

PN = � (Ep)
dNA

M
I
e

; (3.14)

with the area densityd (g cm� 2), Avogadro's numberNA , molar massM (g mol� 1),
beam currentI (A) and elementary chargee. Therefore, the activity production
rate PA (Bq s� 1) is

PA = PN
ln(2)
t1=2

: (3.15)

It is also common to describe irradiations in terms of a physical activity yield
YA (Bq=µAh), after a hypothetical one hour irradiation with a current of 1 µA,

YA =
PN

I
3600 s

1 h
µA
µA

= � (Ep)
dNA

M
1 µA3600 s

e
µA � 1 h� 1 : (3.16)

While this is a quantity purely describing the production process under given
conditions, a more practical descriptor is the end-of-bombardment activityAEOB ,
the activity of a sample after irradiation for a given time t irr . It includes the
potential decay of the already produced radioisotopes with lifetime� = t1=2=ln(2)
and is therefore given by

AEOB = PN

�
1 � e� t irr =�

�
: (3.17)

It is important to use this formula rather than the approximation AEOB � YA t irr I
when the irradiation duration t irr is of similar magnitude as the lifetime� (or even
longer). The equation shows that the maximum activity for a given process and
beam currentPN is already reached after an irradiation duration of a couple of
lifetimes.

A typical scheme could either be having a positron beam facility on the same site
as the cyclotron or in delivery distance of the radioisotopes like many hospitals
with PET scanners. Assuming the ideal case of a fast transfer from irradiation to
installation in the beam one can analyse what the average source activity would
be.

Making the case for a44Ca(p,n)44Sc production with the ETH IBA 18 MeV cy-
clotron, stationed in the Radiopharmaceutical Science group of Prof. R. Schibli.
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Assuming a one hour irradiation with300 µA on target, followed by an additional
hour of transfer time, the immediate positron activity isA(2 h) = 592 GBq. The
mean of the next 24 hours is�A(1 d) = 70 GBq, �A(2 d) = 71 GBq for 48 hours.
After these two days, it already decayed toA(2 d) = 0:2 GBq which is a bit lower
than commercially available22Na sources. A comparable advantage in terms of
disposal is that already after a total of 3 days and 7 hours the activity is at a
manageable level of1 MBq while 22Na discarded is usually still quite active for a
long time.

Any isotope with even shorter lifetimes would preferentially be used in a literal
on-line production scheme where the positron beam is directly attached or in
ultimate proximity of the cyclotron. A more futuristic approach would be to store
the resulting high positron 
uxes for longer periods of times and extracting them
in smaller amounts. Potential longer living sources would be86Sr(p,n)86Y with 15
h half-life and a� + activity after irradiation and transfer of 60 GBq, 89Y(p,n) 89Zr
with 3.3 days and7.5 GBq or nat Ti(p,n) 48V with 16 days and3 GBq. While the
AEOB activities for longer living isotopes are naturally lower, the sources presented
here could be potentially topped o� with multiple irradiation at di�erent times.

Another interesting candidate is68Ga which was already studied for its spin-
polarized beam properties [122]. It is extensively used in PET but has a rather
short lifetime of 1.1 h. While it can be directly produced via 68Zn(p,n)68Ga it
is more common to use a so-called Ge/Ga-generator. The underlying process is
68Ge(100% EC)68Ga with a life-time of 271 d. The germanium again can be pro-
duced with nat Ga(p,xn)68Ge. With this natural `delay' in the decay scheme68Ge
is created from irradiation, e.g.3 GBq per 1 h with a 1500 µA 30 MeVcyclotron.
The product is then shipped to PET facilities where the68Ga gets continuously
produced under equilibrium which can then be chemically extracted. Since the
high activities which are necessary for PET require equally active generators, the
industry behind is already developed and capable of producing large amounts of
68Ge.

Other possibilities might be the use of advanced charged particle traps and short-
lived isotopes which deliver a high positron 
ux over time-scales of only minutes
or hours. However, this would require a very good vacuum in the UHV or even
XHV, will be necessary to store positrons for a prolonged period to limit the
annihilation losses with the residual gas particles. With the possibility of e�ec-
tively extracting a relatively small number of positrons per time from such trap
it might be possible to form a constant 
ux. A potential schemes to generate
such beam could be similar to the evaporative cooling concept used in the alpha
experiment [123], but with the opposite interest, using theevaporatedparticles.
An interesting �gure of merit would be the total number of positrons, i.e., the in-
tegrated positron 
ux, which can be utilized in terms of e.g. a one-hour irradiation.

A general list of positron sources reachable by proton irradiation is shown in
Table 3.4. The previous considerations for the activities have only been based
on the easily calculable variables of fast positron 
ux. For a more detailed study,
speci�cally the e�ect of the endpoint energyTmax on the positron moderation
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needs to be considered to assess overall beam performances. In general, it is to be
expected that higher energies result in lower e�ciencies but, as the moderation
process has never been modelled in detail, the magnitude is unclear. On the other
hand, the spin polarization of a slow positron beam, originating from the parity
non-conservation in the weak interaction on the decay, is increased for higher
endpoint energies. The application for highly polarized beams is the study of
magnetic materials like investigated by Gidley et al [124].
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Table 3.4: Overview of bulk positron source properties accessible via proton irradiation: half-lifet1=2, endpoint energyTmax

or Q+ values when the exact scheme is unknown (*),� + branching Br(� + ), production target and reaction, energy at the
highest cross sectionE � , physical yield YA at E � and natural target isotope abundanceC [81, 125, 126].

