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ABSTRACT

In experiment Is430 at REX-ISOLDE, CERN, transfer reactions of neutron-rich beryllium iso-
topes on deuterated targets were studied with the segmented germanium detector array
MINIBALL, detecting electromagnetic radiation, and the silicon-based T-Rex detector for
charged particles. This thesis investigates signals in MiN1BALL following inelastic scatter-
ing of neutrons on ’Ge, populating its first excited state which decays through ejecting
a monoenergetic electron — a technique to detect neutrons in germanium detectors based
on a proof-of-concept article.

By correlating these neutron signals with additional event information, there is a pos-
sibility to draw a more complete picture of the reactions involved without the need to
add additional detection equipment. Monitoring of these events could also have possible
uses in online analysis of the neutron rate hitting the detectors, possibly degrading their
function.

This work investigates to which extent this process can be of help in the T-Rex and
MINIBALL configuration at ISOLDE in particular, and for germanium detectors in general.

Keywords: Neutron detection, REx-ISOLDE, Transfer reactions, Exotic nuclei, Semiconduc-
tor detectors
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SAMMANFATTNING

I experiment Is430 vid REX-ISOLDE, CERN, studerades transferreaktioner med neutronrika
isotoper av beryllium mot ett deuteriummal med hjalp av den segmenterade germanium-
detektorn MINIBALL for elektromagnetisk stralning samt den kiselbaserade T-Rex-detekt-
orn for laddade partiklar. Denna uppsats undersoker signaler i MINIBALL som harror fran
inelastisk spridning av neutroner mot Ge, vilket populerar isotopens forsta exciterade
tillstind som i sin tur deexciteras genom att sinda ut en elektron med en kénd energi — en
teknik for att detektera neutroner i germaniumdetektorer som beskrivits i tidigare artiklar.

Genom att korrelera dessa neutronsignaler med ytterligare observabler sa finns det
mojlighet att méla upp en mer komplett bild av en reaktion utan att behova installera
ytterligare detektorutrustning. Overvakning av dessa signaler skulle ocksa kunna komma
till nytta for att illustrera neutronflédet mot detektorn, vilket ar en process som potentiellt
kan férsamra en sadan detektors funktion.

Denna uppsats undersoker till vilken grad analys av denna process kan vara till nytta
for T-Rex- och MiniBaLL-konfigurationen vid IsoLDE i synnerhet, och fér germaniumde-

tektorer i allméanhet.

v



PREFACE

This thesis concludes my education for the degree of “Civilingenjor i Teknisk fysik” (trans-
lated to “Master of Science in Engineering physics”) from Chalmers University of Technol-
ogy, consisting of a BSc in “Engineering physics”, an MSc in “Fundamental physics” and
the obligatory additional courses required at Chalmers for the degree of “Civilingenjor” in
this particular discipline.

The text is written for a reader with a physics background equivalent to a bachelor’s
degree or above, with the added intention that at least the introductory chapter should be
possible to digest for a general audience. If not, feel free to ask me questions.

ACKNOWLEDGEMENTS

My time in the subatomic physics group and the subatomic world in general has been
nothing but pleasant and instructive, both in nuclear and common matters, and there are
several individuals who I have to thank for making it so.

The pragmatic guidance from Professor Thomas Nilsson was probably a prerequisite
for me finishing the project, as time kept on passing. I have also had the pleasure to take
the introductory bachelor’s level “Subatomair fysik” course, as well as the master’s level
“Advanced subatomic physics” (where a guest lecture by Thomas was what made me at-
tend the next course mentioned) and “Modern subatomic detection and analysis methods”
(which quite directly led to this thesis) courses under his lecturing, which have all given
me new insights on physics and the world around us. As part of the latter courses and
this particular project, I have also gotten to accompany him in trains and planes to both
CERN and GSI to experience actual experimental facilities for subatomic physics research,
which certainly are experiences I will remember and cherish for life. Last but not least he
has repeatedly invited me to eat “smorgastarta” on the VIP plateau during the lunch break
at the yearly “Vetenskapsfestivalen” in Gothenburg — students always appreciate food!

