Monte Carlo-based
Development of a Shield and

Total Background Estimation
for the COBRA Experiment

Dissertation

zur Erlangung des Doktorgrades
des Fachbereichs Physik
der Universitat Hamburg

vorgelegt von
Nadine Heidrich
aus Perleberg

Hamburg
2014



Gutachterin/Gutachter der Dissertation:

Gutachterin/Gutachter der Disputation:

Datum der Disputation

Vorsitzender des Priifungsausschusses:

Vorsitzende des Promotionsausschusses:

Dekan des Fachbereichs Physik:

Prof. Dr. Caren Hagner
Prof. Dr. Kai Zuber

Prof. Dr. Caren Hagner
Prof. Dr. Michael Wurm

17. Oktober 2014
Dr. Georg Steinbriick
Prof. Dr. Daniela Pfannkuche

Prof. Dr. Heinrich Graener



Monte Carlo-based
Development of a Shield and

Total Background Estimation
for the COBRA Experiment

Abstract

The COBRA experiment aims for the measurement of the neutrinoless double beta
decay and thus for the determination the effective Majorana mass of the neutrino. To be
competitive with other next-generation experiments the background rate has to be in the
order of 1073 counts/kg/keV /yr, which is a challenging criterion. This thesis deals with
the development of a shield design and the calculation of the expected total background
rate for the large scale COBRA experiment containing 13824 6 cm?® CdZnTe detectors.
For the development of a shield single-layer and multi-layer shields were investigated
and a shield design was optimized concerning high-energy muon-induced neutrons. As
the best design the combination of 10 cm boron doped polyethylene as outermost layer,
20cm lead and 10cm copper as innermost layer were determined. It showed the best
performance regarding neutron attenuation as well as (n,y) self-shielding effects leading
to a negligible background rate of less than 2-107% counts/kg/keV /yr. Additionally.
the shield with a thickness of 40 cm is compact and cost- effective. In the next step
the expected total background rate was computed taking into account individual setup
parts and various background sources including natural and man-made radioactivity,
cosmic ray-induced background and thermal neutrons. Furthermore, a comparison of
measured data from the COBRA demonstrator setup with Monte Carlo data was used
to calculate reliable contamination levels of the single setup parts. The calculation was
performed conservatively to prevent an underestimation. In addition, the contribution
to the total background rate regarding the individual detector parts and background
sources was investigated. The main portion arise from the Delrin support structure,
the Glyptal lacquer followed by the circuit board of the high voltage supply. Most
background events originate from « particles with a quantity of 99 % in total. Regarding
surface events a contribution of 26.8 % was determined. Altogether, a background of less
than 54-1072 counts/kg/keV /yr was determined showing the potential of the COBRA

experiment.



Monte-Carlo-basierte
Entwicklung einer Abschirmung und
Gesamtuntergrundbestimmung
fir das COBRA-Experiment

Kurzfassung

Das Ziel des COBRA-Experiments ist die Messung des neutrinolosen Doppelbetazerfalls
und die damit verbundene Bestimmung der effektiven Majoranamasse des Neutrinos.
Um konkurrenzfahig gegeniiber anderen Experimenten zu sein, muss eine Untergrun-
drate in der GréBenordnung von 1072 Ereignissen/kg/keV /yr erreicht werden, was ein
herausforderndes Kriterium ist. Diese Doktorarbeit beschéftigt sich mit der Entwicklung
einer Abschirmung und der Berechnung der zu erwartenden Gesamtuntergrundrate fiir
das COBRA-Groflexperiment. Insgesamt beinhaltet das aktuelle Design fiir ein Grof3-
experiment 13824 6cm? CdZnTe Detektoren. Fiir die Entwicklung der Abschirmung
wurden einzelnen und mehreren Materialien im Kombination untersucht und das De-
sign beziiglich hochenergetischer Myon-induzierter Neutronen optimiert. Als bestes De-
sign wurde eine Kombination aus 10 cm Bor-dotiertem Polyethylen als &uflerster Schicht,
20 cm Blei und 10 cm Kupfer als innerster Schicht bestimmt. Es zeigte das beste Ergebnis
in Bezug auf Moderation und Absorption von Neutronen, sowie auf (n,y) Selbstabschir-
mungseffekte. Dies fiihrte zu einer vernachlassigharen Untergrundrate von weniger als
2-107% Ereignissen /kg/keV /yr. Dariiber hinaus ist die Abschirmung mit einer Dicke von
40 cm kompakt und kosteneffizient. Im néachsten Schritt wurde die zu erwartende Gesam-
tuntergrundrate berechnet. Dazu wurden einzelne Teile des Aufbaus und verschiedene
Untergrundquellen, wie natiirliche und menschengemachte Radioaktivitat, induzierter
Untergrund durch kosmische Strahlung, sowie thermische Neutronen, beriicksichtigt.
Auflerdem wurden gemessene Daten vom COBRA-Demonstrationsaufbau mit Monte-
Carlo-Daten verglichen, um glaubwiirdige Kontaminationslimits fiir einzelne Teile des
Aufbaus zu bestimmen. Die Berechnung erfolgte konservativ, um eine Unterschétzung
zu verhindern. Dariiber hinaus wurden die Beitrige beziiglich der einzelnen Teile des
Experimentenaufbaus und der einzelnen Untergrundquellen untersucht. Der Haupt-
beitrag zur Gesamtuntergrundrate stammt von der Delrin-Halterung, dem Glyptallack
gefolgt von der Leiterplatte fiir die Hochspannungsversorgung. Die meisten Untergrun-
dereignisse werden durch o-Teilchen verursacht mit einer Haufigkeit von 99 %. Hin-
sichtlich Oberflachenereignisse wurde ein Beitrag von 26.8 % bestimmt. Insgesamt wurde
eine Untergrundrate von weniger als 54-1073 Ereignissen/kg/keV /yr bestimmt, was das
Potenzial des COBRA-Experiments zeigt.
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Chapter 1

Preface and Motivation

“Neutrino physics is largely an art of learning a great deal by observing nothing.”!
There is a grain of truth in this quotation and so it took over 20 years to detect
(anti-electron-) neutrinos the first time by F Reines and C.L. Cowan, although they
were postulated in 1930 by W. Pauli.

Nowadays neutrinos play an important role in cosmology as well as in modern parti-
cle and astroparticle physic. Furthermore, their properties are of fundamental interest.
Many neutrino oscillation experiments were a complete success in the last years, deter-
mining the parameters of the PMNS matrix. However, many questions concerning these
properties are still unanswered so far. Next to the unknown masses of neutrinos, their
ordering in the mass hierarchy as well as electromagnetic properties, their nature itself
being Dirac or Majorana particle is not clarified. In the Standard Model all particles
are Dirac particles leading to a distinction between particles and antiparticles. Yet, due
to the lack of additive properties, like charge, it is reasonable to assume that neutrinos
and anti-neutrinos are the same particles, hence Majorana particles. This would offer an
explanation of the small neutrino masses, also compared to their corresponding leptons,
through the Seesaw mechanism. In addition, the baryon asymmetry could be explained
under the assumption of a previous lepton asymmetry (leptogenesis) [2]. Additionally,
neutrinos would have a special role in the SM, being the only singlet fermion.

One way to answer this question is the measurement of the neutrinoless double beta de-
cay. Although the underlying physics occurring in this process are unknown, it is a fact
after the Schechter-Valle theorem, that the neutrinos have to be a Majorana particle.
The first hint of the neutrinoless double beta decay was given by the Heidelberg-Moscow
experiment in 2001. However, the result was controversial and furthermore, has been
recently refuted by the GERDA experiment in 2013.

One of the next-generation neutrinoless double beta experiments is COBRA aiming for
the measurement and thus discovery of the effective Majorana mass of less than 0.05eV
corresponding roughly to a half-life in the order of 10%¢ years. A crucial criterion to

'"Haim Harari, Isreali physicist, [1]
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achieve such half-life is, beside a high source mass and good energy resolution, an ex-
tremely low background rate. It has to be in the order of 1073 counts/kg/keV /yr, which
is a challenging aspect. All materials close to the detector as well as the detector ma-
terial itself have to be radiopure. Furthermore, not only a shield must reduce external
radiation sources effectively to a minimum, but also has to be constructed in a way it
is as compact and cost-efficient as possible. Next to contamination measurements of all
detector parts and test operation at a demonstrator setup in a low background envi-
ronment, like an underground laboratory, a Monte Carlo survey to estimate the total
expected background rate is mandatory.

In this thesis the Monte Carlo-based development of a radiation shield and the total
background estimation for the COBRA experiment are presented. The full Monte Carlo
campaign to determine the total background rate was done for the first time. Fur-
thermore, measured data from the COBRA demonstrator setup at LNGS were used
to compute contamination levels of operated detector parts. Chapter 2 gives an intro-
duction on neutrino properties, double beta decay and particle interactions in matter.
Additionally, background sources and Monte Carlo simulations are discussed in general.
In Chapter 3 the COBRA experiment is presented including the concept of COBRA,
the detector technology and the description of the demonstrator setup. The develop-
ment of a shield follows in Chapter 4 starting with the explanation of the used method
and pursued by the discussion about single-layer and multi-layer shields. A multi-layer
shield design was optimized concerning the attenuation of high-energetic muon-induced
neutrons and (n,y) self-shielding effects resulting in a negligible background rate for
fast neutrons. Chapter 5 deals with the total background estimation. Here, the indi-
vidual parts of the setup are regarded concerning their contamination and contribution
to the total background rate. Furthermore, a comparison to the measured data from
the demonstrator setup is made to determine upper limits on the contamination levels
of detector parts. Various background sources including natural and man-made ra-
dioimpurities in the environment, shield material and detector itself as well as cosmic
ray-induced background and thermal neutrons are taken into account. Furthermore,
each individual setup part is regarded separately. In the end, a conclusion is given in
Chapter 6 including a discussion about the obtained results.



Chapter 2

Introduction

2.1 Neutrino Properties

Neutrinos are fundamental leptons with spin—% like other fermions in the Standard

Model (SM). Generally, in quantum field theory spin—% particles are described by four-

component spinors 1 (z) which obey the Dirac equation
(iv*0y —m) ¢ = 0 with p = 0,1, 2, 3. (2.1)

Here v* are 4 x 4 matrices given in the common form

1 4 ,
A0 = O ) and~yi= | © 9 ) withi=1,2.3 (2.2)
0 -1 —0; 0

with o; corresponding to the 2 x 2 Pauli matrices

A= (V) m= (0 )m=(0 %) 23

The four independent components of the spinors ¢ (z) relate to particles and antiparticles
with two possibilities for the helicity H

Qy

_ a7
=5 (2.4)

with the standardized spin ¢ and the momentum p. In addition, any spinor v can be

H

written in chiral projections as

Y = (P, + Pr)Y) = Ppap + Ppep = + YR (2.5)
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with the two projection operators

[a—

Prr= 3 (1 F 75) with v° = i7%y1y243 = ( (1) (1) > . (2.6)
For massless particles, e.g. neutrinos in the SM, helicity and chirality are identical and
it is an experimental fact that only left-handed neutrinos (% = —1) and right-handed
antineutrinos (H = +1) are observed. Therefore, a two-component spinor (Weyl spinor)
should be sufficient to describe neutrinos in principle.

Although neutrinos play an important role in particle and astro physics, as well as in
cosmology, many properties are not known at the moment. One question refers to the
nature of neutrinos. For all fundamental fermions in the SM it is possible to distinguish
between particle and antiparticle by their charge (Dirac particles), except for neutrinos.
They are possible Majorana particles [3]. Necessary requirements for Majorana parti-
cles to exist are vanishing additive quantum numbers, like charge, lepton number, etc.
In conclusion, the lepton number is violated if neutrinos are Majorana particles. They
can be distinguished by their helicity or chirality via C'P transformation. The charge
conjugation operator C' transforms a right(left)-handed particle into a right(left)-handed
antiparticle with untouched helicity and chirality. Only an additional parity transforma-
tion P changes as well the helicity. Therefore, a right(left)-handed particle is converted
into a left(right)-handed antiparticle [4, 5].

Another open question is about the mass of neutrinos. In the SM neutrinos are sup-
posed to be massless, but experiments, for example the Super-Kamiokande experiment
[6], have shown a flavor oscillation comparable to the quark sector, where the weak and
mass eigenstates are not identical, but connected via the CKM matrix!. For neutrinos
the weak eigenstates |v,) with o = e, i, 7 and mass eigenstates |v;) with ¢ = 1,2, 3 are
connected via the PMNS matrix? U

3
’Voe> = Z Uai|Vi>‘ (27)
=1

The oscillations require that not all mass eigenstates have the same eigenvalue m;.
Especially, they demand that not all m; are zero and thus, massless. In addition, such
oscillations do not conserve individual lepton numbers, only total lepton number. For
Dirac particles the 3 x 3 PMNS matrix can be described with three weak mixing angles
and a CP-violating phases. For Majorana particles two additional phases are introduced,
because of the requirement of identical particles and antiparticles. The observation of
oscillations does not allow absolute mass measurements. It is only sensitive to Am?j

LCKM matrix: Cabibbo-Kobayashi-Maskawa matrix, Unitary matrix, which can be parametrized with
three mixing angles and a phase [7]. It describes the flavor and mass eigenstate mixing in the quark
sector. Current experimental results for the values can be found in [§].

2PMNS matrix: Pontecorvo-Maki-Nakagawa-Sakata matrix [9]. Current experimental results for the
values can be found in [8].
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with 7,7 = 1,2, 3. Recent results are given by [8]

Am3, = 7507035 - 107°eV? (2.8)

|Am,| ~ |Am3,| = 2.32+312 - 1073 eV2.

Because Am%Q can be positive or negative, two potential orderings, also called hierar-
chies, emerge, shown in Figure 2.1. In the normal hierarchy vz is the heaviest and in
the inverted hierarchy v5 is the lightest neutrino. Determination of the neutrino mass
hierarchy is a fundamental step in neutrino physics, because it can be used, for exam-
ple, to calculate the absolute mass scale of neutrinos, as well as define the scope for
neutrinoless double beta decay experiments [10], see Chapter 2.2.1. Current and future
experiments are, for example, NOvA3, JUNO? and PINGU®.

T v,

A 2
Am,,
V1
A
Am,,’
Am,,’
v
V2
2
Am,, !
v, T V-
[ | HE N
vV, v,V

Figure 2.1: Depicted are the two neutrino mass hierarchies. In the normal hierarchy (on the
left hand side) v5 is the heaviest, in the inverted hierarchy (on the right hand side)
it is the lightest neutrino.

An upper limit for the summed neutrino mass was determined by the PLANCKS exper-
iment [16]

M=) m;=023eV (2.9)

from cosmological constraints based on the measurements of the cosmic microwave back-
ground (CMB), lensing-potential power spectra and baryon acoustic oscillation (BAO)
data.