Isotope t1=2 Tmax (keV) Br( � + ) (%) Reaction E � (MeV) YA ( MBq
µA h ) C (%)

44Sc 4 h 1474 94 45Sc(p,2n)44Ti 22 0.0011 100
(44Ti 59.1 a) 44Ti(100% EC)44Sc

22Na 2.6 a 545 91 27Al(p,x) 22Na 44 0.135 100
68Ga 1.1 h 1899 89 nat Ga(p,xn)68Ge 22 0.72 69Ga 60

(68Ge 271 d) 68Ge(100% EC)68Ga 71Ga 40
65Zn 244 d 325 1.5 nat Cu(p,x)65Zn 11 0.21 63Cu 69, 65Cu 31
58Co 71 d 475 15 nat Cu(p,x)58Co 40 1 63Cu 69, 65Cu 31
82Rb 1.3 min 3378 50 nat Rb(p,x)82Sr 50 4.6 85Rb 72, 87Rb 28

(82Sr 25 d) 82Sr(100% EC)82Rb
48V 16 d 695 50 nat Ti(p,n) 48V 12 9.4 48Ti 74
62Cu 9.7 min 2926 98 63Cu(p,2n)62Znb 24 174 69

(62Znb 9.2 d) 604 8.2 62Zn(100% EC+� + )62Cu
72As 1.1 d 3334* 88 75As(p,4n)72Se 50 17 100

(72Se 8.4 d) 72Se(100% EC)72As
118Sb 3.6 min 2634* 74 nat Sb(p,x)118Te 45 41 121Sb 57,123Sb 43,

(118Te 6 d) 118Te(100% EC)118Sb
52gMn 5.6 d 245 29 52Cr(p,n)52gMn(m+) 15 10 84
140Pr 3.3 min 2366* 51 141Pr(p,2n)140Nd 23 128 100

(140Nd 3.4 d) 140Nd(100% EC)140Pr
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Isotope t1=2 Tmax (keV) Br( � + ) (%) Reaction E � (MeV) YA ( MBq
µA h ) C (%)

89Zr 3.3 d 902 23 89Y(p,n) 89Zr 13 54 100
128Cs 3.7 min 2906* 69 133Cs(p,6n)128Ba 65 101 100

(128Ba 2.4 d) 128Ba(100% EC)128Cs
72As 1.1 d 3334* 88 nat Ge(p,xn)72As 12 55 72Ge 27,73Ge 8, 74Ge 37
122I 3.7 min 3212 78 124Xe(p,x)122Xe 40 458 0.1

127I(p,6n)122Xe 80 641 100
(122Xe 20 h) 122Xe(100% EC)122I

55Co 18 h 530 76 58Ni(p,� )55Co 17 19 58
56Fe(p,2n)55Co 25 71 92

86Y 15 h 534 32 86Sr(p,n)86Y 15 455 10
88Sr(p,3n)86Y 40 1.1� 103 83

90Nb 15 h 1000* 51 93Nb(p,x)90Nb 50 803 100
66Ga 9.5 h 4153, 924 50, 3.7 66Zn(p,n)66Ga 12 336 28
52mMn 21 min 1179 97 nat Ni(p,x) 52Fe 65 14.3 58Ni 68, 60Ni 26

55Mn(p,4n)52Fe 55 8.8 100
(52Fe 8.3 h) 807 56 52Fe(100% EC+� + )52mMn

73Se 7.2 h 1275 64 75As(p,3n)73Se 35 975 100
44Sc 4 h 1474 94 44Ca(p,n)44Sc 11 1� 103 2
110mIn 1.2 h 2856* 61 nat In(p,xn) 110Sn 70 916 113In 4, 115In 96

(110Sn 4 h) 110Sn(100% EC)110mIn
61Cu 3.3 h 1216, 932, 560 52, 5, 3 61Ni(p,n) 61Cu 11 890 1

64Zn(p,� )61Cu 15 195 49
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Isotope t1=2 Tmax (keV) Br( � + ) (%) Reaction E � (MeV) YA ( MBq
µA h ) C (%)

18F 1.8 h 634 97 18O(p,n)18F 5 440 0.2
57Ni 1.5 h 862, 735, 482 35, 7, 1 nat Ni(p,x) 57Ni 28 96 58Ni 68, 60Ni 26
120I 1.4 h 4593* 68 120Te(p,n)120I 15 2.8� 103 1

122Te(p,3n)120I 36 8� 103 3
110mIn 1.2 h 2856* 61 110Cd(p,n)110mIn 13 297 13
68Ga 1.1 h 1899 89 68Zn(p,n)68Ga 12 5.2� 103 19
94mTc 52 min 2439 70 94Mo(p,n)94mTc 12 2.5� 103 9
63Zn 39 min 2344, 1674, 1382 80, 7, 5 nat Cu(p,x)63Zn 12 3.7� 103 63Cu 69, 65Cu 31
52mMn 21 min 1179 97 52Cr(p,n)52mMn 10 4� 103 84
11C 20 min 960 99.8 14N(p,� )11C 7 2.4� 103 100
13N 10 min 1199 99.8 16O(p,� )13N 9 1.3� 103 100
62Cu 9.7 min 2926* 98 62Ni(p,n) 62Cu 12 26� 103 4
15O 2 min 1732 99.9 15N(p,n)15O 8 35� 103 0.4
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Chapter 4

High E�ciency Cyclotron Trap
Assisted Moderator

To form a slow positron beam, the positrons from the broad keV to a few MeV
energy spectrum of the source have to be converted to a mono-energetic eV beam
using moderators. Given the low moderation e�ciencies, strong positron sources
are needed to reach su�cient slow positron beam 
uxes. The need for more
e�cient moderation schemes and readily available positron sources is therefore
eminent.