The quality of both the information and the language in this thesis depends to a large
part on the continuous feedback from Associate Professor Andreas Heinz, both in written
and verbal form. I believe I have still not had a conversation with Andreas where I felt that
I did not learn anything new. His physics experience and ability to never seem to be far
away from a laugh is certainly an asset in the group, and his attention to detail has been
much appreciated.

To account for all interactions within the group I would have to carry on for several
pages, which I will avoid, but some additional specific individuals I want to mention in-
clude Hakan Johansson, with whom I have had several late evening talks about highly

““The International Science Festival”; http://vetenskapsfestivalen.se/.

Vv


http://vetenskapsfestivalen.se/

interesting technical subjects that would probably bring the majority of the population to
swift sleep (Linux, Debian, drive reliability, ASICs, Git, Bitcoin, ...still awake?). I also re-
member discussions on similar topics with Hans Térnqvist as I met him in the IsoLDE hall
at CERN, where he immediately showed his prowess with GDB to make the analysis code
run on the local machines, and with Rikard Lundmark who shared my office and gripes
with the RooT data analysis framework. I would also like to mention Professor Emeritus
Bjorn Jonson whom I have met several times during the project, both at group meetings at
Chalmers and in the vicinity of the IsoLDE hall and during lunchtimes at CErN, who always
has stories to tell. I also highly appreciated the interest shown for my project by Professor
Emeritus Géran Nyman, and the talks we had about, among other things, careers in the
field of subatomic physics on our walk to a joint division dinner in central Gothenburg.

During my short stay at Aarhus University, I was well taken care of by the group. I can
particularly mention Jacob Johansen who introduced me to the code suite used for the ex-
periment analysis, and even had the courage and good judgement to lend me lunch money
at CERN (which was returned when he visited our group at Chalmers, I promise). During
the experiment itself, Associate Professor Karsten Riisager put faith in me and PhD student
Gunvor Koldste to perform almost-online analysis of the experimental data to present his-
tograms at the daily group meetings at ISOLDE, which was much more interesting than just
sitting around watching the equipment and others working, which was my initial realistic
expectation of my presence during the experiment. It is always nice when the hours and

years of spare time spent in front of terminal windows come to use.

I would like to thank Kathrin Wimmer for giving me permission to use a figure from her
PhD thesis. Speaking of the German collaboration partners from Munich, I also enjoyed
spending time with both Vinzenz Bildstein and Dennis Miicher who constituted the main
detector expertise during the experiment run, and also knew a thing or two about German

participants in the Eurovision Song Contest.

On a more technical note, I was grateful for the KTEX thesis template shared by Mikael
Ohman which provided a layout framework for this very thesis,” upon the foundation of
which I had the joy of fiddling with parameters and layouts for many, many hours.” I
would also like to thank Christian Feuersanger who created the PGFPlots package which
was used for graph creation in this thesis, and also provided direct support when I began

*The fact that Chalmers itself does not provide such templates in a centralised manner when a majority of stu-
dents in at least select institutions choose this method is frankly surprising — not least since my understanding
is that IATEX is also more or less a requirement for journal publications.

In the words of Richard Feynman from Surely you re joking, Mr. Feynman! (1985): “The trouble with computers

is you play with them.”

vi



to push the limits of the package.”

On a less technical and more personal note, I am assured (at least certainly hope) that
my fiancée Johanna knows how much she means to me, not only with regards to pushing
through and actually finishing this thesis and getting my degree, but in my life in general.

“http://tex.stackexchange.com/q/180648

vii


http://tex.stackexchange.com/q/180648

This page intentionally contains only this sentence.