SNOvA: NuMI Off-Axis v. Appearance, USA [11]

4JUNO: Jiangmen Underground Neutrino Observatory, China [12]

SPINGU: Precision IceCube Next Generation Upgrade, South Pole [13, 14]
SPLANCK: named after German physicist Max Planck, space observatory [15]
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Direct methods for neutrino mass determinations are, for example, based on kinematic
arguments of the 3 decay. Here, the upper endpoint of the electron spectrum and the
curvature of the spectrum near the endpoint are sensitive to m.,, which is the incoherent
sum of the mass eigenvalues m; with ¢ =1, 2,3

My, = /Z Uei|> m2. (2.10)

The best constraints on my, come from the tritium decay. The recent result on the
upper limit is given by [17, 8]

my, <2eV. (2.11)

Past and future experiments in this sector are the Mainz [18] and the KATRIN? exper-
iment.

Furthermore, a sensitive probe of Majorana neutrino masses is provided by the neutri-
noless double beta decay, see also Chapter 2.2.1. If the electron neutrino is indeed a
Majorana mass eigenstate, the effective Majorana mass is given by the coherent sum

2
E Ugm;
i

with the Majorana phases «;. A first controversial result was published by the former
Heidelberg-Moscow experiment in 2001 [20, 21, 22]

(mgg) =

> U ezmimi‘ (2.12)
7

(mgg) = 0.321003 eV (2.13)

However, in 2013 the current GERDA® experiment announced first results disproving
the Heidelberg-Moscow experiment [23, 24].

From the theoretical point of view a Dirac mass term of the form
—Lp =mp (Vg + YriL) (2.14)

with gy = (@LwR)Jr and Y7, = YrYr = 0 mixes two different Weyl spinors of
opposite chirality corresponding to the type of mass generated in the SM. The exclusion
of right-handed neutrinos therefore ensures that neutrinos are massless [4].

A Majorana mass term can be written with only one Weyl spinor ¢ and its charge
conjugated ¢ of the form

(marp® + miy o) (2.15)

—Ly =

N =

"KATRIN: Karlsruhe Tritium Neutrino, Germany [19]
8GERDA: Germanium Detector Array, Italy
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with mps called the Majorana mass. Using the chiral projections of ¥ and ¢ one gets
two hermitian mass terms

Ly = LY + L7 with

—Lh = %mL (VrYG + vir) (2.16)
L8 = %mR (VRYE + Y5 UR) -

Defining two Majorana fields ¢1 2

¢1 =YL + Uk and g2 = Y + YT (2.17)

Equation 2.16 can be rewritten as

1 — 1
Lk = §mL¢1¢1 and — L5 = §mR¢2¢2~ (2.18)
Here, 11, r are interaction eigenstates, while ¢; 2 are mass eigenstates. In general, both
types of mass are combined corresponding to the Dirac—Majorana mass term

—2Lpy = mp (VLR + ViR) + mdrbh + mrY§r + h.c.

= (Pr1%) ( D > <¢%> +h.c. (2.19)

mp Mg YR
=TV, MUG+IGMY

(6]
with the mass matrix M, Uy = (d}f) and U = (V)" = <1/JR .
U5, VR

In the SM only the fields ¢, and 9}, are present, but not the fields ¢ and 7. They
are also called sterile neutrinos and do not participate in weak interaction in the SM.

The mass eigenstates can be calculated by diagonalizing M with a transformation matrix
T [25]. They are given by

g = % [(mL T+ m) £/ (me — me)> + 4m33} . (2.20)

The eigenvalues can be either negative or positive. To obtain positive masses, one uses
mi = €pmy with my = |ﬁlk|, e, =*land k=1,2 [26]
Some interesting aspects are:

e mr,=mrp=~0
Resulting in m12 = mp with two degenerate Majorana eigenstates emerging,
which can be used to construct a Dirac field with a corresponding Dirac mass
term. Therefore, a Dirac field can be seen as a composite of two degenerate
Majorana fields [25].

e mp=20
Resulting in mj 2 = mp, g corresponding to the pure Majorana case [25].
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e mprp>mp, my, =0
This scenario is popular within the seesaw model of neutrino mass generation
consisting of making one particle light at the expense of making another heavy.
One obtains two mass eigenvalues

my, 2 mj,
mp = —= < mp and ma = mp <1 + 2> ~ mRpg. (2.21)
mp m#
Thus, if the Majorana mass mpg is sufficiently large, the observable mass mj is
reduced in a way that they explain the upper limits of current experimental data,
even though mp is of the order of MeV-GeV. Therefore, the seesaw mechanism
also provides an explanation of the intra-familial hierarchy m, < mp, while the
Dirac neutrino masses are similar to the Dirac masses of other fermions of the
same generation [4, 5].

The generalization to n flavors requires an n-component Weyl spinor in flavor space with
normal Weyl spinors of different flavor as entries. The masses are correspondingly n x n
matrices [27].

2.2 Double Beta Decay

The double beta decay (B decay) is a low-energy nuclear process which changes the
nuclear charge Z by two units while leaving the atomic mass A unchanged. The tran-
sition takes place among isobaric isotopes. With the Weizsécker mass formula [28] the
isobars can be described as

Eg=Am-¢

—ayA—agA3 —ap(N—2)* —acZ® A"5 +5-a,A"e. (2.22)

Here, Ep is the binding energy of a nucleus with empirically determined constants
ay,as,ar,ac, ap and the number density N. The factor § corresponds to the pairing
energy and is given by

+1 for even-even nuclei
0=4¢0 for even-odd or odd-even nuclei (2.23)
—1 for odd-odd nuclei.

For odd A the pairing energy vanishes resulting in one parabola, while for even A two
separate parabolas emerge allowing for (3f3 decay, which is schematically depicted in
Figure 2.2 for A = 116. Hence, all 33 decay emitters are even-even nuclei.

The B decay can be understood as two subsequent (3 decays via a virtual intermedi-
ate state. This requires that the ground or excited state of the first daughter-nucleus
m(Z + 1, A) has to be energetically higher (see Figure 2.2: Cd compared to In) and
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mass chain |
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Figure 2.2: Depicted is the binding energy/mass excess versus Z for A = 116 corresponding

to the Weizsédcker mass formula. For even A two separate isobars emerge allowing
for BB decay. [29]

in contrast the second daughter-nucleus m(Z + 2, A) has to be energetically lower (see
Figure 2.2: Cd compared to Sn) than the original one m(Z, A):
m(Z+1,A) >m(Z,A) >m(Z+2,A). (2.24)

Thus, a single beta decay is energetically impossible and two successive single beta
decays are therefore forbidden. So far 36 (33 decay emitters with different decay modes
are known and listed in [30].

2.2.1 Decay Modes

There are two different decay modes for the {3 decay including either two (2vp 3 decay)
or no (0vp P decay) neutrinos. The Feynman diagrams are depicted in Figure 2.3, show-
ing in Figure 2.3a the 2v33 decay and in Figure 2.3b the 0v{33 decay. In addition, the
two-nucleon (2n mechanism) is described, neglecting other mechanisms [31].

The 2v Double Beta Decay

The 3 decay was first discussed in the form
(Z,A) - (Z+2,A) +2¢ + 20, (2.25)

by M. Goeppert—Mayer in 1935 [32] describing two simultaneous neutron decays in-
cluding two neutrinos, which is also shown as a Feynman diagram in Figure 2.3a. Since
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u > u u > u
d > d d > d
d u d u
w w
v.
.
o
v
.-
o
v.
w w
d u d u
d > d d B> d
u » u u > u
(a) 2vpp decay (b) 0vpp decay

Figure 2.3: Depicted are the Feynman diagrams for the 2vf decay (on the left-hand side)
and 0vpp decay (on the right-hand side) with either two neutrinos or no neutrino
in the final state. For the 0v{33 decay the 2n mechanism is illustrated.

this process conserves the lepton number, it is allowed within the SM. In addition, the
prediction of massless neutrinos in the SM is consistent with the decay mode. As the
2V decay is a higher-order effect, expected half-lifes are long compared to the regular
B decay. For 116Cd, for example, the NEMO? 2 experiment determined a half-life of

T,°Cd = (3.75 £ 0.35 £ 0.21) - 10" yr [8]. (2.26)

2

The 0v Double Beta Decay

The second possible decay mode was introduced by W. H. Furry in 1939 [36] in the form
of

(Z,A) = (Z+2,A) + 2 (2.27)

with no neutrino in the final state. The Feynman diagram is shown in Figure 2.3b.
Violating the lepton number conservation by two units, this process is forbidden in the
SM. The 0vf3f3 decay can be understood as two subsequent steps, called the ”Racah
sequence”

(Z,A) »(Z+1,A)+e +7,
(Z+1,A)+ve = (Z+2,A)+e. (2.28)

NEMO: Neutrino Ettore Majorana Observatory, France [33, 34, 35]
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First a neutron decays emitting a right-handed 7., which has to be absorbed at a second
neutron within the same nucleus as left-handed v,. To fulfill these requirements, both
particle and antiparticle have to be identical. Thus, the neutrino has to be a Majorana
particle. Furthermore, a mechanism allowing for helicity matching is required. There
are different possibilities satisfying this condition. Here, neutrino masses are the most
popular one, because neutrino mass eigenstates for m, > 0 have no fixed helicity and
besides the dominant left-handed contribution, have an admixture of a right-handed one.
A second method accounting for helicity matching could be a new interaction allowing
for right-handed currents.

Besides the unknown underlying mechanism of the decay, it is possible to relate the
0vA B decay to a non zero effective Majorana mass for the electron neutrino after the
Schechter-Valle theorem (Black Box theorem) [37], which is schematically illustrated in
Figure 2.4. The two emitted electrons with the two u and d quarks can be coupled to
the two v, at some loop level in a way a Majorana mass term occurs.

Figure 2.4: Schematically depicted is the Schechter-Valle theorem. A positive observation of
the 0vpp decay would prove a finite Majorana mass regardless the underlying
mechanism illustrated as Black Box operator. [37]

However, the 0v[33 decay can effectively be seen as a scattering process with the Black
Box as operator, which arises underlying new physics [38].

Alternative processes

Equivalent to the previously discussed 3~ decay the BB decay also in combination
with electron capture (EC) exists. Three different variants are possible:

(Z,A) = (Z — 2, A) + 2et (+2v) (2.29)
ep+ (Z,A) = (Z — 2, A) + et (+2,) (2.30)
2ep + (Z,A) = (Z — 2, A)(+2v,) (2.31)

The BTR™ decay is always accompanied by EC/EC or f*/EC and additionally the
2vR B decay and 0vf 3 decay mode are feasible. Only six nuclei are known, which can
undergo these processes. The expected half-lifes for the BT decay are in the order
of 10?0 years, because the transition energy Q, also called Q-value, is reduced by a
factor of 4m.c?. The processes in combination with EC have lower half-lifes making the
experiment more realistic, but are harder to detect experimentally.
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Furthermore, 3B ™ decay modes have an enhanced sensitivity to right-handed currents
allowing for a clarification of the underlying physics mechanism, if the 0v[33 decay exists
and will ever be observed [39].

2.2.2 Decay Rates

Starting from Fermi’s Golden Rule the decay rates can be described analogously to
the 3 decay keeping in mind that the (33 decay is of second-order perturbation theory.
Regarding only ground-state transitions the decay rate Ag, is

2

Ao -1 2
2 (%) =G6*(Q.2) ‘M%”T+ ngl%V (2.32)

n2 \'3

with G? as the phase space and the matrix elements M, %”T for Gamow-Teller transitions
and M2 for Fermi transitions [27]. The Fermi transitions are forbidden or strongly
suppressed due to isospin selection rules. The decay rate can be approximated with [27]

Aoy o QM (2.33)

with the transition energy QQ = Fe¢1 + Eeo + Ey1 + Euo — 2m, and therefore scales with
Qll_

The neutrinoless case requires as already mentioned neutrinos to be Majorana particles
and further a helicity matching. The different mechanisms allowing helicity mismatch
are associated with different nuclear matrix elements. Considering massive Majorana
neutrinos only the decay rate is given by

Aov o\ 0 0 ov2 [ (mss)\?
S (197) =6 (Q.2) MG — MY o (2.34)
or approximately
Aoy x QP (2.35)

with @ = E¢1 + Ee2 — 2m, [27]. Hence, the half-life TSV scales with a factor of Q7>
compared to Q! for 2vB B decay resulting in a lower h:;lf—life for higher Q-values.
The phase space for 0v[33 decay is larger than for 2vf3 decay, because the number of
final states is restricted by the @)-value, which is below 5 MeV, for the real emitted neu-
trinos in the 2v3 3 decay case. The virtual neutrino in the 0vf3 3 decay is restricted to the
volume of the nucleus, which necessitates considering states up to about 100 MeV [27].
Nevertheless, the expected half-life of the 0v3 decay is still higher compared to the
2v 3 decay due to the requirement of helicity matching.

Of greater interest is the effective Majorana neutrino mass (mgg), which can be deduced
from the half-life measurement. Taking neutrino mixing into account, it is given by

Y Ugmi| = > |Ueil® mim
%

(mpp) = (2.36)

]
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with the mixing matrix elements Ug;, see section 2.1, and the corresponding mass eigen-
values m;. The factor n; refers to C P-phases including Dirac as well as Majorana phases.
The nuclear matrix elements Mg”T and Mg" are the main uncertainty in determining
(mgg) from half-life measurements. Furthermore, they depend on the nuclear model
parameters and calculation methods. For the nuclear model five strategies are followed.
The three most popular ones are the nuclear shell model (NSM) [40], the quasi-random
phase approximation (QRPA) [41] and the interaction boson approximation (IBM) [42].
In Figure 2.5 the calculated nuclear matrix elements for the five different models are

7.0 pre— e e e .

- A LSSM
o ® EDF ]
6.0 ® PHFB
I . 4 IBM-2
r + QRPA ]
5.0 - t N
[ % L] * o ]
40F * S ]
S g ° N | =¢ s ]
St ® - ® ® e
3.0 a - 4 “
I A A & o]
20fe A A A | g
; o ]
LOF ¢ 3
} ]
ook

136

ll(st124Sn]28Te 130Te Xe]SONd

48, 76, 82, 96 100
Ca Ge "Se Zr Mo

Figure 2.5: Shown are nuclear matrix elements for different (33 isotopes calculated with three
different nuclear models. Large deviations between the models can be seen resulting
in the main uncertainty in determining (mgg). [43]

depicted showing large deviations between them.

2.2.3 The Measurement of the 0v[(33 decay

Typical energies for 33 decay are in the region of a few MeV distributed among the four
leptons. The signals of the 2v33 decay and 0v[3f3 decay can be clearly distinguished.
While the signal of 0vR 3 decay is a peak in the sum spectrum of both electrons at the
Q-value, a continuous spectrum is assumed for the 2v33 decay. Being a nuclear decay,
the actual measured quantity is a half-life, whose value can be determined from the
radioactive decay law

TV =In2-M-a-t —= (2.37)
2 Ngﬁ

with the used mass M, the isotopical abundance a, the measuring time ¢, the Avogadro
constant N4 and the number of double beta events Ngg. If no peak is observed and
a constant background is expected scaling linearly with time, the Ov{33 decay half-life
limit can be estimated from experimental quantities [44] to be

| M -t
T(%)V X ae m (238)
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Here, € is the detection efficiency, AE the energy resolution and B the background rate
given per kg, keV and years. With zero background the half-life measurement depends
linearly on the measuring time. Thus, the sensitivity to (mgg) scales with VM.