The here presented cyclotron trap assisted moderation scheme developed in this
thesis greatly improves the amount of positrons available for the moderation
process resulting in a higher e�ciency [99].

4.1 The Cyclotron Trap

A Cyclotron Trap (CT), also called magnetic bottle, consists of two coils separated
by some distance along their coil axes. By running a current in the same direction
through both coils a magnetic �eld arises which has two maxima at the center of
each coil and a local minimum between them when going along their symmetry
axis. This can lead to a con�nement of charged particles with certain attributes.
These particles then travel back and forth in a circular motion between the two
coils, as being �xed on a spiral aligned with the trap.

4.1.1 The Principles of a Cyclotron Trap

In an inhomogeneous magnetic �eld of cylindrical symmetry inz direction with
a small gradient parallel to the �eld lines the magnetic �eld has a small radial
component. A particle moving parallel to the �eld lines, like approaching a coil,
with the spiraling motion, will experience a net force anti parallel to the gradient
during one cycle. With the integral de�nition of the abbreviated action one
can show that the action is constant for slowly spatial varying �elds where the
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Figure 4.1: Schematic of a magnetic mirror. When a chargeq ap-
proaches a coil (red cylinder) with an applied currentI , pk will be
transferred to p? because of the rising magnetic �eld (solid red line).
If the stated requirements of adiabatic invariance and the initial mo-
mentum ratio are ful�lled, the particle will be mirrored (blue). If the
initial momentum ratio does not ful�ll the stated equation it will pass
the coil and escape (red). With a look on the phase space one can
de�ne the loss cone.

magnetic �eld value does not signi�cantly change for one cyclotron cycle of the
particle (see [127, Ch. 12.5] for a more complete derivation). The abbreviated
action shows that the magnetic 
ux � B = B � � � a2 through the orbit of the
particle is an adiabatic invariant. This leads to the following equations

B � a2

p? =B

9
=

;
= constant . (4.1)

One could say that the particle adjusts its movement such that the 
ux through
its orbit stays constant. Together with the energy conservation

Ekin =
p2

2m
= constant , (4.2)

with p2 = pk
2 + p?

2 ; (4.3)

and the relation for p? at di�erent points in the magnetic �eld

p?
2(z)

B(z)
=

p? 0
2

B0
; (4.4)
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Figure 4.2: Principle of a cyclotron trap. A combination of two mag-
netic mirrors (see �gure4.1) is called magnetic bottle or cyclotron trap
and can con�ne charged particles (blue arrows). Particles which do
not ful�ll the requirements of magnetic mirroring will escape this setup
(red arrows).

with the subscript 0 denoting the initial values, one �nds an expression forpk as

pk
2 = p0

2 � p? 0
2 B(z)

B0
: (4.5)

This shows, that the adiabatic process of maintaining the same 
ux in the orbit
leads to a faster spiraling and decreasing parallel momentum when moving in
an increasing magnetic �eld. The opposite is true for decreasing magnetic �eld
values. This ultimately means, that for magnetic �eld value ratios high enough
particles will move slower and slower inz direction, stop and travel back. This
is called magnetic mirroring. Reorganizing (4.5) gives the mirror condition for
the momentum ratio of a particle for a given magnetic �eld con�guration with
its maximum value Bmax on the particles path and the value at the vertex of the
particles creation B0

�
�
�
�
�
pk0

p? 0

�
�
�
�
�
�

s
Bmax

B0
� 1; (4.6)

� = arctan

0

@p? 0

pk0

1

A (4.7)

� � arctan

0

B
@

"
Bmax

B0
� 1

#� 1
2

1

C
A (4.8)

This condition is independent of the absolute value of the total momentumjp0j but
only the ratio is important. One can, thus, de�ne a set of momenta in phase space
which do not ful�l this condition as the loss cone, the 3D volume representation
of that set which can be characterized by its aperture angle, as depicted in �g4.1.
Combining two identical magnetic mirrors, like aligning two coils on-axis as shown
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in Figure 4.2, will create a con�nement of a charged particle ful�lling the mirror
condition (4.6), blue arrows in the �gure, while those in the loss cone will escape,
red arrows in the �gure. Trapped particles will then perform their spiraling motion
in the region between the� z values where the corresponding magnetic �eld values
B(z) = B(� z) � Bmax de�ne the point of return via eq. (4.5) = 0. This setup is
called magnetic bottle or cyclotron trap (CT).

4.1.2 The idea

The �rst time a cyclotron trap was used for moderation of charged particles
was done by L. M. Simons at the Paul Scherrer Institute (PSI) in the early
nineties [128, 129]. The original idea was extended to work as a moderator
for anti-protons, the antiparticle of the proton, and negative muons [130], an
elementary particle with the same properties as the electron but heavier. A
di�erence in this moderation compared to what was discussed before for positron
moderation is that, for muons and antiprotons the process of moderation is more
to be understood as slowing them down below a certain energy threshold than a
thermalisation and re-emission as for positrons. Inspired by this W. B. Waeber
et al. started to implement an approach for the slowing down of positrons which
is based on the same principle [131] but unluckily did not manage to tune their
complex experimental setup to reach their very promising theoretical predictions
[132{ 134].