NOMENCLATURE AND CONVENTIONS

Masses in particle physics are in general expressed in the energy unit electron volts (eV),
where 1€V corresponds to the amount of energy an electron gains (or loses) when moved
across an electric potential difference of 1V. This practice is coupled to another common
convention in the field: the use of natural units, where certain fundamental constants of
nature are set to 1, i.e. dimensionless unity. With this simplifying notation for c, the speed
of light in vacuum, Einstein’s mass-energy equivalence formula for a particle at rest takes
the appeasing form E = m, which shows the motivation for using an energy unit such as
electron volts as a direct measure of mass.

Transforming back to “regular” units becomes a case of balancing the dimensions by
factors of the fundamental constants and inserting needed numeric scaling factors. As an
example, going from a mass expressed in electron volts in natural units to kilograms in SI
units can be done by converting the electron volt quantity to SI units by expressing the
elementary charge e in coulombs and balancing units to retrieve an SI mass unit:

1eV =1.602-10"YCV
=1.602- 107" As - W/A
=1.602-10"Y]J
=1.602 - 107" kg m?/s%.

By dividing with a velocity squared, specifically ¢? (exactly the factor that was omitted
from the mass-energy equivalence relation to begin with), another scaling factor is added
and the units will yield a “proper” SI mass.

In a similar way, momentum p with magnitude p can be expressed in electron volts (or
eV/c without natural units), which is motivated by comparison with the expression for
total relativistic energy:

E* =p* + m?.

For a massless particle, we directly reach E = p, which is subject of a rationale similar to
the one shown above for the rest mass.

Benefits include quick answers to questions like: “What energy will a helium nucleus
accelerated across an electric potential of 3 MV gain?” — taking the charge (+2 e) times the
potential directly yields 6 MeV; “Which particles can be produced in a collision with 3 GeV
available centre-of-mass energy?” — well, certainly not more than what combines for a rest
mass of 3 GeV.”

““At least not for prolonged times”, adds Heisenberg.

1b:¢
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Introduction

The stability of the elements that constitute the matter around us is studied in nuclear
physics. Knowledge of the extent to which certain configurations of particles will trans-
mute into other configurations, emit radiation or stay stable has uses within human safety
regulations, the medical sciences, energy production and even more areas of direct hu-
man interest. In addition, the discoveries within nuclear physics have helped to produce
theories concerning the fundamental physical laws that govern our existence.

One approach to investigate the subatomic world of the nucleus is to study collisions
between nuclei. The observable effects are recorded through detectors and analysed with
methods that are continuously improved upon by scientists all over the world. Such an
experiment involves steps such as isotope production, particle acceleration, particle and
radiation detection, data recording and analysis, all of which bring their own engineering
challenges.

A particular aspect overarching the experiment studied in this thesis is the production
and acceleration of exotic radioactive beams to bring insights on isotopes normally not
found in nature — insights which in turn can be helpful when formulating general theories
on the composition and stability of nuclei.

Electromagnetically charged particles are well suited for the electronic equipment that
for several reasons is preferred to use to detect events, in that these particles directly can
trigger a measurable current of electrons in the detectors. Though still subject of several
complications regarding energy ranges and event rates, charged particles are substantially
easier to detect than electrically neutral particles such as the neutron.

The motivation behind the project described in this thesis is to investigate a method
to detect neutrons via secondary effects in a semiconducting detector present for another
primary task in experiment Is430 at IsoLDE, CERN. Such a method could potentially be
of help in reconstructing nuclear events from experiment data or for diagnostic purposes,
without having to install additional detection equipment.

This introductory chapter contains a more elaborate historical background on some
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of the challenges in nuclear physics, followed in the next chapter by a brief description
of the theoretical framework underlying the experiment. The experiment conditions are
accounted for in the third chapter, the plots produced by my part of the project together
with an analysis in the fourth, finishing with conclusions and an experimental outlook in
chapter five.