The quantity 2.38 is also called sensitivity to the measurable half-life and allows for
comparison of existing and future experiments.

Taking the present knowledge of neutrino oscillation parameters into account, the pos-
sible scope of the effective Majorana mass (mgg) can be derived in relation to the mass
of the lightest mass eigenstate m,;y,, as illustrated in the left panel of Figure 2.6. The
two different mass hierarchies result in different projections. Here, the normal hierarchy
is shown in blue, while the inverted hierarchy is in red. The width of the innermost
hatched bands corresponds to the uncertainty of the Majorana phases. Experimental
errors of the oscillation parameters widen the areas additionally as shown. The two
projections merge into each other for (mgg) > 0.1eV referring to the degenerate mass
pattern. However, this is already disfavored by cosmology. The middle panel of Figure
2.6 shows the relation of (mgg) with the summed neutrino mass M = my + ma + ms3
constrained by observational cosmology. The right-hand panel depicts (mgg) as a func-
tion of m,, = (mg) determined through the analysis of beta decays. Due to the large
intrinsic width of the 33 decay constraint, it is not possible to distinguish between both
hierarchies. But if a value of (mgg) < 0.01eV is ever established, the normal hierarchy
is the only option.

The next-generation experiments like GERDA in the second phase and COBRA aim
for (mgg) ~ 0.05eV. To achieve the corresponding high half-life it is important for
future experiments to have an appropriately large source mass and energy resolution
available accordingly to Equation 2.38. Additionally, the background rate becomes a
crucial criterion and has to be reduced to a sufficiently low level. With an energy
resolution of approximately 2% at the Q-value of ''Cd and a realistic exposure, this
would correspond to a background rate in the order of 1073 counts/kg/keV /yr.
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Figure 2.6: Depicted is the dependence of (mgg) on various mass quantities. In the left panel
the relation of (mgg) to the mass of the lightest mass eigenstate My, is plotted.
The middle panel shows (mgg) versus the summed mass M = mj +mg+ms, while
the right panel depicts (mgg) as function of m,, = (mg). The width of the hatched
areas derives from unknown Majorana phases, while the allowed areas are given
by solid lines. Here, errors of the oscillation parameters were taken into account.
The two patterns correspond to the normal (in blue) and the inverted hierarchy
(in red). For (mgg) > 0.1eV the two sets merge into each other referring to the

degenerate hierarchy. [8]

2.3 Particle Radiation Interactions with Matter

In this section the different possible radiation interactions and the energy loss of the
initial particle are discussed in general, preparing the development of a radiation shield
in Chapter 4.

The potential radiation background sources can be divided into two groups discrimi-
nating their interactions with matter. The first group represents the charged particle
radiations (e.g. heavy charged particles, electrons), which interact continuously through
the Coulomb force in any medium. The second group contains uncharged radiation (e.g.
neutrons and gamma rays), which have to undergo an interaction involving nuclei of the
absorber material to radically alter the incident radiation in a single encounter. The
encounters result in the full or partial energy loss of the incident radiation to electrons

or nuclei causing also secondary radiation.
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2.3.1 Heavy Charged Particles

Heavy charged particles, for example « particles, interact mainly with matter through
Coulomb forces. Interactions with nuclei are also possible, but occur rarely [45]. En-
tering the absorber material, the charged particle interacts simultaneously with many
electrons leaving the absorber atom behind either excited or ionized. The transferred
energy comes at the expense of the charged particle and its velocity. Due to the fact,
that the maximum energy that can be transferred is still a small fraction of the total
energy, the primary charged particle must lose its energy in many encounters.

The linear stopping power S for charged particles is defined as the differential energy
loss divided by the corresponding differential path length [45]

dE
S=—— 2.39
o (2.39)
The Bethe formula describes the energy loss and is given by [46]
dE  4me*z2NZ 2mov? v? v?
- = -1 —In(l—-=|—-—= 2.40
dx mov? [ " " < c? > C2:| (240)

with the velocity v and the charge of the primary particle ze, the electron rest mass
mo and the electron charge e. The quantities N and Z are as previously mentioned in
section 2.2 the number density and the atomic number of the material. I represents the
average excitation and ionization potential of the absorber.

Comparing different charged particles of the same energy, the only factor that may
change is z. Therefore, particles with greater charge will have larger energy loss. The
dependence on different absorber materials relies on the electron density, the product
of NZ. Thus, high atomic number, high-density materials result in the greatest linear
stopping power.

The Bethe formula, Equation 2.40, fails for low particle energies. Charge exchange
between primary particle and absorber material becomes more important, in which the
charged particle accumulates electrons from the absorber reducing its charge and hence
linear energy loss.

2.3.2 Fast Electrons

Compared to heavy charged particles, fast electrons lose their energy at a much smaller
rate. Their path through absorbing matter is influenced by the orbital electron, which
have the same mass and with whom the fast electrons interact. Therefore, large devi-
ations are possible. In addition, electron-nuclear interactions can change the electron
direction abruptly.

The specific energy losses due to ionization and excitation, also called collision losses,
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for fast electrons is also derived by Bethe [46, 45]
— (In2)(2y/1 - 52 — 1+ 32

FO= )+ 0= VIZR?). @

<dE> _27re4NZ ( mov’E

dr ), mov? n212(1—52)

The symbols have the same meaning as in Equation 2.40 and S = v/c. Due to two
reasons Equation 2.40 and 2.41 differ from each other [47]. First due to the small
mass of electrons, the incident particles deflects. Furthermore, the collision takes place
between two identical particles. Thus, their indistinguishability has to be taken into
account. Next to collision losses, energy may be lost by radiation processes as well as
by Coulomb interactions. These radiative losses are bremsstrahlung or electromagnetic
radiation and are described by

E NEZ(Z + 1)e* 2F 4
ey ( j)e (41n ). (2.42)
dz ), 137moc4

Radiative losses are most important for high electron energies and for absorber materials
of large atomic number, which correspond to the factors £ and Z in the numerator of
Equation 2.42. In addition, the yield of bremsstrahlung for heavy charged particles can
be neglected due to the factor mg in the denominator.

For electrons of interest in this thesis, mostly beta particles or secondary electrons from
gamma ray interactions, typical energies are less than a few MeV. Therefore, radiative
losses are a small fraction compared to collision losses and are only significant in absorber
materials of high atomic number.

2.3.3 Gamma Rays

Three interaction mechanisms play an important role for gamma rays: photoelectric
absorption, Compton scattering and pair production. All processes lead to the partial
or complete transfer of gamma ray photon energy to electron energy. As result, the
photon may disappear completely or is scattered at a significant angle, which contrasts
with the charged particles previously discussed.

e Photoelectric Absorption

In the photoelectric absorption process a photon interacts with an absorber atom. The
photon disappears completely. In its place, an energetic photoelectron is ejected by the
atom from one of its bound shells. The energy of the photoelectron is given by [45]

E.=hv — E, (2.43)

with the binding energy Ej. The interaction also creates an ionized absorber atom with
a vacancy in one of its bound shells. This vacancy is filled through capture of a free
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electron and/or rearrangement of electrons from other shells of the atom. Therefore,
one or more X-ray photons may be generated as well.

The photoelectric process dominates for relatively low energy gammas. Furthermore, it
is enlarged for absorber materials of high atomic number Z. A rough approximation for
the probability of photoelectric absorption per atom 7 is given by [45]

n

T = constant - ——. (2.44)

3.5
E’Y

The exponent n varies between 4 and 5 over the gamma energy. An analytic expression
valid over all ranges of E, and Z does not exists.

¢ Compton Scattering

In the process of Compton scattering an incident photon interacts with an electron in
the absorber material. As result, the photon is deflected through an angle 6 with respect
to its original direction and a portion of its energy is transferred to the electron, called
the recoil electron. Since all angles are possible, the energy transferred varies from zero
to a large fraction of the gamma ray energy and is given by

, E

E = 2.45
14+ -L£5(1 —cosb) (2.45)

moc2

with the incident photon energy E and the scattered photon energy E’. For an angle
of = 180° the photon transfers the maximal energy resulting in a sharp cut-off in the
spectrum, called Compton edge.

The probability of Compton scattering per atom of the absorber depends on the number
of electrons available as scattering targets and thus increases linearly with Z.

e Pair Production

The process of pair production is energetically possible if the photon energy exceeds twice
the rest-mass energy of an electron. The interaction must take place in the Coulomb field
of a nucleus. As result, the photon disappears and is replaced by an electron-positron
pair. The positron will subsequently annihilate and therefore, two annihilation photons
are normally produced as secondaries in this interaction.

Since the gamma ray energy must approach several MeV, the probability of this process
remains low and plays an important role for high-energy gamma rays only, but its
magnitude varies approximately with the square root of the atomic number [48].

In Figure 2.7 the relative importance of the three processes is schematically depicted
for different absorber materials and gamma-ray energies. The left line represents the
energy at which the probabilities of photoelectric absorption 7 and Compton scattering
o are equal. The right line corresponds to the same aspect for Compton scattering o
and pair production k.
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Figure 2.7: Depicted is relative importance of the three processes of gamma-ray interactions
for different absorber materials and gamma-ray energies. The left line indicate
the energy at which the probabilities of photoelectric absorption 7 and Compton
scattering o are equal. The right line corresponds to the same aspect for Compton
scattering o and pair production . [45]

2.3.4 Neutrons

Neutrons carry no charge and thus cannot interact via the Coulomb force. Neutrons are
able to penetrate many centimeters of materials without any type of interaction and can
therefore be totally invisible. When a neutron undergoes an interaction, it is with a nu-
cleus of the absorbing material resulting in either total disappearance and replacement
by one or more secondary radiations or a significant alteration of energy or direction of
the neutron. The secondary radiation consists almost always of heavy charged particles
depending on the incident energy.

The relative probabilities of various interaction types change dramatically with neutron
energy. Therefore, neutrons are divided into two categories: ”fast” and ”slow” neutrons.
The dividing line is approximately at 0.5 eV corresponding to the cadmium cutoff, where
the absorption cross section in cadmium drops abruptly [45].

The important interactions for slow neutrons are elastic scattering with absorber nuclei
and neutron-induced nuclear reactions. Elastic collisions tend to be very probable, even
though, due to the small kinetic energy of slow neutrons, little energy is transferred to
the nucleus. However, they bring the slow neutrons into thermal equilibrium with the
absorber material before other interaction types take place. Therefore, a big amount of
the population of the slow neutrons refers to thermal neutrons with an energy of approx-
imately 0.025eV [45]. More significant for slow neutrons are neutron-induced reactions,
because secondary radiation of sufficient energy to be directly detected is produced. In
most materials the radiative capture reaction, (n,7y) reaction, is the most probable and
plays an important role in the attenuation of neutrons.
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With increasing energy the probabilities of most neutron-induced reactions drop off.
Scattering becomes more important, because the neutron can transfer a sufficient
amount of energy in one collision resulting in a moderation of the neutron. Secondary
radiations are recoil nuclei. For even higher energies, inelastic scattering with nuclei can
take place. The recoil nucleus is elevated to an excited state during the collision. The

nucleus de-excites and emits a gamma ray. Possible reaction products are listed below:

recoil nucleus
proton

target nucleus + neutron —
alpha particle

fission fragments

The energy loss of the neutron is greater compared to an equivalent elastic collision.
Inelastic scattering and subsequently secondary gamma rays are important regarding
shielding of high-energy neutrons.

2.4 Background Sources in General

Although the sensitivity to the measurable half-life, see section 2.2.3, is only inversely
proportional to the square root of the background rate B, it plays an important role to
increase the sensitivity, because other variables, like the source mass M or the efficiency
€, are mostly limited by experimental parameters or for economic reasons.

In Figure 2.8 the dependence of the sensitivity on the background rate, the energy
resolution and the measuring time is shown. In comparison it can be seen, that the

sensitivity is increased by a better energy resolution and lower background rate.

Even though background sources vary from experiment to experiment, they can be
roughly divided into the following categories, listed in approximate order of importance
[49]:

1. Environmental radioactivity

2. Radioimpurities in detector and shield material

3. Airborne radioactivity

4. Primary and secondary components of the cosmic radiation
5. Thermal neutrons

Furthermore, a sixth category has to be added, which is also crucial for 0v{3[3 decay
experiments:

6. The 2v[(3{3 decay
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Figure 2.8: Depicted is dependence of the sensitivity on the background rate, the energy resolu-
tion and the measuring time. A better energy resolution and/or a lower background
rate lead to a higher sensitivity.

In general, background reduction is only meaningful in context. The degree of ra-
diopurity is crucial to the level that has to be achieved in other parts. In addition,
interrelations exist. The thickness of a shield against gamma radiation influences the
cosmic ray-induced background. To achieve a certain background rate and hence for
building a shield, such aspects have to be kept in mind.

2.4.1 Environmental Radioactivity

Radionuclides in the environment can be sorted generally into three types: primordial,
cosmogenic and man-made.

The primordial category includes the Uranium series, the Thorium series and “°K. Most
v radiation originates from these sources. The integrated y flux at sea level is typically
10 photons cm~2s~! [49] for energies over 50 keV and at 1 m above ground. In contrast,
the cosmic ray photon flux density contributes only with a small fraction below 1 % [49].
At LNGS!? the photon flux was measured with Nal(Tl) detectors at different sites of
the underground laboratory and determined to 0.3-0.4 cm™2s~! [50].

In general, the uranium series begins with naturally occurring 23®U (natural abundance:
99.27 %), followed by thorium, protactinium, radium, radon, polonium, astatine, lead,
bismuth and thallium and ends with 2°Pb. Next to gamma rays also alpha and beta
rays are emitted. In Table 2.1 the uranium series is summarized. The thorium series,
see Table 2.2, begins with naturally occurring 232Th (natural abundance: 100 %) and
terminates with 2%Pb. The series includes the following elements: actinium, radium,
radon, lead, bismuth and polonium. like the uranium series, the emitted radiation is

10T,NGS: Laboratori Nazionali del Gran Sasso, underground laboratory, Italy
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also a mixture of alpha, beta and gamma rays. All other decay series can be neglected
[49]. A mathematical model describing abundances and activities in a decay chain as a
function of time is given by the Bateman equation [51]

)Nt
HA ZZ( i 1p¢](A Aj)> (2.46)

= i=1 j=1

with the decay constant A depending on decay rates and initial abundances. Secular
equilibrium in the decay chains, in which the half-life of the daughter radionuclide is
negligible compared to the half-life of the parent radionuclide, is rarely achieved in most
surface and near-surface environments due to migration of nuclei. Especially, radon, a
member of both decay series, is able to escape from solids either by recoil or by diffusion
and is further discussed in section 2.4.3.

The nuclide °K is not part of a decay series. Natural potassium contains 0.012 % 40K,
which decays to 4°Ca emitting a beta particle with 1.311 MeV endpoint energy (89 %)
or to “°Ar emitting a gamma ray of 1.46 MeV (11 %) and characteristic Ar X-rays.
Next to the already mentioned isotopes, 23°U was added to the possible list of back-
ground sources due to activity measurements of the analyzed detector parts in Chapter
5, although it is the third natural decay chain and could be neglected. 23U decays
with a half-life of 7.038-10% years to 23! Th emitting an alpha particle with an energy of
4.494 MeV. Natural uranium contains 0.72 % 23°U.