Because the muon moderation at PSI is working properly since 1993 [130] and its
beauty in simplicity, it was a logical step to try to apply the principle of cyclotron
trap assisted moderation on positrons. The di�erence however is the placement of
the source and the scheme of moderation, which also di�ers from the setup from
Waeber et al. as will be discussed in more detail in Section4.1.3.

The pursued idea in this thesis we named the High E�ciency Cyclotron Trap
Assisted Moderator (HECTAM+ ) also makes use of a cyclotron trap. In the center
of the CT two very thin foils are placed, one containing radioactive material acting
as the source, matched with a tungsten moderator foil. Without the trapping
mechanism this would merely act as a thin �lm moderation geometry with a single
passage of the positrons resulting in a low e�ciency. Therevolution comes by the
recycling the otherwise lost positrons. A positron emitted from the source foil
passing through the moderator foil but not stopping will be trapped if it ful�ls
the mirroring condition (4.6). Therefore, it will travel back and eventually pass
through the moderator and source foil again.

Doing so they have multiple chances of being moderated or lose more energy
due to inelastic scattering in the foils. In this way nearly the whole spectrum of
positrons emitted from the source is available for moderation while with a simple
thin �lm moderation geometry only less than 1% of all emitted positrons have
a non-vanishing probability for getting moderated. Because moderated (slow)
positrons are emitted in a cone of 60� from a well de�ned tungsten surface, the
emitted slow positrons are very likely to be in the loss cone and are able to escape
from the trap to form a slow positron beam.
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Figure 4.3: Scheme of the high e�ciency cyclotron assisted moderator
principle. Two coils (orange cylinders) aligned on-axis and fed with a
current I create a magnetic �eld, sketched as the red line, forming a
cyclotron trap with the on-axis magnetic �eld valuesBmax and Bmin .
In the center of the trap two thin foils, the source and the moderator,
are placed. With the help of the extraction grid an electric �eld in� z
direction is added.

This extraction is of course depending on the magnetic �eld ratioBmax=Bmin as
explained in the previous section. To ensure a nearly perfect extraction a grid is
added in front of the moderator to be able to create an electric �eld parallel to
the trap axis which accelerates the moderated positrons into the loss cone.

4.1.3 Similarities and di�erences to other CT
moderation setups

One CT moderation setup to compare is the one used for the slowing down of
muons at PSI, cf. Figure4.4. As mentioned earlier in this section, L. M. Simons
developed the idea of slowing down muons inside a cyclotron trap placing a thin
foil in the center plane of the trap [130]. The trap consists of two superconducting
coils separated by 40 cm and cooled by liquid helium to create a magnetic �eld
with values of 4 T at the coil centers and 2 T in the trap center. The muons are
inserted by in-
ight decay of a radially entering pion beam at energies of a few
MeV.

Not all created muons are getting trapped because of their di�ering momentum
ratios. The trapped ones will lose their energy by inelastic scattering with a 160
nm thick Formvar foil. The foil was chosen to be this thin to still have some
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stopping power but small enough that the trajectory is not drastically a�ected
and it does not absorb too many low energy muons. After passing on average
several hundred times through the foil the muons will have an energy of 10-50
keV and are then extracted by an electric potential of -19 kV applied to the foil.
The resulting beam ofslow muons has an energy spectrum of 20-50 keV [135].

Compared to the energy spread of some eV of the proposed e+ moderation setup the
di�erence in the resulting beam quality is evident. This is caused by the additional
physical process of positron moderation. While in thismuon moderation the
muons are (just) slowed down to some keV by passing through the thin Formvar
foil, in the HECTAM + , the positrons are slowed down till they thermalise in
the stopping foil which also acts as a positron moderator, re-emitting positrons
with some eV. Furthermore the positron source is placed in the CT and also
acts as a stopping foil. Last but not least to con�ne positrons with a CT much
smaller magnetic �elds are su�cient because of the momenta due to the smaller
initial kinetic energy. This makes the use of superconducting coils and cryogenics
unnecessary.

Waeber et al. tried to adapt the principle of slowing down charged particles
by passing it through a foil placed in a cyclotron trap, as applied for themuon
moderation, to slow down positrons, cf. Figure4.5. Because they added high
voltage electrostatic mirrors on the ends of the magnetic bottle to get a nearly
perfect con�nement, an axial extraction is not possible. Their extraction scheme
is therefore somewhat more complex and consists of a complicated alignment of
multiple electrodes and coils. They claimed that they can extract approximately
80% of the con�ned positrons once the kinetic energy dropped below 7 keV [131].

After this extraction, the keV positrons are guided to a neon moderator to form
a slow positron beam. In the �rst publications they report about astonishing
estimated and simulated moderation e�ciencies of up to 40% [132{ 134]. Unfor-
tunately, the complexity of the setup led to many unexpected losses and limited

Figure 4.4: Sketch of the
muon moderation cyclotron
trap. The crossed rectangles
are the cross section of the
coils creating the magnetic
�eld B (curved the black ar-
rows). The blue line repre-
sents a thin carbon foil which
creates the electric �eld E
(straight black arrows). The
red line shows a trajectory of
a muon � � . Entering radially
the muon is con�ned in the cy-
clotron trap. Figure reprinted
with permission from [135].
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Figure 4.5: Scheme of the positron (pre-)moderation scheme of Wae-
ber et al. The setup for slowing down positrons to some keV consists
of several coils, grouped as the crossed rectangles, and multiple elec-
trodes, solid lines. The positron trajectories are depicted by the shaded
area around the solid black line with arrowheads for their direction.
Reprinted with permission from [133]. Copyright 1995, Elsevier.

their experimental moderation e�ciency to 10� 3 [134] and the experiment was
thus discontinued.