Project chronology

As part of my thesis I took part in experiment Is430: “Study of neutron-rich Be isotopes
with Rex-IsoLDE”, which took place at CERN in the IsoLDE hall in September 2010. Pro-
fessor Thomas Nilsson™ and Associate Professor Karsten Riisager’ showed me proof-of-
concept articles concerning a technique to identify neutrons in germanium detectors [1, 2]
and suggested that I should perform a similar analysis of the data from the experiment. The
initial goal was to study to what extent this approach could help to distinguish between
certain reaction channels that could not be uniquely identified through other methods, and
explore if there was even more information to be found using this approach.

By finding characteristic secondary excitations of certain germanium isotopes in the
MiINIBALL detector resulting from neutron impact, the existence of neutrons from the trans-
fer reactions can be deduced. The data analysis performed in this paper concerns identi-
fication of these signals, finding ways to improve the signal-to-background ratio and to
connect the detected signals to actual physical phenomena.

I visited Riisager’s group at Aarhus University in early September 2010, where I was
introduced to the computational tools and experimental history of Is430 to a large part by
then PhD student Jacob Johansen. I later participated in the experiment at CERN together
with those already mentioned as well as other scientists, including Chalmers-based then
PhD student Hans Toérnqvist, at the time situated at CERN, and people from TUM* in
Munich and IEM? in Madrid.

After alonger intermission following the experiment, my work was resumed in Septem-
ber 2013. By this time Johansen had done some preliminary analysis of the neutron detec-
tion in his PhD thesis. First indications pointed towards too low statistics for useful results
in coincidence with the charged particle events that were the main interest of Johansen,
but the analysis was far from complete, and it was suggested by Nilsson and Riisager that
I could continue this work, which is the subject of the following thesis.

Why study neutron-rich beryllium isotopes?

A starting point for nuclear physics were the scattering experiments of Rutherford in 1911,
just over 100 years ago, which for the first time showed the existence of an actual atomic
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nucleus. This was followed by a period of intense theoretical advancements, kick-starting
quantum mechanics and particle research. In the century that followed, nuclear science
in the eyes of the general society was subject of intensive research with large geopolitical
implications concerning subjects such as warfare, growing energy needs and sustainability,
but it was also used as a tool to probe into theories on the origins of the universe, medical
research and material advancement, just to mention a few key topics.

With all this interest and funds invested over a century: how come research is not
“done”, and why should rough treatment of an unusual isotope of beryllium be of any help
in gaining further knowledge?

The shell model and complications

In nuclear physics, the nuclear shell model [3], which led to the Nobel prize in physics
in 1963 being awarded to Goeppert-Mayer, Jensen and Wigner [4], is an analogue to the
perhaps better known atomic shell model, where electrons are modelled to be situated in
shells based on the Pauli exclusion principle.” In atomic theory, electron shells that are
“filled”, i.e. have electrons occupying each possible quantum number combination in the
specific shell, are the most energetically favourable configurations and therefore the most
stable. Filled shells are in fact stable enough to let atomic properties to a large degree be
based solely on the electrons not bound in these filled shells — so called “valence electrons”.
This phenomenon is the basis for the power of the periodic table of elements, where the
element columns have similar valence configurations and thus similar chemical properties.

When nuclear science began to investigate the separation energy’ for protons and neu-
trons (collectively known as nucleons) for different nuclei, a pattern emerged where a
higher number of protons, Z, and number of neutrons, N, as a tendency made this en-
ergy increase® except at a few key values after which it dropped notably — values known
as magic numbers.’ This pattern resembled how atomic properties varied smoothly with
an increased number of electrons, with drastic changes generally occurring at filled elec-
tron shells, which sparked hope of finding a similar model for the nucleus. How such a
model could be formed, despite the apparent differences in the underlying mechanisms,
occupied nuclear scientists during the late first half of the 20th century.