Next to primordials, cosmogenic nuclides exist, but the total activity is only in the per
mill range of the primordial activity [49]. Therefore, they are only important if the
detector material itself consists of cosmogenic nuclides or is activated.

In contrast, background from fission-product activities that originate from past weapons
testing are also important to consider. The most prominent contributor is ¥7Cs, which
can be found as trace in construction materials of the laboratory and shielding materi-
als or other structures. With a half-life of 30.07 years, 37Cs decays emitting beta rays
with an energy of 1.176 MeV (5.4 %) to 3"Ba or with an energy of 0.512 MeV (94.6 %)
to the metastable isotope *""Ba. Natural occurring cesium consists to 100 % of the
stable isotope 23Cs. Furthermore, 8°Kr is released by nuclear power plants resulting in
constant increase in the atmosphere. It decays emitting a beta particle of 0.687 MeV
with a half-life of 3934.4 days. Due to its absence in activity measurements of different
detector parts in Chapter 5 it is neglected.
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Table 2.1: Tabulated is the uranium series with the half-life of each isotope, the branching

ratio and the energy of emitted o-, 3- and y rays. [52]

half-life isotopes a-decay B-decay ~y-decay
decay energy [MeV] energy [MeV] energy [keV]
branch [%)] (branch [%]) (branch [%]) (emiss. prob. [%])
4.468- 10° y 28U o: 4.197 (77)
100 | a o 4.147 (23) y: 49.55 (0.062)
24.1d Z34Th B: 0.199 (72.5) | ~: 92.37 (2.42)
100 | 3 B: 0.104 (17.8) | ~: 63.28 (4.1)
B: 0.060 (7.1) | ~: 92.79 (2.39)
1.175m dmpa B: 2.29 (98.4)
100 | 3 B: 1.53 (0.62) | ~: 766.37 (0.316)
B: 1.25 (0.74) | ~: 1001.03 (0.839)
2.45-10°y iU o: 4.775 (72.5)
100 | a o 4.723 (27.5) ~y: 53.20 (0.123)
7.538- 10y 230Th o 4.688 (76.3)
100 | a o 4.621 (23.4) y: 67.67 (0.38)
1600 y 226Ra a: 4.784 (94.5)
100 | a a: 4.601 (5.55) 7y: 186.10 (3.51)*
3.8235d 222Rn o: 5.490 (99.9)
100 | a a: 4.987 (0.08)
3.05m 218po a: 6.002 (100)
0.018 99.98
By \a
~2s 218At 214Pb B: 0.73 (40.5) | ~: 295.21 (18.15)
26.8m a\ v B y: 241.98 (7.12)*
B: 0.67 (46) y: 351.92 (35.1)
19.9m 214Bi B: 3.275 (19.9) | v: 609.32 (44.6)*
0.021 99.979 B: 1.88 (7.18) | ~: 768.36 (4.76)*
ay \ B B: (17.5) y: 1120.29 (14.7)*
B: (8.26) ~y: 1238.11 (5.78)*
B: 1.51 (16.9) | ~: 1764.49 (15.1)*
B: 1.02 (16.9) | ~: 2204.21 (4.98)*
1.3m 2107 214Po | a: 7.687 (100)
164.3 s BN\ v «
22.3y 210Pb B: 0.063 (19)
~100 | B B: 0.017 (81) | ~: 46.54 (4.24)
5.013d 210Bi B: 1.161 (99)
~100 | 3
138.4d 210Po «: 5.305 (99)
100 | a
stable 2OGPb
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Table 2.2: Tabulated is the thorium series with the half-life of each isotope, the branching
ratio and the energy of emitted o-, 3- and y rays. [52]

half-life isotopes a-decay [-decay ~v-decay
decay energy [MeV] energy [MeV] energy [keV]
branch [%)] (branch [%]) (branch [%]) (emiss. prob. [%])
ST
1.405-10*%y 100 | « a: 4.012 (77.9)
o 3.954 (22.1) ~: 63.81 (0.27)
#'Ra
5.75y 100 | B: 0.039 (60)
B: 0.015 (40)
A
6.15h 100 | 8 B: 218 (10) | ~: 338.32 (11.3)
B: 1.70 (11.6) | ~: 968.97 (16.2)"
B: 1.11 (31.0) ~: 911.21 (26.6)"
3T
1.9131y 100 | « a: 5.423 (71.1)
a: 5.340 (28.2) ~: 84.37 (1.22)
o 5.221 (0.44) ~: 215.99 (0.28)
'Ra
3.664d 100 La | a: 5.685 (94.9)
o 5.449 (5.1) i 240.99 (4.1)
Rn
55.6'5 100, a | a: 6.288 (99.9)
o 5.747 (0.11) ~: 549.73 (0.11)
21°Po
0.145s 100 | a a: 6.778 (100)
2P
10.64h 100 | B B: 0569 (12) | ~: 300.09 (3.25)
B: 0.331 (83) | ~: 238.63 (43.5)
B: 0.159 (5)
2B
60.55 m 35.94 64.06
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B:1.29 (22.8) | ~: 511.77 (8.2)
B:1.52 (3.1) | 4: 2614.53 (35.8)*
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2.4.2 Radioimpurities in Detector and Shield Material

The existence of primordial radionuclides in ores and other materials results in a con-
tamination in the final products needed as detector or shielding material. With some
exceptions, the main radioactivity originates from the uranium and thorium decay series
and potassium, as mentioned in the previous section.

It is possible to separate copper from practically all radionuclides in the environment,
since it is purified after smelting by electrolytic dissolution and redeposition in the solu-
tion. The purification of other metals, like lead, is usually much more difficult, because
the formation of a slag is involved in the smelting process. The slag takes up lithophile
elements including mineral-forming elements Si, Al and O, as well as alkali and earth-
alkali elements and most transition elements. Hence, potassium and nuclides from the
decay series are concentrated in the slag. Therefore, special chemical separation pro-
cesses have to be applied. In contrast, the main contamination of plastic materials is
14C, since they consists generally of C, H and O. Nevertheless, possible contamination
may derive from additives or mechanical engineering of hard plastics.

The COBRA detector material CdZnTe was measured determining upper limits of ra-
dioimpurities. Although it is said that CdZnTe can be produced radiopure, it is further
investigated in Chapter 5.

2.4.3 Airborne Radioactivity

Traces of radioactive gases or dust particles in the ambient air also contribute to the
background. Radon ?22Rn and ?2°Rn are short-lived radioactive gases originating from
the decay chains of uranium and thorium present in the soil or construction materials.
As already mentioned, radon can migrate and hence escape materials disturbing the
equilibrium in the materials itself. Because of a shorter half-life of 220Rn (55.65s) its
concentration in air is normally below 222Rn, although its activity is often the same or
higher in rocks, soil and building materials. Therefore, 2?2Rn is the strongest source of
airborne radioactivity. Its concentration in laboratories is of about 40 Bq/m? on average
[49].

The ?2°Rn family dies out rather quickly with the longest half-life of 10.64h of the
progeny 2!1?Pb. In contrast, 222Rn feeds into 2'"Pb with a half-life of 22.3 years. However,
the last y-active progeny of 2?2Rn is 2! Bi with a half-life of 19.9 min. Therefore, at least
the y activity of the ??2Rn family dies out rather quickly within an hour.

The direct Rn progeny are originally positively charged [49] and thus, can be attracted
by bias supply, e.g. high voltage (HV). The deposition of radon progeny on surfaces is
called play-out effect [49] and is strongly enhanced on statically charged surfaces such as
plastics. Here, the most important isotopes are the progeny of 2'°Pb, 21Bi and 2'°Po.
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2.4.4 Cosmic Ray-induced Background

Primary cosmic ray particles enclose mainly protons (90 %), « particles (9 %) and heav-
ier particles (1%). They hit the atmosphere with a rate of about 1000 counts/m?s [49].
After their interaction with atmospheric nuclei, a variety of other particles is produced,
in particular neutrons, electrons, neutrinos, protons, muons and pions. The maximum
of the total intensity of these secondaries is at an altitude of 14km [49]. After that,
the intensity drops gradually, with the nucleons experiencing the sharpest decline. At
ground level, most particles are muons (75 %) followed by pions, protons, neutrons, elec-
trons and gamma rays.

In underground experiments, like COBRA, only muons and neutrons are relevant par-
ticles, since electrons and gammas are directly absorbed by the rock or by e.g. lead,
if produced in the shield. The hadronic component is negligible in underground labo-
ratories, but contributes to the production of cosmogenic nuclei on the surface. Thus,
different background sources originating from cosmic rays are discussed in the following
sections.

Muon-induced Background

In general, muons do not contribute as a serious background, since they can be iden-
tified and vetoed as they pass through the detector. Still, muon-induced backgrounds
are important. At shallow sites, where the muon rate is rather high, the muon veto
rate contributes to the experiment’s dead time. In addition, low-energy muons can un-
dergo nuclear capture producing neutrons and unwanted radioactive isotopes, which is
discussed in the next section.

High-energy muons create spallation products, e.g. neutrons, photons and radioiso-
topes. Produced in the surrounding rock, in the local shield or in the detector itself,
secondary neutrons are not easily tagged. Especially neutrons produced in the rock are
not necessarily in time coincidence with a muon veto. These neutrons may represent a
fundamental limiting background that only deeper sites can reduce sufficiently.

The LNGS laboratory has a depth of 1400 m corresponding to 3800m w.e.!!, which is
rather deep and the muon flux is suppressed by a factor of 10 compared to sea level.

Radioisotope Production

Secondary cosmic ray particles generate background also indirectly through the produc-
tion of radioactive nuclei. In particular at ground level or during air transportation,
the activation by the hadronic component can reach specific radioactivity levels higher
than the contamination from primordial nuclides and thus dominates the background at
the beginning of the underground operating. Therefore, avoiding the transport in air of

Hw.e.: Abbreviation for “water equivalent”
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the most sensitive components is often worthwhile. In addition, a common practice is
keeping materials exposed at the surface underground for several months or even years
before usage to eliminate short-lived cosmogenic activities, because even shallow depths
reduce the cosmic ray nucleon rate by several orders of magnitude. But also at deeper
sites cosmogenic radionuclides are produced.

Neutron-induced Background

At depths greater than a few tens of meters, neutrons are mainly produced by radioactive
processes. Nevertheless, the spectrum from spallation is much harder up to several
GeV in neutron energy. Cosmic ray muons produce neutrons through several different
mechanisms depending on energies and depths [53]. The most important channels are
inelastic scattering and radioactive capture. However, contributing processes are the
following [53]:

1. Negative muon capture on nuclei
Negative muons with sufficiently low energy can be attracted into the Coulomb
field of a nucleus, forming a ”muonic atom” bound state. The bound muon can
either decay (=~ — e~ + 7. + 1/,) or else undergo a nuclear capture via the weak
charged-current process:

P+ AZ,N) = v, + A(Z —1,N +1). (2.47)

2. Electromagnetic showers generated by muons
Photons and electrons from bremsstrahlung and pair production are released, while
muons pass through matter producing a particle shower. The contribution from
such processes is small, depending on < Z? > and thus become more important
for high-Z targets, e.g. lead.

3. Muon interactions with nuclei via exchange of virtual photons
As a muon passes through matter, it can produce neutrons through deep-inelastic
scattering involving a virtual photon.

i + nucleus — p 4 nucleus™ + n (2.48)

It is one of the least understood processes in muon interactions at high energies.

4. Muon-nucleon quasielastic scattering
For completeness, the contribution of neutron production from neutron knockout
by muon-nucleus quasielastic scattering has to be kept in mind.

5. Secondary neutron production from any of the above processes

In general, the intensity of the muon-induced neutrons decreases slower with greater
depth as the intensity of muons itself, because of induced particle showers. Thus, the
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intensity of the muon-induced neutrons depends on the average muon energy < F, >
at the corresponding depth [54]:

No(h) o< (E,(h))*™, (2.49)

Although the measurement of the neutron flux is complicated due to its low intensity,
different groups measured the flux with different methods at the LNGS. Two mea-
surements offer information about the spectrum of the neutron flux. The results are
summarized in Table 2.3.

Table 2.3: Tabulated is the measured neutron flux at the LNGS from two different groups and
different detection methods.[55, 56]. With increasing energy the neutron flux drops

off.

Energy Neutron flux [55] || Energy Neutron flux [56]
[107%cm™2s71] [107%cm™2s71]

(0 — 50) meV 1.08 £ 0.02

50 meV — 1keV 1.84 £0.20

1keV — 2.5 MeV 0.54+0.01 || (1-2.5)MeV 0.14 £0.12

(2.5 - 5) MeV 0.27+0.14 || (2.5 - 5)MeV 0.13+0.04

(5 - 10) MeV 0.05+0.01 || (5—10) MeV 0.15+0.04

(10 — 15) MeV (0.6 +£0.2)- 1073 || (10 — 15)MeV | (0.4+£0.4) 1073

(15— 25)MeV | (0.5+3.0)-107°

In addition, the production rate of muon-induced neutrons was determined by different
groups for different underground laboratories. The LVD collaboration calculated the
rate for the LNGS resulting in an averaged number of muon-induced neutrons of [57]:

neutrons

(N)=(1.5+04)-107* (2.50)

muon - g - cm?
Compared to the result of the LSD detector, this number is significantly smaller [58]:

neutrons

(V) = (5.35098) - 10 (2.51)

muon - g - cm?’
The difference was not clarified so far, but cannot be explained by different depth, nor
large systematic errors [57].

2.4.5 Thermal Neutrons

The neutron flux originating from thermal neutrons dominates the activation processes
and neutron scattering events underground. Additionally, the intensity of this neu-
tron source is depth-independent, because thermal neutrons originate from either (o,n)-
reactions or moderation after spontaneous fission (SEN).
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The primordial alpha emitters produce secondary neutrons mainly through (a,n) reac-
tions from alpha decays in the uranium and thorium chains. In addition, all thorium
and uranium isotopes are able to undergo spontaneous fission in nature, emitting two
or three neutrons, instead of the predominant o« decay. In particular, 233U has to be
considered, because the fission half-life is with 4.468 - 109 years smaller compared to
other nuclides, like 23°U and 22Th. Nevertheless, the dominant production mechanism
are (a,n) reactions, since the fission-to-alpha branching ratio is often much smaller than
the (o,n) probability. The branch ratio for 238U for the spontaneous fission decay mode
is 0.00005 %.

2.4.6 The 2v33 decay

Despite all discussed background sources, the 0v[33 decay is always accompanied by the
2vB B decay leading to a projection of 2v[33 decay events in the peak region of Ovf3f3
decay. The fraction F of 2v({ events in the peak region can be calculated by [59, 60]

~8Q (AE\°
-2 ()

This background cannot be removed, but with a sufficiently good energy resolution both
decays can be discriminated, which is also discussed in Chapter 5.