On the contrary to this design, in the HECTAM+ the moderation takes places
inside the cyclotron trap and the extraction is axially. Furthermore the HECTAM+

does not make use of a neon moderator and is not thought to only work with
superconducting coils and high voltage electrostatic mirrors. This provides the
advantage that cryogenics are completely unnecessary therefore the overall setup
can be held much more simple and user friendly.

4.2 A proof of principle

The idea of the HECTAM+ project was not to design and build a perfectly tuned
moderation setup but to see if cyclotron assisted positron moderation can be really
as highly e�cient as assumed. Therefore the policy was to use available material
and parts as much as possible. This gave some boundary conditions which led to
the �nal, far from optimal, setup. The greatest in
uence in this perspective came
from the coils used to create the magnetic bottle.

The two coils were recycled from theWEB-Magnet, a setup designed to create
a very strong homogeneous magnetic �eld, provided by Prof. Klaus Kirch and
Prof. Christoph Grab. As it revealed itself during the project, the production of
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the positron source also had a larger impact than assumed. The facility at PSI
used in the past does not perform this procedure anymore. This limitation will
be addressed more precisely in section4.3.3and 4.5.

4.3 Simulation

To get the most out of the boundary conditions and to understand the qualitatively
in
uence of di�erent parameters in the setup a lot of simulations were performed.
In a �rst step the magnetic �eld created by the two coils was analyzed. This
determined the possible coil con�gurations which were simulated and exported as
�eld maps �rst with COMSOL 1 and later with MATLAB 2.

These �eld maps were then used for particle tracing in Geant43. The created sim-
ulation data was analyzed and evaluated via ROOT4. While Geant4 was mainly
used for particle tracing in magnetic �elds and matter interaction, SIMION5 gave
a counterpart for particle tracing in electric �elds of a little more complicated elec-
trode arrangements. The purpose of SRIM6 is mainly to simulate ion implantation
in solids, with this the production of the positron source was addressed.

At last the results of the simulations were put together to create a 3D assembly
of the experiment in CATIA7. After the setup was built, the �nal magnetic �eld
was measured with a probe LabVIEW8 and fed back into the simulations.

4.3.1 Implementation

After analyzing what magnetic �elds the coils can produce and simulating them a
great amount of time was spent to establish a Geant4 suite to simulate and observe
the particle trajectories. This suite records various data sets at di�erent times,
positions and events to validate the simulations in term of the physics it should
imitate and to get an estimation of the �gure of merit. While COMSOL was a
great tool to analyze and reproduce the coils and their magnetic �eld qualitatively,
it had its limits in providing the magnetic �eld maps for the Geant4 simulations.
When using the �eld maps, particles with initial momentum ratios which should
cause mirroring, were hardly ever mirrored or experienced some strange trapping
at the z values where they should change their direction.

This bug can be explained by how the magnetic �eld maps are calculated in
COMSOL in combination with how Geant4 extrapolates the magnetic �eld values
for its particles tracking from the �eld maps. COMSOL as a �nite element analysis

1http://www.comsol.com/
2http://www.mathworks.com/products/matlab
3http://geant4.org/
4http://root.cern.ch/
5http://simion.com/
6http://srim.org/
7http://www.3ds.com/products-services/catia/
8http://www.ni.com/labview/
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program calculates the magnetic �eld for nodes of an user de�ned mesh. This
mesh can be chosen in multiple shapes and sizes. To satisfy some boundary
conditions the mesh should also extend way further than the region of interest
to limit the occurrence of artifacts. The �eld calculated by COMSOL can then
be extracted in a regular grid, e.g. as a text �le. To extract the values from the
calculated �eld to a regular grid which points are, without loss of generality, not in
coincidence with the nodes of the mesh of arbitrary positions, some extrapolation
have to be made.

When one would look close enough, the �eld maps will have some small local
minima because of some unlucky combination of node positions and �eld values
when extrapolating. Even when this is not evident, when looking at some plots
of the �elds, it will have an impact on the particle tracing. When Geant4 is
simulating a particle trajectory it does this by calculating the force acting on the
particle at its position and then performs a �nite step and adjusts the velocity
etc. accordingly. Once the �eld maps are read into Geant4, it will therefore
extrapolate the values of the grid points to the current position of the particle
since the particles trajectory will always lie in between some grid points because
of the �nite size of both the step size and the grid resolution.

As explained in section4.1.1, particles propagating in a spatial increasing magnetic
�eld will experience a net force pointing against their axial momentum, slowing
them down and if they ful�ll the mirroring condition stop, performing only a
circular motion, and then gain axial momentum pointing backwards. When the
�eld now has a local minimum in the region where the particle would perform
this reversal in axial momentum, it will at some point face an increasing magnetic
�eld, again, and be slowed down, even though its heading in the direction of the
global minimum, the center of the cyclotron trap. If this minimum is deep enough,
the particle will get trapped in this local well instead of the whole magnetic bottle.
Once this e�ect was understood the necessity of a in� z direction monotonically
increasing magnetic �eld map became evident.

The available solutions would be to either reduce the grid resolution below the
z step size or �nd a work-around for the extrapolation. Even though a higher
resolution in the COMSOL �eld maps has shown an improvement, they also came
along with an enormous increase in �le size and computation duration and a
di�erent approach seemed to be necessary. The remedy came by switching to
Matlab. Here the implementation of a grid is not problematic.