One issue when building such a nuclear model is the nature of the potential in which
the constituents reside. In atomic physics, the electromagnetic potential of the nucleon
that is felt by the orbiting electron can, for most intents and purposes, be assumed to arise
from a perfectly stationary nucleus during the interaction of the electron. This is due to
the electron mass being much smaller than the mass of a nucleon, by a factor of nearly two-
thousand, in analogy to how we often safely assume that the Sun is stationary at the centre
of mass of our solar system in related calculations. In nuclear physics, however, the luxury
of assuming a central potential is not available since the forces affecting a certain nucleon

“The principle states that
two identical fermions
(half-integer intrinsic spin
particles) cannot occupy
the same quantum state
simultaneously.

TThe energy needed to re-
move the particle from the
nucleus.

* Actually with a minor
“sawtooth pattern” due to
the nucleon pairing effect.

§2,8, 20, 28, 50, 82,126 —
the continuation of this se-
ries is subject to research.
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4 Introduction

originate from other similar nucleons, and the dynamics of a single nucleon therefore to a
large extent couples to the movements of the others, which in turn influences the original
nucleon.

Another complicating aspect is the properties of the forces involved: where atomic
physics needs almost exclusively only worry about the well understood electromagnetic
interaction, the nucleons interact to a large degree as a consequence of the strong nu-
clear force. The strong force governs the interaction between the quarks and gluons: the
constituents of the nucleons. This complicated interplay within the nucleons impact the
nucleon—-nucleon interactions via the residual strong force, i.e. secondary effects of an in-
ternal structure which adheres to rules that are not fully understood. Calculations of these
forces are severely limited by their complexity, and simplifying assumptions are essential
in reaching results. In contrast, the simplest atomic systems even permit themselves to
complete analytical closed form solutions, forming a basis for solutions of more advanced
systems by viewing complicating additions as small perturbations from the solved models.
It is not the intention to call atomic physics “easy”, and more precise calculations certainly
bring countless subtleties, but the range over which successful predictions of energy levels
are possible is large in comparison with studies of nuclei.

Despite these (and more) complications, viewing nuclei in terms of closed shells of pro-
tons and neutrons and “left-over” valence nucleons that to a large degree are responsible for
the behaviour of the nucleus has been a fruitful model. The magic numbers are commonly

used to explain the stability of certain isotopes and the decay chains of others.

The predictions of the nuclear shell model are generally successful for the stable iso-
topes in the “central lane” —known as the valley of stability — of a nuclear chart of ob-
served isotopes (see Figure 1.1). As we move toward the neutron and proton excessive
edges of the chart, the stability diminishes as we approach the theoretical limits where nu-
clei no longer bind, known as the drip lines. These isotopes are not found naturally,” but
can be explored with the advent of particle accelerators able to create these exotic nuclei.

Experiments have explored the proton-rich drip line up to protactinium at Z =91, but
the neutron line has only been followed up to oxygen at Z =38 [5]. At the relatively un-
explored neutron-rich side, experiments discovered a region of isotopes whose properties
strayed from the magic numbers predicted by the shell model [6, 7]. This region was named
the island of inversion, and subsequently even more such “islands” were found. The light-
est such region occurs along the N = 8 line, centred on "Li and including “Be [8, 9], which
is reachable from the beam in Is430. Since the isotopes in this region pose challenges to
existing nuclear models, they are of large interest to study in order to find how these mod-
els need to be modified to correctly account for the configurations that are available and
their respective properties. Better models will in turn allow more successful predictions
of properties without having to perform extensive (and expensive) experiments for every
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FIGURE 11: A table of known isotopes with colour-coded halflives (isotope data from
Brookhaven National Laboratory [10]). Z denotes the number of protons and N the number
of neutrons.

possible configuration.

Why not just find a general formula and calculate all these numbers from first princi-
ples? A complete and practically usable so-called ab initio approach might be the dream,
finally answering all questions on isotope stability and other properties, but nature has
not produced a simple phenomenon to work with, which has hopefully been hinted in this
section. Without digging too deep into nuclear potential theory, we can appreciate the
need for experiments to guide improved empirical models.