2.5 Monte Carlo Simulations in General

Monte Carlo (MC) simulations are methods relying on repeated random sampling to
gain numerical results. They are used by experiments to obtain information about
important parameters, which cannot be measured directly, e.g. the efficiency. Analytical
calculations are often also not possible due to the complexity of the underlying physics
processes. For the description of one problem (e.g. passage of a neutron through a
slab of material) the individual likely events comprising the problem are simulated
sequentially banking temporarily generated secondary particles. The probability distri-
butions governing these events are statistically sampled to describe the total problem
by taking also into account the rules concerning individual processes and materials.
In general, the number of trials necessary to adequately describe a problem is usu-
ally large. The statistical sampling process is based on the selection of random numbers.

2.5.1 Geant4 and VENOM

The COBRA experiment uses the simulation package VENOM, which was developed
by the collaboration. It is based on the Geant4 [61, 62] simulation framework for MC
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simulations of the passage and transport through matter. Both are object-orientated
written in C++4. Geant4 is a simulation toolkit, which already offers models and cross
sections for various interactions of particles with matter and additionally provides
methods for tracking, geometry, hits, etc. VENOM uses these methods and models.
Furthermore, it provides the choice of the appropriate interaction method, initialization
of parameters, data output and geometry definitions.

Since the Geant4 9.3 version, VENOM applied the physics list of the Geant4 under-
ground physics example (DMXPhysicsList), which included the Livermore package for
low-energy electromagnetic processes down to particle energies of 250meV [63]. In
the Geant4 9.4 version, the modular physics list Shielding [64] was introduced and is
recommended for underground physics by the Geant4 collaboration. It uses the Fritiof
string model (FTF) [65, 66] and the Bertini cascade (BERT) [67] for the high and low
energies up to 5GeV ranges for proton, neutron, pion and kaon interactions. It can
be compared to the FTFP_BERT reference list [68], but uses different neutron cross-
section data: JENDL/HE-2007 [69, 70] up to 3 GeV and evaluated cross-sections above
3 GeV. Neutron interactions below 20 MeV are described by high-precision data-driven
models with data obtained from the ENDF/B-VII library [71]. Furthermore, thermal
scattering off chemically bound atoms was added for neutron energies below 4 eV. This
is important in particular for model thermalisation in plastics [72]. For electromagnetic
processes the standard physics packages [73, 74] provided by Geant4 are implemented.
Their validity range of electromagnetic models is from 1keV to 10 PeV. Both physics
lists were tested and used for the MC simulations in Chapter 4 and 5. The currently
used Geant4 version is 9.6p02.

VENOM offers two different possibilities for the definition of the simulated setup
geometry including the definition of materials and the construction of individual
volumes composing the physical geometry. The first option is to define the MC
geometry in the source code of VENOM by the user, which has several disadvantages
[75]. Therefore, an alternative was implemented using GDML!? [76]. GDML is based
on the XML document structure rules and is developed at CERN' like Geant4. Thus,
both are fully compatible. All used MC geometries in Chapter 4 and 5 were generated
with GDML.

Monte Carlo Simulation Cuts

Cuts are used in MC simulations to restrict the length of a track analyzed in the MC
saving CPU time and memory. A cut can refer to a actual length, but also to an energy
or time limit.

With the DMXPhysicsList the following cuts were used. The default cut value was set

2GDML: Geometry Description Markup Language
BBCERN: Conseil Européen pour la Recherche Nucléaire. Switzerland
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to 1 wm affecting gammas and positron interactions. For electrons the cut was decreased
to 10nm. Regarding neutrons an energy limit was set to 250eV corresponding to the
validity range of the Livermore package.

In contrast, the Shielding reference list uses only one default cut, which is fixed to
0.7 mm.

2.5.2 Precision and Accuracy of Monte Carlo Results

MC results represent an average of the contributions from many histories sampled during
the course of the problem assigning a score x; to each random walk. Typically a range of
scores will be produced depending on the selected recorded aspect and chosen variance
reduction techniques. The true answer is the expected value of z, F(x), given by

E(z) = /xf(m)dz (2.53)

with f(z) is the seldom known history score probability density function [77]. By MC
random walks f(z) is implicitly sampled and the true answer can be estimated by

_ 1
T= Z ;. (2.54)

If N approaches infinity, T tends to the limit E(x). The variance S can be estimated by
MC as well, leading to

2 _2ni=T) 5 s (2.55)

with
1 § 2

for large N [77]. The estimated variance of T is given by [77]

S2

2

52 — = (2.57)
The Equations 2.53 - 2.57 do not depend on any restriction on the distribution, beyond
requiring that E(z) exists and is finite. Furthermore, it is important to note that Sz is

proportional to 1/ V/N, which is a drawback to the MC method.

Regarding precision and accuracy of MC, there is a extremely important differ-
ence. Precision is the uncertainty in T caused by the statistical fluctuations of the x;.
In contrast, accuracy is a measure of how close the expected value E(x) is to the true
physical quantity. This aspect is schematically depicted in Figure 2.9. The difference
between E(x) and the true value is called systematic error, which is seldom known.
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Figure 2.9: Schematically depicted is the difference of the precision and the accuracy of a MC

result. Precision is the uncertainty in T caused by the statistical fluctuations of
the ;. In contrast, accuracy is a measure of how close the expected value E(z) is
to the true physical quantity, which is called systematic error [77].

Therefore, uncertainty refers only to the precision of the MC result and not to the

accuracy.

There are three factors affecting the accuracy of a MC result and additionally four

user-controlled factors regarding the precision [77]:

e The Code

Inaccuracies originating from the code encompass all physics features including
used calculations as well as mathematical methods. In addition, there can be un-
certainties in the data, e.g. transport and reaction cross sections or other constants
and in the quality of the differential cross section in energy and angle. Further-
more, coding errors can always be a problem, but GEANT4 is a mature and heavily
used simulation tool. Therefore, a serious coding error should be diminished.

Problem Modeling

Further inaccuracies arise from an inappropriate model of energy and angular
distribution of the radiation source. Additionally, the geometrical description and
the physical characteristics of the used materials are modeling factors.

The User

Regarding the accuracy, user errors involving the problem input or subroutines
are the main issues, followed by the abuse of variance reduction techniques. Fur-
thermore, the precision is affected by the following user-controlled choices. First,
the choice of forward vs. adjoined calculation depends on the relative sizes of
the source and detector regions. Forward calculations transport particles from
source to detector whereas in adjoined calculations the particles are transported
backwards from detector to source. In this work forward calculations are used,
because they are preferable if the detector is larger and the source region is small.
In addition, the detector size is important. Hence, lower-dimensional detectors are
easier to estimate than larger ones. At least, the number of simulated particles
will improve the precision, because the precision is proportional to 1/ V'N.
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The COBRA Experiment

3.1 The Concept of COBRA

The aim of the next-generation experiment COBRA® [78] is to prove the existence of
the 0vf3 3 decay and to measure its half-life by using cadmium zinc telluride (CdZnTe)
semiconductor detectors.

The concept for a large scale setup consists of a three dimensional array of CdZnTe detec-
tors with a total mass of several hundred kg enriched in ''6Cd up to 90 %. CdZnTe con-
tains nine double beta candidates, some of them being B+ emitters, listed in Table 3.1.

Table 3.1: Tabulated are 33 isotopes in CdZnTe with their decay mode, Q-value and natural
abundance. The most interesting isotopes for COBRA are '6Cd (high Q-value),
139Te (high nat. abundance) and '°6Cd (high Q-value, 2B emitter). [78, 79]

Isotope Decay Mode | Q-value | nat. Abundance

[keV] [%]
07n 2B~ 1001 0.62
H4Cd 2B~ 534 28.7
116Cd 2B~ 2814 7.5
128 e 23~ 868 31.7
130Te 28~ 2527 33.8
106Ccq | 23* - B+/EC — EC/EC 2771 1.21
647n BT /EC - EC/EC 1096 48.6
120Te BT/EC — EC/EC 1722 0.1
108Cd EC/EC 231 0.9

The detector material provides its own source, allowing for high masses and a high
detection efficiency. In addition, CdZnTe has important advantages. The material is

LCOBRA: CdZnTe 0vBp Research Apparatus, Italy
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radiopure, can be operated at room temperature and still provides an excellent energy
resolution of a few percent. Furthermore, due to the industrial development of CdZnTe
detectors, it is a mature technology and comparatively inexpensive. In Figure 3.1 the
CdZnTe detectors are illustrated in two different sizes. The smaller one has a size of
1cm?® and is operated in the demonstrator setup, while the larger ones are of a size of
6 cm® and are discussed for a large scale setup.

Figure 3.1: Depicted are CdZnTe detectors in two different sizes (1cm?® and 6cm?®). The
smaller one is operated in the demonstrator setup, while the larger ones are in-
vestigated for a large scale setup. Furthermore, two different electrode designs are
considered. [80]

As 116Cd has a high Q-value (2814 keV), a good matrix element and a large phase space
it is certainly the most interesting isotope for COBRA. The high Q-value is well above
the prominent full-energy peak of the 2°¥T1 y-line (2615keV), which is an advantage
concerning the background level. A drawback of '6Cd is its low 2vBB decay half-life
in the order of 10'” years leading to the necessity of a very good energy resolution to
disentangle the 2v and 0vp decay. In addition, the detection sensitivity for decays
of other double beta isotopes with smaller Q-value, e.g. 139Te, is limited.

Next to 116Cd, 139Te with a high natural abundance and '°Cd, which also has a high
Q-value, are interesting. Even though the Q-value of 139Te is not above the 293T1 y-line,
it is between the full-energy peak and the Compton edge of this line, which is helpful to
reduce the y-background. Additionally to its high natural abundance, the half-life of the
2vp B decay half-life is high. Therefore, expensive isotope enrichment will be cheaper
and due to the high 2vpp decay half-life in the order of 10?! years, less 2vRp decay
background will be detected in the OV decay signal region.

106Cqd is one of the most promising candidates for 0vBT BT decay. The Q-value is
relatively large, but the phase space is reduced, because the energy is decreased by 4-m.
due to the emission of two positrons, see section 2.2.1. Nevertheless, with the planned
array of several thousand of CdZnTe detectors, it is possible for a coincidence analysis,
which focuses on the detection of simultaneous signals in more than one detector. The
very distinctive signature of this decay in form of four gamma lines at 511keV can
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therefore be detected. The BT/EC decay mode is interesting in particular, because
of a possible contribution of a right handed current, the second most popular decay
mechanism for 0v@ 3 decay after the mass driven mechanism [39].

3.2 CPG Detector Technology

Within the R&D program, two different detector technologies are investigated. These
are coplanar grid detectors (CPG) and pixelated detectors. The efforts referring to the
investigation of pixelated detectors are not considered in this thesis, but are discussed
in [81].

The CPG technology [82] was developed for CdZnTe to counteract the missing hole
signal at the cathode of the detector. Due to a smaller drift velocity compared to the
electrons and the presence of high concentrations of hole-trapping defects, the hole signal
is mostly lost during data acquisition (DAQ). This problem can be solved by an anode
which is structured into two comb-shaped parts isolated from each other emulating the
function of a Frisch grid [83], which is commonly employed in gas and liquid ionization
detectors. The two parts of the anode are on a slightly different potential and are read
out separately. The amplitudes of the two pulses form the basis of event reconstruction.
The opposite side of the CPG is a uniform cathode. In Figure 3.1 the two comb-shaped
parts of the anode can be seen. For the bigger detectors two different electrode layouts
are investigated.

In operation a high-voltage (~ 1kV) is applied between the cathode and one anode, while
a bias (~ 50-100V) is applied between the anodes. With such a readout approach, high
masses with only a small number of readout channels are possible. Near to the ROI? at
the Q-value of 1Cd energy resolutions better than 2% FWHM at 2615keV with cost
efficient low resolution detectors were achieved.

The anode held at higher potential is called collecting anode (CA), while the other
anode refers to the non-collecting anode (NCA). Electrons, which were excited into the
conduction band by a particle interaction in the bulk of the detector, drift straight
towards the anode plane until they get close to the anode grid rails. Here, they are
diverted by the near-anode field and collected in the CA. The proper treatment of the
design principle follows the Shockley-Ramo theorem [84] and begins with the calculation
of the weighting potentials. In Figure 3.2 the weighting potential of the CA and NCA
was calculated along a plane through the center of the detector. The two weighting
potentials are nearly equal at most locations in the detector and arise with a slope of
1/2 between the cathode and the anode plane. The CA and NCA weighting potentials
are 1 and 0 respectively, by definition, at the CA rail. These properties of the weighting
potential allow for a difference signal based on the raw CA and NCA signals, that is
proportional to the charge from ionization and independent of the interaction depth.
Following the Shockley-Ramo theorem the raw CA Agca and NCA signal Agnca are

2ROLI: region of interest
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CA weighting potential
NCA weighting potential

(b) NCA

Figure 3.2: Depicted are the weighting potentials for the CA and NCA calculated along a plane
through the center of the detector, which are nearly equal at most locations. From
the cathode and the anode plane the weighting potential arises with a slope of 1/2.
[85]

Aqoa = %QO(ZO +1) (3.1)
Agnca = %Qo(zo - 1), (3.2)

with the magnitude of mobile charge Qg produced by the interaction at a distances zg
between the anode plane and the interaction location. The depth dependence is removed
by subtraction

Qo = Agca — Agnca. (3.3)

Since Agnca is always negative, the equation represents a sum of the absolute ampli-
tudes. To reconstruct the interaction depth zp, the charge magnitude dependence is
removed

o= Agca + Agqnea
Agca — Agqneoa

(3.4)

These operational principles are the zeroth-order behavior. First-order effects, like elec-
tron trapping or hole trapping, complicate this simple picture and are further discussed
in [85].
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3.3 Demonstrator Setup

The COBRA demonstrator setup is situated in the Italian underground laboratory
LNGS to investigate the experimental issues of operating CdZnTe detectors in a low
background environment and to identify potential background sources, while additional
studies are being proceeded in surface laboratories.

The LNGS has an overburden of 1400 m of rock coverage corresponding to approximately
3800m w.e. reducing the cosmic ray flux by about six orders of magnitude.

The current setup is able to handle in total 64 1cm?® CPG detectors, arranged in four
layers each holding 4 x 4 detectors in a Delrin® support structure, shown in Figure 3.3b.
The whole setup is schematically depicted in Figure 3.3a. To shield against the external
gamma flux, 5 cm of ultra-radiopure copper and 20 cm of low-radioactivity lead surround
the inner detector chamber. Coaxial cables and copper traces on a Kapton?* foil, which
are fed through the shield, guarantee the supply of bias voltage and signal read out.
Pre-amplifiers for semiconductor detectors have to be very sensitive. Electromagnetic
(EM) disturbances can disturb the pre-amplifier by faking physics events in the cables
from detector to the pre-amplifier or in the pre-amplifier itself. Therefore, the lead
castle is enclosed by an electromagnetic interference (EMI) shield made of galvanized
steel sheets, housing also the pre-amplifier of the readout chain. The weakest point of
an EMI shield is the feed-through of the cables to operate the pre-amplifier. Thus, a
copper chute was constructed to complete the EMI shield [86].

Since natural Cadmium contains 12 % abundance of the isotope ''3Cd, which has a very
high cross section for thermal neutron capture, especially thermal neutrons have to be
shielded. Therefore, the last layer consists of 7 cm boron-loaded polyethylene.