To calculate the magnetic �eld of a current loop for a given point one has to
solve two elliptical integrals numerically [136], for which Matlab o�ers an included
tool. While COMSOL simulates �nite size coils within a reasonable time Matlab
would su�er from serious computation overload when one tries to calculate the
magnetic �eld for each winding of the coils individually. Therefore the coils were
approximated by single current loops with the justi�cation that the mirroring
mainly depends on the magnetic �eld ratio than on the �eld values in the proximity
of the coils. With the �eld maps created by Matlab the tracking in Geant4 now
provided results consisting with the theory. With establishing a �gure of merit
di�erent con�gurations of sources, moderators and magnetic �elds were explored.

73



4.3. SIMULATION

E / keV

0 100 200 300 400 500 600

co
un

ts

0

50

100

150

200

250

300

350

400

Figure 4.6: Simulated58Co e+ energy spectrum of 106 events.

This lead to the results discussed in the following sections.

4.3.2 Figure of merit

Because neither the moderation process, nor the di�usion after thermalisation,
of positrons is included in the physics implemented in Geant4, a di�erent �gure
of merit had to be found. Since the positron implantation pro�les simulated
with Geant4 are validated with experimental data [137], the amount of positrons
annihilating in the moderator was chosen to give a good estimate. To further
address the issue, that not all positrons stopping in a moderator have the chance
to moderate, only the ones annihilating within 100 nm near the surface were
considered, because this is the distance positrons can di�use in a metal before
annihilating [138]. This was veri�ed by simulation of a thin �lm geometry which
gave a �gure of merit of same order of magnitude as the values of real experiments
reported in the literature. All parameters were thus chosen to maximize this
�gure of merit.

4.3.3 The positron source

There are three things to consider for the positron source, the position, the
dimension and the radioactive isotope. The position and the dimension are
important because the source is placed inside the trap and positrons will therefore
have to pass through it and can annihilate within the source instead of thermalising
in the moderator. Furthermore, the dimension will have an impact on the emission
of the positrons. The used isotope is important for the simulation because each
isotope has its characteristic energy spectrum, which does not directly have an
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Figure 4.7: Simulated initial momentum ratio of an isotropic emission.
The momentum ratio is de�ned by the division ofpk by p?

impact on the mirroring, but a�ects the mean cyclotron radius and with the
assumption that the energy loss during each passage is more or less independent
of the energy9, the number of passages till it can stop in the foils.

For the choice of the source material of course ultimately more characteristics,
like lifetime, branching etc., have to be considered, but since those have no e�ect
on the simulation they will be addressed later in section4.4.2.
The probability N (p) for the emission of a beta particle per unit time with a
momentum p is described by the equation

N (p) = C � p2 � (Tmax � T)2 ; (4.9)

with C a constant, T being the total energy of the beta particle

T =
q

(p2 + me
2) � me (4.10)

and Tmax the nuclei speci�c endpoint energy of the beta spectrum [139]. To
simulate positrons which follow this probability distribution with a Monte Carlo
method at least two random numbers are necessary. The �rst random number
will probe the energy of the positronTrnd betweenT = 0 and T = Tmax . Then,
one shoots random numbers 0� Nrnd � Nmax for this T value till the created
random number ful�lls

0 � Nrnd � N (T) = (( Trnd + me)2 � me
2) � (Tmax � Trnd )2 : (4.11)

9This issue will be discussed in more detail in section4.3.5
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Figure 4.8: Simulated magnetic �eldBz(z) at r = 0 of the cyclotron
trap. The origin is placed in the center of the trap. For simplicity
the coils are approximated as current loops. The used program was
Matlab.

The value for Nmax can be calculated via the derivative ofN (T),

0 =
dN (Trnd )

dT

�
�
�
�
�
T = T1

; (4.12)

T1 =
Tmax � 3 � me

4
+

s
(Tmax � 3 � me)2

16
+

Tmax � me

2
; (4.13)

as Nmax = N (T1). A simulated spectrum of58Co is shown in Figure4.6. The
isotopes considered in this project are58Co, 22Na and 48V. Why the selection is
limited to these three will also be explained in detail in section4.4.2.

Table 4.1: Endpoint energiesTmax and maximum cyclotron radii amax

for B = 500 G of di�erent beta emitters.

Isotope 58Co 22Na 48V
Tmax / keV 475 545 695
amax / cm 46.5 49.8 56.2

The emission was simulated as being isotropic originating from the whole source
volume with the activity distributed with a Gaussian pro�le in the x and y
direction. What became clear with the �rst simulations is, that the less source
material is present in the setup, the more positrons will annihilate within the
W moderator foil, giving a higher �gure of merit. Whereby the thickness has a
greater impact than the other dimensions. Testing di�erent positions of the source
showed that the placement in the center of the coils matched with the moderator
is the most promising option.

4.3.4 The magnetic �eld

Two things are important for the choice of the magnetic �eld. The ratio of
the minimum and maximum �eld values on the z-axis because it de�nes the
performance of the trapping mechanism in axial direction and the overall strength,
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Figure 4.9: Surface plot of a simulated magnetic �eldB(z; r) of the
cyclotron trap consisting of two current loops made with Matlab. The
z-axis is limited to 5 kG to get the general picture, the singularities at
the positions of the current loops are thus cut.

i.e. the minimum value, because this limits the con�nement in radial direction
by being linked to the cyclotron radiusa. If one just takes two coils to create a
cyclotron trap those two criteria are depending on the separation distance and
the coil dimensions.