The unusual properties of neutron-rich beryllium isotopes

One of the needed simplifying assumptions in nuclear calculations is based on the tendency
of nature to prefer certain nucleon clusters over others, e.g. the o particle consisting of two
protons and two neutrons (also known as the nucleus of the by far most prevalent helium
isotope, *He). Its high binding energy leads to a “clumping” of nucleons within nuclei to o
clusters where possible.

This effect has profound influence on and can be viewed as the origin of o decay. By
modelling the inner workings of a nucleus as containing preformed o particles and cal-
culating the probability of such an o tunneling out of the nuclear potential well, Gamow
constructed in 1928 a successful theoretical model able to predict the activity of a-decaying
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nuclei [3].

In a similar vein, a nucleus of four protons and four neutrons can for calculational
purposes be simplified by viewing it as system of two closely bound a particles. Instead
of eight bodies, we now only need to focus on two, where the assumption lies in that
the two a nuclei will stay bound and not let their respective constituents freely interact.
That particular case would describe *Be as 2a, and insights on other so called Na nuclei,
consisting of a multiple N of a constituents,” can arise from this viewpoint [11, 12, 13].

In a close extension of this model, adding a neutron, n, to the very loosely bound (due
to the constituent o particles tight respective internal bonds) *Be to create *Be exhibits
behaviour of a 2a + n nucleus, with an image of the lone neutron acting as the “glue”
(analogous to the atomic notion of a covalent bond) that keeps the a particles together,
resulting in the only stable isotope of beryllium [14]. The addition of yet another neutron
yields a similar structure in the long-lived “Be isotope.

Continuing the chain to "Be — the isotope produced for this experiment — will keep the
basic structure of '"Be, where the extra neutron will be very weakly bound with a position
distribution extending far beyond the traditional view of a nucleus, tunnelling out into the
classically forbidden region. The general descriptive term for such systems, where one or
several nucleons can be found far from the typical radius of a nucleus, is halo nuclei [15].
The clustering in "Be can be described as 2a + 2n + n (see Figure 1.2) [16]. The unpaired
neutron will extend far from the core nucleus, and its separation energy is low.

Being a halo nucleus, relating to isotopes of disappearing magic numbers as mentioned
in Section 1.2.1 and being difficult to model by existing methods (though still within range
of computational limits) are reasons all adding to the motivation of studying "Be.

Particle physics at CERN

The largest particle physics laboratory in the world is run by the research organisation
CEerN," which along with its main facilities is based on the Franco-Swiss border outside of
Geneva. From its establishment by 12 states in 1954, the organisation has grown to 21 full
member states, 20 of which are European [17]. In addition, several non-European entities
have observer status and other roles within the project, today making it a truly global
endeavour.

Sweden was one of the founding states and its involvement continues to this day. It
is represented in place by research groups from the Royal Institute of Technology, Stock-
holm University, Uppsala University, Lund University and Chalmers University of Tech-
nology [19], and contributes yearly funding via the Swedish Research Council, which in
2014 equalled 29 million Swiss francs* of CERN’s total yearly budget of 1.1 billion Swiss

francs [20].
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FIGURE 1.2: Illustration of the 2o + 2n + n type halo structure
of the "Be nucleus. The stray neutron can move in the classi-

O cally forbidden region outside of the strong potential barrier.
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FIGURE 1.3: Map of
CERN members, states
in progress of becoming
members and states that
have declared intentions
of joining the organisa-
tion as of 2014 [17, 18].
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CERN provides large research facilities for which collaborators can apply for usage. Af-
ter evaluating scientific merit and feasibility, a time schedule is decided with slots por-
tioned out to different projects.

Mentioning all significant scientific achievements of CERN would constitute a thesis in
itself, but historical highlights include:

Muo