The whole setup is flushed with gaseous nitrogen constantly preventing radon contami-
nation. The nitrogen is evaporated from liquid nitrogen.

In November 2013 the last layer was installed.

The DAQ system records complete pulse shapes for each event using 128 ADCs® and is
optimized for event reconstruction and to allow for event discrimination.

In addition, a pulser was installed to send a simultaneous, fixed-amplitude signal to the
pre-amplifier allowing stability tests of the DAQ system and more important coincidence
analysis over the full detector array due to the synchronization of the clocks in the ADC
modules. A time resolution smaller than 0.5 ms is achieved [87].

3Delrin: Polyoxymethylene (POM) developed by DuPont
4Kapton: Polyimide developed by DuPont and used for flexible circuits
®ADC: Analog-to-digital converter
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Boron-loaded PE Pre-amplifier Radon-tight L ead
with cooling Plexibox

(a) Schematic demonstrator setup

(b) Complete 4 x 4 CPG detectors layer

Figure 3.3: Shown are pictures of the demonstrator setup at LNGS. The first picture shows
the whole setup schematically. The shield is constructed out of copper and lead.
Furthermore, an EMI shield surrounds the lead castle covered with boron-loaded
polyethylene. A layer out of 4 x 4 CPG detectors supported by a Delrin structure
with the bias supply and read-out cable can be seen in the second one. Altogether,
four layers are implemented in the demonstrator setup.
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3.4 Current Status

Since November 2013 COBRA operates 64 1 cm?® CPG detectors arranged in four layers
in the demonstrator setup at the LNGS. Furthermore, calibration runs with ?’Na and
228Th are regularly performed. At the time of this thesis only the data with layer 1 (L1)
and layer 2 (L2) was calibrated and available. Altogether, an exposure of 84.376 kg-days
was achieved until June 2013. With a rate of approximately 2.0kg-days/week for 48
detectors and 2.7 kg-days/week for 64 detectors the exposure is expected to be much
higher for the combined data with the third (Start: July 2013) and forth layer (Start:
November 2013). The processing and analysis algorithms of the recorded pulse shapes
were implemented in the software package MAnTiCORES. It offers special support to
manage and track the numerous processing settings and calibration parameters. Further
information about the analysis algorithms is described in citeschulz.

Figure 3.4 shows the energy resolution of 32 1 cm?® CPG detectors, which are operated in
the demonstrator setup at LNGS. The median value is 1.5 % FWHM. The two worst de-
tectors are from an older batch and not representative of detectors that will be deployed
in the future.

Number of detectors

0 I I I | N T — I 1 L1 1 |- — 1 I
0.5 1 1.5 2 2.5 3 3.5

Energy resolution (% FWHM)

Figure 3.4: Plotted are the resolutions of 32 operating detectors in the demonstrator setup at
LNGS extrapolated to 2.814 MeV. The two worst detectors, indicated with a
dashed red line, are from an older batch and not representative. The median
value is 1.5 % FWHM. [87]

Figure 3.5 shows the spectrum of the L2 data. Here, the interaction depth z is plotted
against the deposited energy E. The cathode is positioned at z = 1, while are at z = 0.

SMAnTiCORE: Multiple-Analysis Toolkit for the COBRA Experiment
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Figure 3.5: Shown is the interaction depth z versus the deposited energy F of the L2 data,
corresponding to an exposure of 84.376 kgd. The following feature can be identified:
B spectrum from ''3Cd in the high counting region below 200keV, x peak at
3.249 MeV from '*OPt, « peak at 5.407 MeV from 2!°Po, radon progeny in the
hump region (0.8 < z < 1), vy lines at 1.46 MeV from *°K and at 0.511 MeV
from annihilation. Other events correspond mostly to & contamination on lateral
surfaces, which also cause the main background in the ROI.

Some important features and background sources can be identified. In the high counting
region below 200keV the B spectrum from '3Cd can be seen. This background source
is part of the detector material, therefore intrinsic and irreducible. At the cathode side
(z = 1) two regions with higher statistic corresponding to « peaks can be recognized.
The first peak at 3.249 MeV corresponds to '"OPt. Platinum is part of the cathode
material. The second one at 5.407 MeV belongs to 21°Po. Polonium is a progeny of
radon and its grandmother nuclide 2!°Pb with its high half-life of 22.3 years is able to
settle down on surfaces, in particular on statically charged surfaces, see section 2.4.3.
Furthermore, a hump between 0.8 < z < 1 can also be assigned to the radon progeny
210Bi and 2!%Po, which deposited on the surface of Delrin support structure [88].

The anode region (z = 0) is dominated by reconstruction distortions, which also cause
reconstructed events with z < 0 or z > 1. In addition, a y line at 1.46 MeV originating
from 4°K can be spotted. A second vy line at 0.511 MeV from annihilation is also visible.
Other events originate mainly from « contamination on lateral surfaces [89], which also
cause the main background in the ROI. Thus, they also have to be considered as potential
background sources for a large scale setup and are further investigated in Chapter 5.



Chapter 4

Development of a Shield

An efficient radiation shield for a large scale COBRA experiment is developed by Monte
Carlo simulations comparing commercially available shielding materials. A shield is
the crucial setup part to achieve a total background level of 1073/kg/keV/yr to be
competitive with other experiments. Thus, the goal was to identify the most effective
combination of different material layers to reduce external radiation to a minimum.

A discussion about Monte Carlo simulations in general, the used simulation framework
and applied cuts can be found in Section 2.5.

4.1 Method

Regarding the listed categories of background sources in Section 2.4, the most important
one is radioactivity in the environment, the detector, support structures, surrounding
air and the shielding material. For the development of a shield the radioimpurity of
the detector itself and the surrounding support structure and air cannot be influenced
and has to be dealt with other techniques, like e.g. coincidence analysis. Furthermore,
radiopurity of the shielding materials has to be considered for the ordering of the
individual layers. Produced «, 3,y rays in the shield material, e.g. lead, should be
removed by other material layers. Therefore, a more radiopure material, e.g. copper,
should be used as inner layer instead of e.g. lead. Furthermore, radioactivity in
the environment, e.g. from the rock or concrete, has to considered. But as «,f3,vy
rays generated in the shield are re-absorbed, also radioactivity in the environment is
negligible. More important for the development of a shield are higher energetic particles
from the primary and secondary component of cosmic rays. Here, muons can be
generally vetoed by a possible active component of a shield or, especially for COBRA,
identified by the modular design through coincidence analysis. Another component
are muon-induced neutrons, which can travel large distances unnoticed, because the
neutron energy can have up to several GeV and they carry no charge. Furthermore,
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natural cadmium contains the isotope '3Cd, which has a high cross section for neutron
capture, with a natural abundance of 12.22%. In a 3Cd(n,y)!**Cd reaction y rays
with an energy of several MeV are emitted resulting in possible entries in the ROI.
Thus, the development of a shield starts with tests for the effectiveness in shielding
against high-energetic muon-induced neutrons keeping in mind material properties, like
radiopurity.

The strategy to investigate a shield was to examine each considered material for
its muon-induced neutron interactions properties, see Section 4.3, and then to maximize
the attenuation for the neutron radiation by combining multiple materials, building a
multi-layer shield, see chapter 4.4.

Any neutron shield has to be constructed in a way that high-energetic neutrons are
moderated as fast as possible and subsequently captured. An accompanied complica-
tion for the shield design are secondaries, like gammas from capture processes. Their
production and attenuation are also regarded. Additionally, a shield should be as
compact and cost-effective as possible.

In the simulation monoenergetic neutrons were aimed at the center of a 1 m thick slab,
subdivided into 1 mm thick slices, of each material. The used GDML geometry had the
size of 10mx10mx1m. The dimension in x and y are much larger as in z, guaranteeing
the whole hadronic shower is contained. The geometry is schematically depicted in
Figure 4.1. Here, the blue arrows represent the incoming monoenergetic neutrons,
while the red arrows represent the neutron flux after passing through the material. In
addition, the neutrons are tracked throughout the volume, because of the fine binning.
The energies of the simulated neutrons E vary between 1keV and 10MeV to cover
a wide energy range. Neutrons with energies smaller than 1keV can be neglected,
although they are much more common, see Table 2.3 in Section 2.4, but are not able to
either reach or penetrate a shield.

A standard neutron shield consists of three layers: a moderator, an absorber
and a high-density material, e.g. a metal [90]. The high-density material can be used
for photon absorption or neutron capture and moderation or even both. Therefore,
the position of the metal was either set in front or behind the moderator and absorber
combination. The most efficient moderator is hydrogen, because neutrons can lose up
to all of its energy in one collision. For heavier nuclei, only partial energy transfer is
possible. If the energy of the neutron is sufficiently high, inelastic scattering can take
place in which the remaining nucleus is elevated to an excited state. Although the
neutron loses a greater fraction of its energy compared to an elastic scattering, the
nucleus de-excites, emitting a gamma ray leading to secondary radiation. For more
information about neutron interactions and the production of other secondaries in
general, see Section 2.3.4.
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neutrons

N e

Figure 4.1: Schematically plotted is the GDML geometry used for the simulations of the
development of a shield. The dimensions are 10 mx 10 mx1 m, guarenteeing the
whole shower is contained. The blue arrows represent the incoming monoenergetic
neutrons, while the red arrows represent the neutron flux after passing through
the material. The incident energies vary between 1keV and 10 MeV.

Popular absorber materials next to gadolinium and cadmium are boron and lithium,
which can also be combined with hydrocarbons. For 1B the reaction can be written as

MTi+4 round state
150B +(1] n— {3 2 &
TLi* +3 o excited state

For thermal neutrons about 94 % of all reactions lead to the excited state [45]. Another
popular reaction with ®Li is the following. Here, the reaction proceeds only to the ground
state.

Li+gn —3 H+5

In Figure A.1 the total cross section for neutrons in '°B and SLi are plotted. It is shown
that for a wide energy range the total cross section is above 1 barn. For thermal neutrons
at approximately 1 meV the total cross section increases rapidly due to (n,«) reactions.
For neutron energies above 1 MeV inelastic scattering becomes important.

Produced secondary « particles can be neglected, because due to the high-density mate-
rial in the shield the energy loss is great, see also Section 2.3.1. However, also neutrons
can be produced through (a,n) reactions and are further discussed as possible back-
ground source in Section 5.

The considered materials with their properties concerning composition and density used
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in the simulations are listed in Table 4.1. All tabulated materials are commercially
available and most of them are special neutron shielding materials, e.g. (doped) hydro-
carbons. In addition, some pure metals like copper, lead and iron were added.

Table 4.1: Tabulated are the composition and the density of the examined materials. Most of
them are special neutron shielding materials, e.g. hydrocarbons. In addition some
pure metals like copper, lead and iron were added for photon capture purpose.

Material Composition | Density
[ratio] | [g/cm?]

Copper nat. 8.96
Lead nat. 11.35
Iron nat. 7.824
PE CH; [1:2] 0.92
PE+Li (7.5%) | CHg,Li [1:2:0.24] 1.06
PE+B (30 %) CH2,B [1:2:0.34] 1.12
PE+B (5%) CHs,B [1:2:0.18] 1.6

With the received data, the best neutron attenuators can be determined as well as the
development of the hadronic shower throughout the material investigated. After the
shield the combination of the neutron and gamma rate as well as their kinetic energy
should be reduced to a minimum. This way, they can be neglected as background
sources. Furthermore, the thickness of single shield layers is varied in 5 or 10 cm steps
due to the standardized size of material bricks. In total, the shield should have a size
of maximal 40 cm to fit in the current hut at LNGS.

In the analysis of the simulations the neutron and gamma population is investi-
gated as function of the thickness d of the block. The population is defined as
Ni g
Nn,sim
with ¢ = n,y and the incident neutron energy E = 1keV,2.5MeV,5MeV,10MeV. N; g
is the number of neutrons or gammas in a single 1mm bin, while Ny gm is the total

Ni,norm,E = (41)

number of simulated neutrons. In general, a quantity of 10 neutrons was generated per
simulation. Therefore, Ny ¢im = 10%. Furthermore, two cuts were applied to N; . The
first one deals with the momentum direction to reduce backscattering effects. Compared
to the schematic plot of the used geometry in Figure 4.1 the momentum in z, p., has to
be smaller than zero

Pz < 0 with i =n,y. (4.2)

The second cut neglects stopped neutrons and gammas with kinetic energy FE};, equal
to zero

Ekin,i > 0 with 2 = n,vy. (43)
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4.1.1 Previous Shield Design

A passive shield was already developed by D.Y. Stewart from the University of War-
wick [91] concerning neutrons and photons attenuation. In Figure 4.2 the shield design
is schematically depicted. A special feature of this shield is a recurring sequence of
polyethylene (PE), 5 %-boronated polyethylene PEB5 and lead guaranteeing a neutron
moderation and absorption followed by a gamma capture material. Furthermore, layers
of lithium-doped (PELi) and bismuth-doped polyethylene (PEBIi) are used.

PELi (1cm)
PEB5 (1cm)

PE (9cm)
Lead (5cm)

neutrons

V4
)
Iron (10cm)

PEBi (1cm)

Figure 4.2: Schematically illustrated is the shield design by the University of Warwick. It
consists of eleven narrow layers making it complex and hard to construct.

On the other hand, due to eleven layers in total, the shield design is complex. Fur-
thermore, many layers are narrow with only 1cm thickness requesting a more difficult
mounting construction. The whole shield has a size of 52 cm.

4.2 Comparison of the Physics Lists

In Section 2.5 the simulation package VENOM was introduced. Furthermore, the two
relevant physics lists used with VENOM, DMXPhysicsList and Shielding, were dis-
cussed.

For the shield development both physics list were tested and compared with each other.
For the test simulation, neutrons with an initial energy of 5MeV were aimed at a 1 m
slab of material, either PEB5 or lead. Furthermore, the slab is subdivided into 1 mm
bins as discussed in Section 4.1. Due to different cuts', which are applied within the
individual lists, all test simulations were performed four times. The neutron quantity is
10° for each simulation.

Figure 4.3a shows the neutron attenuation N, normsMev, defined in Equation 4.1, for
PEB5 and lead. The general shape of the spectra is discussed in Section 4.3. However,

! As described in Section 2.5, the default cut of the DMXPhysicsList is 1 um, while in the Shielding
physics list 0.7 mm were set.
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all four simulations with PEB5 show the identical development. For the lead simulations
small deviations can be identified, but can be neglected. Nevertheless, the shape is the
same.

The production and attenuation of gammas Ny norm 5Mev is plotted in Figure 4.3b. Here,
the development for the rate in lead as well as in PEBS are equal no matter which physics
list or corresponding cut were used. Therefore, both physics lists are in agreement within
the statistic error.