As for this project, using existing coils, the only variable remaining is the distance.
Therefore the optimal magnetic �eld will always be a trade-o� in losing positrons
axially versus losing them radially. Another criteria for the choice of the minimum
�eld value is that it de�nes the radius of the out-coming beam, i.e. initial values
larger than the values of the experimental region (exp) outside the trap, typically
100 G, will create a large beam spot since it scales as

q
B0=Bexp.

Di�erent distances, i.e. ratios and �elds were tested. A minimum value ofBmin �
500 G has shown to give a good compromise. This lead to areal separation of 40
cm and a maximum value ofBmax � 2500G = 5� Bmin .

Figure 4.8 shows the magnetic �eld on thez-axis simulated with Matlab. It is
to remark that the maximum does not lie atz = 200 mm. This is because the
magnetic �eld created by a current loop di�ers slightly from the one created by
a �nite coil. The parameters of the current loop and thereal coils in COMSOL
where thus adjusted till the magnetic �eld valuesBmin and Bmax were consistent.

The �eld maps used for the simulations need to represent the magnetic �eld of the
3D volume. Because the �le size of such a map is directly related to the number
of points at which the �eld is calculated, the use of the symmetries of the setup
are inevitable to get a �eld map of su�cient resolution and dimensions within a
manageable �le size. The cylindrical symmetry makes it a 2D problem greatly
reducing the �le size. A surface plot of such a 2D �eld map is shown in Figure4.9.
Using the symmetry inz at the center between the coils further reduces the �le
size by a factor of two. Maps with a resolution of 0.1 mm and a dimension of
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Figure 4.10: Simulated positron trajectories inside the cyclotron trap.
The gray box in the background represents the physical world of the
Geant4 simulation. The red disc is the thin moderator foil. The
blue lines are trajectories from single positrons. The yellow lines are
gamma rays created by the annihilation of the positron. Theleft
picture shows a positron which gets mirrored not far away from the
disc. In the middle picture a positron of higher energy being mirroring
multiple times before it annihilates. Theright picture demonstrates a
forward scattering event.

z � [0; 1000] mm andr � [0; 200] mm have a size of a few GBytes. The �eld maps
are then loaded by Geant4 for the tracking.

During the �nite size stepping in the simulations the particle positions will nearly
always lie between four points of the �eld map. The magnetic �eld values are
therefore linearly extrapolated inr and z to get the e�ective value at the particles
position. For tracking a single particle this approach can be somewhat slower
and less precise than solving the magnetic �eld equations of the particle positions
on a step by step basis but for a higher amount of events this procedure greatly
speeds up the simulations process without losing to much precision.

4.3.5 Trajectories

Examples of trajectories of mirroring events are shown in Figure4.10. In this
section a selection of the properties of the positron trajectories are presented and
discussed with histograms or scatter plots, e.g Figure4.11shows the positions in
z where positrons reversed their perpendicular momentum. Comparing the two
wings, one notices a slight asymmetry. The slope when advancing from the center
is a little steeper on the right side. This originates from the placement of the foils.
The source is centered atz = 0 and if there would be no other material the wings
should be symmetric but with the moderator foil placed on the� z side, positron
(re-)emitted in that direction lose more energy than the ones (re-)emitted in the
z direction. This can be understood by linking the mirroring position inz to the
energy of a particle. The positrons which make it out of the tungsten foil are
generally a bit higher in energy than the ones being (re-)emitted from the source
material.

The maximum mirror position jzj . 150 mm is the coil position. Any positron
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Figure 4.11: z-positions of mirroring of 106 simulated positrons. The
counts fall to zero at the positions of the current loops.

making it further than that distance will escape. The Figure4.12of the energies
of the positrons for each mirror event has, as expected, a similar shape. It is to
notice that the number of events drops to basically zero for energiesE & 250 keV,
the trap seems not to con�ne particles with higher energies.

The shape can be qualitatively understood by taking the part of the spectrum
of initial energy at creation which should get trapped and accounting that for
each of those energies another mirroring count will appear with a lower energy
after it has lost energy in the foil and is mirrored again. This leads to the strong
increase in counts going from higher to lower energy. At the maximum and lower
energies one can indirectly see the energy deposited for a single passage, as shown
in Figure 4.13. The counts drop to zero because the probability to lose all the
energy and to stop grows with lower energies.

The quantitative values of the deposited energy are of course completely depending
on the materials and dimensions of the used foils. Another remark here is that
the positrons do not actually pass through the foils on most passages through
the trap center, as can be seen for theE = 0 bin in the Figure 4.13. This is also
dimension related, the radius of the foils is smaller than the cyclotron radius of
the positrons so there exists the chance that they spiral around the foils but do
not hit it, cf. �g 4.10.

A correlation between the energy lost and the energy when impinging on the
moderator can be seen in Figure4.14. For impinging energies above 70 keV it is
very unlikely to stop in the foil and the average deposited energy is about 10 keV.
When a positrons has an energy below 70 keV the energy loss is more equally
distributed. This explains the e�ect of the sources choice on the �gure of merit.

Even if one would not expect an impact of the di�erent source isotopes when
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Figure 4.12: EnergyE of the positrons when they are mirrored.
Positron with energies higher than 250 keV seem not to mirror.

looking at the trapping equations, it does. The higher the endpoint energy, i.e.
the whole spectrum, is, the lower is the �gure of merit. This relation is on one
hand caused by an arti�cial problem, the magnetic �eld is not strong enough to
con�ne positrons with large perpendicular momentum, and on the other hand by
an e�ect to be referred asforward scattering.