However, the Shielding reference list is an official Geant4 physics lists and recommended
by the Geant4 collaboration leading to regular maintenance and updates, while the
DMZXPhysicsList originates from a Geant4 example. Hence, for all further simulations
the Shielding reference list with the implemented default cuts is used.
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DMXPhysicsList (0.7mm): PEB5
DMXPhysicsList (0.7mm): Lead
DMXPhysicsList (1 um): PEB5
DMXPhysicsList (1 um): Lead
Shielding (0.7mm): PEB5
Shielding (0.7mm): Lead
Shielding (1 um): PEB5
Shielding (1 um): Lead

Nn norm,5MeV
>

L L L L L L L ‘ L
200 300 400 500 600 700 800 900 1000

(a) Neutron population Ny norm,smev for PEB5 and Lead
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Shielding (0.7mm): Lead
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(b) Gamma population Ny normsMmev for PEB5 and Lead

Figure 4.3: Plotted are the population of neutrons Ny, norm,5Mev and gammas Ny norm,5Mev il
PEB5 and lead simulated with different physics lists and applied cuts. The shape
of all four spectra fit to each other. The neutron population for PEB5 as well as
the gamma population for PEB5 and lead show the same result. For the neutron
population of lead small deviations can be identified, but can be neglected.
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4.3 Single-layer Shield Properties

In this section the properties of the considered materials are investigated concerning the
effectiveness to shield muon-induced neutrons. As described in Section 4.1, neutrons
were aimed at a 1 m thick slab of material. The simulated neutron energies F are 1keV,
2.5MeV, 5MeV and 10 MeV and in the analysis the neutron and gamma population,
see Equation 4.1, is calculated depending on the thickness d of the block.

In Figure 4.4a the neutron population Ny norm,1kev is depicted. The PEB5 performs
best next to the lithium doped polyethylene (PELi) and the 30 %-boronated polyethy-
lene (PEB30). Here, less than 5cm are sufficient to reduce the neutron rate below 1072
for all three materials. The cross section for (n,«) reactions is one order of magnitude
higher for boron than for lithium, see Figure A.1. Therefore, boron absorbs neutrons
better. On the other hand, fast neutrons are less moderated if the abundance of boron is
higher. Hence, less neutrons are captured by PEB30 compared to PEB5 after a certain
thickness d. After 8 cm of PEB30 the neutron rate can be reduced down to 10, while
2cm are already sufficient for PEB5. The doped hydrocarbons clearly dominate the
pure polyethylene due to (n,x) reactions of thermal neutrons. In contrast, all metals are
decreasing the neutron population worse and need much higher thicknesses of material,
e. g. iron requires 30cm for a neutron rate below 1%, because for neutron energies
less than 1 MeV elastic scattering dominates in metals. Furthermore, the cross section
of (n,) reactions, exemplary depicted in Figure A.2a for 2°Pb and in Figure A.2b for
63Cu, is several orders of magnitude smaller compared to '°B and °Li.

In Figure 4.4b the gamma population originating from (n,y)-reactions is plotted. Here,
lead is a superior shielding material. The y-production is smaller than from all other
materials reaching roughly 10~3 at maximum, because the cross section for radiative
capture has a minimum for neutrons with an energy of 1keV. But even though, with
decreasing neutron energy, the cross section increases gently and thus also the gamma
rate. In contrast, the hydrocarbons show a remarkable feature that has to be kept in
mind. Although their performance with respect to neutron moderation and capture is
very good, there is a huge difference in terms of photon attenuation. Thus, all hydro-
carbons perform worse than the high-density materials calling for a 30 cm thick block
of material at least to reduce the photon rate below 10~2 comparing to 25cm for the
worst displayed metal iron.

Concentrating on the determination of the thickness of a shield or for the first layer of
a potential multi-layer shield, neutrons with higher energy are examined. The neutron
population with an initial energy of 5 MeV Ny norm 5 Mev is depicted in Figure 4.5a. The
result is comparable to the data received from the simulations with an initial energy
of 1keV. The best performing material is PEB5. The neutron population drops by
three orders of magnitude for PEB5 after less than 10cm and by less than one order
of magnitude lead after 1 m. The corresponding gamma population per simulated neu-
tron with an initial energy of 5 MeV Ny jorm 5Mev is shown in Figure 4.5b. Compared
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Figure 4.4: Plotted is the population for neutrons and gammas for an incident neutron energy

to the

of E = 1keV. Regarding effectiveness against neutron shielding PEB5 performs
best next to PELi and PEB30, while lead shows a low production rate for gammas.

results of £ = 1keV the gamma population in metals increases for £ = 5MeV

because inelastic scattering and radiative capture becomes more important with increas-
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Figure 4.5: Plotted is the population for neutrons and gammas for an incident neutron energy
of E = 5MeV. The results are comparable to the £ = 1keV simulation. For an
effective neutron attenuation PEB5 or PELI is the best choice, while lead performs
best regarding (n,y) self shielding effects.

ing neutron energy. Regarding self-absorption of gamma rays, it is shown that PE and
nearly all doped PEs hardly re-absorb their own gamma radiation, making more than
1m material necessary to decrease the gamma rate below 1072, An exception is PEB5
demanding approximately 35 cm. The superior material lead for £ = 1keV, produces
a maximum number of photons of 0.11 in the £ = 5MeV case. Copper generates in
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contrast a maximum number of photons of 0.5. Furthermore, the gamma population
drops below 1072 after 30 cm of lead, whereas copper needs 60 cm. Therefore, lead is the
best choice for shields up to a thickness of 30 cm. For thicker shields PEB5 reduces the
gamma rate better, because all neutrons are captured and thus, no additional gammas
are produced. With this, even lower rates are achievable. Therefore, PEB5 would be
the best choice for a possible single-layer shield due to the great properties concerning
neutron attenuation. However, not only the quantity is decisive, but also the kinematic
energy of the remaining particles. Figure 4.6 shows the kinetic energy of neutrons and
gammas after a certain thickness of PEB5 shield for an initial neutron energy of 5 MeV.
The kinetic energy for neutrons after 5cm and 10 cm of PEB5 differ from each other.
Although the shape resemble, the quantity is reduced by two orders of magnitude for a
thicker shield. Yet, few neutrons with energy above the ROI are registered. For gam-
mas, even after 50 cm kinetic energies above the ROI are detected. Thus, a single-layer
shield is unpractical due to the necessity of more than 50 cm of material.

For higher initial neutron energies the material thickness has to be larger. In Figures
C.1-C.2 in Appendix C the neutron and gamma population are plotted for initial en-
ergies E of 2.5 MeV and 10 MeV.

In Table 4.2 necessary thicknesses of materials are summarized regarding an effective
neutron attenuation and (n,y) self-absorbing effects. Here, the neutron rate is below
102 and the gamma rate below 1073 referring to the performance of PEB5.

Table 4.2: Summarized are thicknesses of different materials regarding an effective neutron
attenuation and (n,y) self-absorbing effects with different initial neutron energies £
for the first layer of a shield. The neutron rate is below 10~2 and the gamma rate
below 1072 referring to the performance of PEB5.

Neutron population Gamma population
d [cm] | d [cm] d [cm)] d [cm] | d [cm] d [cm]
(2.5MeV) | (5MeV) | (10MeV) (2.5MeV) | (5MeV) | (10MeV)
Copper 80 < 85 85 || Copper 85 <90 <90
Lead < 100 > 100 > 100 || Lead < 65 <70 <90
Iron < 100 > 100 > 100 || Iron 100 > 100 > 100
PE 30 < 50 55 || PE > 100 > 100 > 100
PELi <10 <15 15 || PELi 80 < 85 90
PEB30 <25 < 40 <45 || PEB30 85 > 100 > 100
PEB5 <5 <10 10 || PEB5 45 < 50 < 55

Regarding an effective neutron attenuation also PELi is a good choice. With a maximum
thickness of 10cm for Fy gm = 10MeV the neutron population can be reduced down
to 1072
thin layers, whereas PEB5 is the better material for thicker layers. But even though, a

In contrast, lead is the best choice regarding (n,y) self shielding effects for

multi-layer shield is required to reduce the combined neutron and gamma rate further.
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Figure 4.6: Plotted is the kinetic energy for neutrons and gammas for an incident neutron
energy of F = 5MeV in a PEBS5 shield after certain thicknesses. The shape of
the kinetic energy spectra for neutrons resemble after 5cm and 10 cm of PEB5,
although the quantity is reduced by two orders of magnitude. Few neutrons with
energy above the ROI are registered. For gammas still after 50 cm the energies
above the ROI are detected.
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4.4 Multi-layer Shield Properties

In this section the most effective combination of three materials is defined starting with
the determination of the thickness of the second material layer. Recommended thickness
of a single layer shield or rather the first layer was already determined in Section 4.3
and summarized in Table 4.2.

For this purpose, the GDML geometry consisting of a 1 m thick block was divided into
two material layers. To investigate the flux of neutrons and neutron-induced secondary
radiation the block was subdivided into 1 mm slices. A neutron beam with different
initial energies was then focused to the center of the block. Regarding Section 4.3,
considered combinations were:

PEB5 (10 cm) — Lead/Copper (90 cm)
PELi (10cm) — Lead/Copper (90 cm)

Doped polyethylene displayed a very good performance concerning neutron attenuation
and 10 cm of material is sufficient to reduce the neutron population below 10~ for initial
neutron energies up to 10 MeV. Furthermore, lead is the best choice for thinner layers
to decrease gamma population. Copper is added, because it can be produced radiopure,
even though it shows a worse performance regarding neutron attenuation and (n,y) self
shielding effects.

In Figure 4.7a the neutron attenuation Ny norm,5Mev is plotted for an incident neutron
energy of £ = 5MeV. The results from Section 4.3 are confirmed. After 10 cm of PEB5
the neutron rate drops below 1073, whereas 10cm of PELi only reach 0.03. At the
border to the second layer the neutron rate drops. The neutrons are backscattered and
thus, removed by the cut, see Equation 4.3. The further attenuation of neutrons can be
distinguished between copper and lead. In both cases, copper reduces the neutron rate
better, because the cross section for radiative capture is approximately five orders of
magnitude higher, see Figure A.2. Nevertheless, the neutron rate slopes down gentler.
Thus, more high-density material is needed to decrease the neutron rate by one order of
magnitude, e.g. 35 cm of copper in combination with 10 cmm PEBS for the most compact
solution.

Regarding the gamma population Ny norm,5Mev, depicted in Figure 4.7b, the results
from Section 4.3 are also confirmed. After an increase within the doped PE layer, both
metals, especially lead, decrease the photon rate effectively, because less neutrons with
smaller energies are entering the lead layer. After additional 10 cm of lead the gamma
rate is reduced to 10~* for neutron energies £ < 5MeV for PEB5.

In Figure 4.8 the kinetic energy of neutrons and gammas after a certain thickness are
plotted for the PEB5 —Lead shield. The quantity of neutrons is decreased from 584 to
577 by adding 10 cm of additional lead. Also, the energy distribution is moved to lower
energies from 0.81 MeV to 0.46 MeV calculated as average. However, the difference
between the distribution after 20 cm or 30 ¢cm is minimal. In contrast, for the gamma
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Figure 4.7: Plotted is the population for neutrons and gammas for an incident neutron energy
of E = 5MeV in two layer shields. PEB5/PELi reduces the neutron rate down
to 1072/0.03. The further attenuation of neutrons can be distinguished between
copper and lead. Copper reduces the neutron rate better. Regarding the gamma
population both metals, especially lead, decrease the photon rate effectively.
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Figure 4.8: Plotted is the kinetic energy for neutrons and gammas for an incident neutron
energy of E = 5MeV in a PEB5 (10cm)—Lead shield after certain thicknesses.
The spectra of the kinetic energy for neutrons equal with minimal deviations. For
gammas, their population is decreased for an additional 10 cm of lead.
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population the additional 10 cm of lead are decisive. The quantity is reduced from 58
to 3 entries. Yet, a statement for the kinetic energy distribution is limited due to the
statistic. The kinetic energy average 1.5 MeV after 10 cm of lead compared to 1.6 MeV
after 20 cm.

In Table 4.3 necessary thicknesses for the second material layer are summarized
regarding an effective neutron attenuation and (n,y) self-absorbing effects for different
initial energies compared to the combination of 10 cm PEB5 and 10 cm lead. The corre-
sponding figures for £ = 2.5 and 10 MeV can be found in Appendix C, Figure C.3—C.4.

Table 4.3: Summarized are thicknesses of lead and copper in combination with either PELi
or PEB5 regarding an effective neutron attenuation and (n,y) self-absorbing effects
with different initial neutron energies E as second layer of a shield. The neutron rate

is below 10~3 and the gamma rate below 10~ corresponding to the performance of
the PEB5 (10 cm)—Lead (10 cm) shield.

Neutron population
d [em] | d [cm] d [cm)]
(2.5MeV) | (5MeV) | (10 MeV)
PELi (10cm), Lead - 90 > 90
PELi (10cm), Copper - < 50 <170
PEB5 (10cm), Lead - - 60
PEB5 (10cm), Copper — — < 30
Gamma population
d [em] | d [cm] d [cm]
(2.5MeV) | (5MeV) | (10MeV)
PELi (10cm), Lead <10 <25 > 90
PELi (10cm), Copper < 20 < 50 70
PEB5 (10cm), Lead <10 10 20
PEB5 (10cm), Copper 15 <20 <35

No second layer is necessary for neutron energies £ < 5MeV for PEBS or E < 2.5 MeV
for PELi to reduce the neutron population down to 1073. For higher energies copper
is the best choice. Regarding (n,y) self-shielding effects, lead is recommendable. Espe-
cially for higher energies, lead performs better. Here, only 20 cm are needed compared
to 35 cm for copper in combination with PEB5 for £ = 10 MeV.

As already mentioned, a standard neutron shield is built of three layers: moderator, ab-
sorber and metal. In this study the moderator and the absorber were combined to one
layer. Thus, doped PE is used. Furthermore, lead is used for gamma capture and atten-
uation purposes. Therefore, a standard neutron shield is complete. But even though,
in regard to other important and already discussed background sources, especially ra-
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dioactivity, copper is used as inner layer, the third layer.

For the determination of the thickness of the third layer, the simulation is comparable
to the previous one determining the thickness of the first and second layer. The used
GDML geometry consists of a 1 m thick block containing now three materials. Neutron
beams with different initial energies were then also focused to the center of the block.

Considered combinations were:

Lead (30cm) — PEB5 (10 cm) — Copper (60 cm)
PEB5 (10cm) — Lead (10 cm) — Copper (80 cm)
PEB5 (10cm) — Lead (20 cm) — Copper (70 cm)

To investigate the order of the materials, a shield starting with lead instead of doped
PE was added to the list. Furthermore, the thickness of lead as second layer is varied
to satisfy neutron energies up to 10 MeV.

Figure 4.9a displays the neutron attenuation Ny norm,5Mev for the three shield combi-
nations. The shield with lead as first layer is very effective to reduce the neutron rate
to 107° after 40cm in total. Therefore, no third layer is necessary. In contrast, the
combination does not reduce the photon rate sufficiently. In Figure 4.9b the photon
population Ny norm,5Mev is depicted. At first, the gamma rate decreases down to 1072,
increases again after 30cm up to 0.2 in the PEBS5 layer, resulting in a plateau near
10~* after additional 20 cm of copper. The rise in the PEB5 layer can be explained by
the cross section for radiative capture, which is larger for '°B for moderated neutrons
with smaller energies compared to the cross section for neutrons with initial energies of
5MeV in 2%8Pb.