This forward scattering describes the mechanism that particles which were orig-
inally trapped, can get scattered into the loss cone when passing through the
foils. When the energy lost during each passage is more or less independent of
the impinging energy, the average positron from a source with a higher energy
spectrum will have to perform more passages, thus the chance that it undergoes
the process of forward scattering is more likely. The overall e�ect of this decreases
the performance of the HECTAM+ and will be reviewed in section4.5.

That a mirrored positron will not always imping on the foils can also be seen
by comparing Figure4.16, showing the number of mirroring events versus the
initial energy, and Figure4.17, representing the number of times a positron has
passed through the foils versus the initial energy. The fact that some positrons
get mirrored and do not pass through the foils actually led to a glitch in the
simulations that the tracking of a single particle could take longer than the rest
of the run. To prevent memory over
ow those particles where arti�cially stopped
when the number of mirroring events reached 999. The number of passages show
again that the con�nement is only e�ective for positrons with energies below 200
keV while the number of mirroring events suggests that positrons with energies
up to 250 keV can be con�ned.
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Figure 4.13: Energy deposited in the moderator foil in one passage for
each single passage of a positron. An energy ofE = 0 means that a
positron did not pass through the foil on its way from on side of the
trap to the other.

4.3.6 The moderator

Figure 4.19shows the simulated annihilation pro�le inz dimension. The annihi-
lation of a positron in Geant4 is done when the particle is at rest, i.e. when the
particle thermalises. The processes of forming positronium, trapping in volumes
or surface states, or moderation is not included in the physics of Geant4.

Consequently the �gure of merit (section4.3.2) was chosen to be theannihilation
in the 100 nm slice ranging fromz = � 1:9 to � 2 � m. The Figure 4.19describes
the impact of foil dimensions, i.e. the thickness. In a �rst approximation the
total amount of positrons stopping in the two foils are the same regardless of the
thicknesses. Therefore more material, no matter if source or moderator, means
less positrons stopping in the 100 nm slice of interest. This also accounts for the
other dimensions.

Another factor to consider for the moderator dimensions is that it de�nes the
size of the resulting slow positron beam. Moderated positrons of eV energy have
a negligible small cyclotron radius but they origin from all over the moderator
surface, therefore, a larger moderator gives a larger beam spot. The relation
between thez decay position and the initial energy of positrons is shown in
Figure 4.18. The annihilation is with respect to the energy uniform over the
solids, except for the low energies which will stop in the source or outer region of
the moderator and do not make it up to middle region.
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Figure 4.14: Energy deposited in the moderator foil during one passage
versus the energy with which they imping for each single passage of
the 106 positrons.

4.3.7 The vacuum chamber

Because the positrons will rapidly decay if they collide with matter, i.e. gas
molecules, the whole setup needs to be kept in an ultra high vacuum (UHV) envi-
ronment. The critical point is the required volume. Larger volumes usually come
with longer evacuation times, worse vacuum and higher costs for the chambers. To
get a hold on the volume which is needed for the trapping mechanism Figure4.20
and 4.18were taken. Figure4.20shows the maximum radii any positron of given
energy has taken as a function of its position inz. The cut in the plot shows that
high energy positrons with a large perpendicular momentum can escape the trap
radially and are lost.

In this sense stronger coils or a higherB0 would be preferable to get a more e�cient
radial con�nement but for the coils used in this experiment a higherB0 would
lead to a smaller magnetic �eld ratio and thus a less e�cient axial con�nement.
The simulations suggested that the used magnetic �eld will yield the best �gure
of merit for this trade-o�.

Furthermore, simulations with stronger magnetic �elds showed that the axial
loss has a greater impact due to the forward scattering and that high energy
positrons are more unlikely to slow down till they moderate. When one considers
the characteristics presented in the trajectories section4.3.5. The conclusion is
plotted in Figure 4.18, showing the di�erent fates, stopping in the moderator or
the source, or escaping from the trap, of positrons regarding their initial energy. It
is evident that for the proposed magnetic �eld only positrons with energies below
200 keV contribute to the �gure of merit. Taking this into account the needed
radius of the volume can be read directly from Figure4.20as r � 120 cm.
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Figure 4.15: Passlength� of the positrons in the moderator foil of
1� m thickness during a single passage. A length of� = 0 means that
a positron did not pass through the foil on its way from one side of the
trap to the other. The 
at region next to � = 0 matches the thickness
of the moderator foil.

4.3.8 Extraction, blocking and guiding

It is of interest to extract the moderated positrons from the trap and guide them
to a detector system with a high e�ciency. For this purpose the emission of low
energetic positrons from the moderator surface were simulated with Geant4 as
well. The spread ofpk = 3 eV is given by a FWHM = 1 eV for a clean tungsten
moderator surface. The angle of the loss cone of the cyclotron trap is described
by (4.8) and is � � 27� for the chosen magnetic �eld ratio of 5. Simulating the
extraction e�ciency gives a value of about 50%. Applying a potential of +100 V
on the source and grounding the extraction grid shown in Figure4.3 accelerates
all moderated positrons into the loss cone and the simulated extraction e�ciency
increases to 100%.

4.3.9 Detection

The extraction grid does not only support the formation of the slow positron
beam but o�ers the possibility to reverse this e�ect and provide a tool to measure
the moderation e�ciency. Originally the positrons escaping the trap would be a
mixture of fast positrons with energies in the keV range and the slow, moderated,
ones with eV energy. Biasing the extraction grid and source with either +100 V
on the source or +100 V on the grid keeping the other one grounded will extract
or block all slow positrons. The di�erence in the number of positrons escaping
the trap for these two con�guration are the moderated ones.
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