For shields starting with PEBS5, the neutron rate as well as the photon rate are reduced
continuously. Here, a neutron population of less than 10™* can be achieved with either
30cm or 20 cm of copper depending on the thickness of the lead layer. Concerning the
gamma rate no third layer is needed. Furthermore, for 20 cm of lead as second layer the
gamma rate can be reduced down be 1075, but increases again in the copper layer due
to radiative capture processes in copper. In Table 4.4 necessary thicknesses for the third
layer are summarized for different initial energies compared to the performance of the
PEB5 (10cm)—Lead (20 cm) shield. Figures concerning other initial neutron energies
can be found in Appendix C Figure C.5—-C.6.

Regarding an effective neutron attenuation and (n,y) self-shielding effects the combi-
nation PEB5 (10cm)—Lead (20 cm) is the best choice. Keeping in mind the measured
neutron flux at LNGS, see Table 2.3, which indicates only few neutrons per cm? and
second, 45 cm of copper should not be added to the shield. In Figure 4.10 the kinetic en-
ergy of neutrons and gammas after an additional 10 cm and 20 cm of copper is depicted.
A thicker shield reduces the neutron population less than one order of magnitude, but
the energy distribution is moved to lower energies from 0.30 MeV to 0.14 MeV calculated
as average. The deviations in the spectra of the kinetic energy of the gamma population
is minimal and dominated by statistical fluctuations. The gamma rate is reduced from
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Table 4.4: Summarized are thicknesses of copper in combination with PEB5 and lead regarding
an effective neutron attenuation and (n,y) self-absorbing effects with different initial
neutron energies E; ¢ as third layer of a shield. The neutron rate is below 10~*
and the gamma rate below 10~° corresponding to the performance of the PEB5
(10cm) —Lead (20 cm) shield

Neutron population
d[ecm] | d [cm] d [cm]
(2.5MeV) | (5MeV) | (10MeV)
PEB5 (10cm), Lead (10cm), Copper - 30 35
PEB5 (10cm), Lead (20cm), Copper - 20 <30
Lead (30cm), PEB5 (10cm), Copper - -
Gamma population
d [cm] | d [cm] d [cm)]
(2.5MeV) | (5MeV) | (10MeV)
PEB5 (10cm), Lead (10cm), Copper - - 45
PEB5 (10cm), Lead (20cm), Copper - - 45
Lead (30cm), PEB5 (10cm), Copper > 60 > 60 > 60

19 to 13 entries. The kinetic energy average 1.4 MeV after 10 cm of copper compared
to 2.1 MeV after 20 cm and thus, higher energetic gammas are emitted. Therefore, the
best performing combination is

PEB5 (10cm) — Lead (20cm) — Copper (10 cm).

coming also to a compromise with compactness and cost-effectiveness.

In Section 5.14.2 the corresponding background rate of fast neutrons with the LNGS
fitting energy and angular distribution is calculated. Furthermore, the result is compared
to the one obtained with the previous shield design from the University of Warwick,
introduced in Section 4.1.1.
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Figure 4.9: Plotted is the population for neutrons and gammas for an incident neutron energy

of E = 5MeV in three layer shields. The shield with lead as first layer is very
effective to reduce the neutron rate to 107>, No third layer is needed. But the
photon population results in a plateau near 104, after increasing in the PEB5
layer due to radiative capture. Shields starting with PEB5 reduce the neutron as
well as the photon rate continuously.
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Figure 4.10: Plotted is the kinetic energy for neutrons and gammas for an incident neutron
energy of E = 5MeV in a PEB5 (10cm)—Lead (20 cm) - Copper shield after
certain thicknesses. A thicker shield reduces the neutron less than on order of
magnitude, but the energy distribution is moved to lower energies. Yet, higher
energetic gammas are produced.
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4.5 Active Component

COBRA will have to operate at an extremely low level of background, under 102 counts
per keV, kg and year in the signal region. The developed radiation shield suppresses
the hadronic component of cosmic radiation, particularly neutrons, and gamma radi-
ation to a minimum, but does not shield against the cosmic muons. While they are
minimal ionizing particles, they can pass through the whole shield depositing energy in
the detectors. In addition, neutrons and therefore also photons can be produced in the
shielding material itself. The only way to suppress this form of background is an active
veto alongside the passive shield in the final design.

Instead of using plastic scintillators as an active veto, also the concept to immerse the
detectors in liquid scintillator for operation is investigated [92]. Yet, no design is settled
so far. Therefore, neither in VENOM nor in the performed simulation an active com-
ponent is implemented. However, a possibility dealing with muons in the current status
is the modular design of COBRA via multiplicity analysis. Thus, in further analysis of
background events calculating the total background rate, this method is used. The con-
tribution of muons to the expected total background rate is calculated in Section 5.14.1.
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Chapter 5

Total Background Estimation

Due to cosmic radiation and the existence of natural radioactivity in the environment
all radiation detectors have to fight background signals depending on the size and
type of the detector and of the external shield. The magnitude of the background
determines the minimum detectable radiation level. Therefore, it is significant to
keep background low for low-level counting experiments like COBRA. The majority of
radiation detectors are surrounded with an external shield and furthermore operated in
a degree of isolation.

The strategy to get control on the background level consists of two components. First
the background has to be reduced within or near the detector array. Next to a shield
and a deep laboratory, a low inactive mass design for the setup is necessary and
ultra-pure materials have to be used. Furthermore, all detectors and materials need a
clean handling. During operation events can be identified as background events and
thus rejected. Methods used while analysis are a sufficient good energy resolution, the
array granularity, pulse shape information and time correlations.

In this section the determined shield for COBRA is simulated within the CO-
BRA hut at the LNGS to calculate the background rate for different background
sources and setup parts. In Section 5.1 the simulated geometry is presented detailedly
for documentation reasons, followed by the description of the simulation, see Section 5.2,
and the calculation of the individual background rates, see Section 5.3. Furthermore,
contamination measurements are compared to the LNGS data in Section 5.4. From
Section 5.5 the simulations of different background sources, setup parts and their results
are shown.
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5.1 The large scale COBRA Setup

In this section the large scale COBRA setup used as GDML geometry in the simulations
is described. In Figure 5.1, the hut with the setup and the developed shield is schemati-
cally depicted. The hut has an area of 9280 mm x 3495 mm x 3600 mm. Due to a crane,
which is mounted under the ceiling, the height is restricted to 2650 mm corresponding to
the maximal lifting height. In the inner part of the setup, a cube with the size 95.5 cm
x 90 cm x 85cm is reserved for the detectors and electronics. In the GDML geometry
the crane and electronics are not implemented, however, the height is also limited to the
maximal lifting height.

< 9280 mm >
A
AS X
8 o
= 3
\E 3
-
1875 mm
| Al
< 4330 mm - 760 mm

Figure 5.1: Schematically depicted is the COBRA hut at the LNGS with the setup and the
shield. The hut has an area of 9280 mm x 3495 mm X 2650 mm. In the inner
part of the setup, a cube with the size 95.5cm x 90cm x 85cm is reserved for
the detectors and electronics. The shield consists from inside to outside of 10 cm
copper, 20 cm lead and 10 cm boron loaded polyethylene.

Altogether, 13824 detectors are simulated. One detector has a size of 2cm x 2cm X
1.5cm and weighs of 36g. The following details are taken into consideration in the
GDML geometry and described in more detail: the cathode side of the detectors, the
lacquer surrounding the detectors, the circuit boards (CB) for the anode readout and
HV supply, the Delrin support structure and ASICs!.

The cathode of the detectors is constructed out of an aluminum (0.08 um) and a
platinum (0.1 um) layer. In addition, the surface of the detectors is covered with a
Glyptal 1201 lacquer with a thickness of 10 um. Hence, the dimension of the detectors
in z is 1.502018 cm. In reality, the lacquer is not placed on all sides of the detectors
and in addition, the thickness varies, because it is applied manually. Nine detectors
are arranged in a holder, which is built out of three Delrin plates forming a support
structure. The total holder has a size of 8.5cm x 8.5cm x 1.682018 cm. The top plate

LASIC: Application-Specific Integrated Circuit
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of the holder has a size of 8.5cm x 8.5cm x 0.2cm and holds the detector in place at
the anode side. Gaps with a size of 2.002cm x 2.002cm are left to fit the detectors.
The distance between the detectors in « and y is 0.5cm. The surrounding border has
a size of 0.75cm. It is schematically depicted in Figure 5.2 on the right side. The
bottom plate has a thickness of 0.15cm. The detectors are facing the bottom plate
with the cathode side. Gaps with a size of 1.0cm x 1.0 cm enable the operation of the
cathode in the real experiment. Furthermore, a third Delrin plate with a thickness of
0.15cm is also placed on top of the bottom plate holding the detectors in place at the
cathode side. Here, also gaps with a size of 2.002cm x 2.002cm are left. Accordingly,
all detectors are encircled with Delrin. In Figure 5.2 on the left side both bottom plates
of the Delrin holder are shown, one on top of the other. The bottom plate is made out
of one piece in reality, whereas in the GDML geometry it has to be build out of two, so
that the detectors can be arranged.

Next to the support structure parts, the high voltage supply can be identified in
Figure 5.2. It is built out of 50 um Kapton and 50 um copper. The nine HV plates have
a size of 1.8cm x 1.8cm with a 1.2cm x 1.2cm gap leaving a border of 0.2 cm Delrin.
The inner connections of single HV plates have a size of 0.2cm x 0.7 cm, whereas the
outer connection has a size of 0.2cm x 0.85 cm.

Figure 5.2: Schematically depicted is the Delrin support structure for one holder. The total
holder has a size of 8.5cm x 8.5cm x 1.812018 cm. The top plate (on the right
side), has a thickness of 0.2 cm. Gaps are left to fit the detectors. The bottom
plate (on the left side), has a in total thickness of 0.3 cm. In addition, the HV
voltage supply, which is mounted on the bottom plate, is shown. [93]

The complete holder is depicted in Figure 5.3. In addition, the Kapton cable for the
anode readout is applied. It has a thickness of 200 pm. The anode grids of the detectors,
also depicted in Figure 5.3, are not implemented in the simulations. The weight of one
complete holder is 285 g.
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Figure 5.3: Schematically depicted is the complete holder. Nine detectors are arranged in one
holder, supported by the Delrin structure. Furthermore, the Kapton cable for the
anode readout is mounted on the top plate of the holder. [93]

Eight holders are aligned in a row, which is also built as a Delrin structure. The size of
one row is 9.5cm X 90cm x 1.682018 cm. There is no space between two holders in the
GDML geometry, but a surrounding border out of Delrin with a thickness of 0.5 cm. In
front of the first holder in a row a 15 cm wide border is constructed holding the ASIC,
which has a size of 1.388cm x 0.736 cm X 0.1 cm. Wires to connect the ASICs with the
detectors are not implemented.

Eight rows are lined up in a shelf with a gap of 1.5 cm between two rows. In Figure 5.4
one shelf is schematically illustrated. Finally, 24 shelves are stacked with a distance of
1.5 cm, building a cubic arrangement of the detectors for the inner part of the setup. At
the bottom is a 2cm gap between the first layer of the shield and the first shelf. With
this configuration the total source mass is 498 kg.

The inner part is surrounded by the developed shield, see Chapter 4. It consists of
10 cm radiopure copper, followed by 20cm of lead. The outer layer is made of 10cm
boron loaded polyethylene. This configuration showed the best performance of effective
attenuation of fast neutrons and (n,y) self-shielding effects. The weight of the shield is
31041 kg.

The whole setup has therefore a total volume of 1875 x 1820 x 1770 mm? and a total
mass of 31700 kg.
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Figure 5.4: Schematically depicted is one shelf for the inner part of the setup. It consists of
the detectors (in white), the Delrin holders (in light grey) and ASICs (in red).
Altogether, 13824 detectors are arranged in 24 shelves. Nine detectors are
arranged in a holder, eight holders are aligned in a row and eight rows are lined
up in a shelf. Finally, 24 shelves are stacked. The ASICs are mounted on the
Delrin border of the rows.

5.2 Description of the Simulations

The simulations of the different background sources have to be distinguished. Here,
important criteria are energy and angular distributions. Nevertheless, three main groups
can be formed: single radioactive isotopes, thermal neutrons and high-energetic external
radiation sources, like neutrons and muons.

5.2.1 Single Radioactive Isotopes

The simulations of radioactive sources are all comparable. Individual radionuclei are
generated with a quantity of 1.01 - 10% events as intrinsic or surface source of different
setup parts with a randomly chosen starting position.

As decay chains the uranium, see Table 2.1, and thorium, see Table 2.2, series were
taken into consideration. Each isotope was simulated separately, but clustered into sev-
eral groups in the analysis, because it is reasonable to suppose that within the groups
the same activity of the single isotopes can be expected. The border between two
groups was set, if the half-lives of the affected isotopes can be distinguished by several
orders of magnitude, e.g. 23¥"Pa with a half-life of 1.175min and 23U with a half-life
of 2.45-10% yr. In particular, for the uranium series four groups are created. The first
group includes 233U, 234Th and the metastable isotope 2*4"Pa. The long-living isotopes
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2347 and ?39Th are summarized in the second group. The third group consists of 2?°Ra,
222Rn, 218Po, 2MPb, 2MBi and 2'“Po. The last group comprises the radionuclei 2'9Pb,
21081 and 2'9Po and is also considered as surface source.

The simulation of the thorium series, see Table 2.2, was set equally. All isotopes are
split into different groups. The first group includes only the isotope 232Th, whereas the
second one comprises the radionuclei 228 Ac plus 2?®Ra and 222Th. The third group con-
sists of the isotopes 2?*Ra, 22°Rn, 216Po. Here, the last group summarizes the isotopes
212Pb, 212Bi, 212PO and 208

From the third natural decay chain 233U only the mother nuclide 23U itself was consid-
ered. In addition, the isotopes “°K, 137Cs, 60Co and, if necessary, cosmogenic isotopes
are regarded. As setup parts the following segments are taken into consideration for
intrinsic sources: all layers of the shield, the lacquer surrounding the detectors, the
ASICs, the Delrin holder as well as the circuit boards. For surface simulations events
were started on the surface of the lacquer, the holder, the cathode, and the circuit
boards.

The last setup part for radioactive source is the gas. Although a constant nitrogen
flushing is done in experimental operation, the influence of airborne source in the gas
itself has to be controlled.

5.2.2 Thermal Neutrons

The shape of the neutron spectrum originating from spontaneous fission follows Watt
spectrum:

N(E)=C-e ¢ -sinh ((b.E)%) , (5.1)

with C is a normalization constant and plotted in Figure 5.5. The two coefficients a and
b vary from one isotope to another. In this work the following values were used: C' =1,
a = 0.7124 MeV and b = 5.6405 MeV ! [94], convenient for 233U.

Thus, fission-induced neutrons were generated following the Watt spectrum, Equation
5.1, with an isotropic angular distribution uniformly within the lacquer, Delrin, ASICs,
CB of the HV supply and anode read-out and the shield layers.

Thermal neutrons originating from (o,n) reactions are already covered by the single
radioactive isotopes simulations and hence, in the analysis integrated.
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Figure 5.5: Plotted is the Watt spectrum with coefficient values of C' =1, a = 0.7124 MeV
and b = 5.6405 MeV 1.

5.2.3 External Radiation Sources

As external radiation sources muons and muon-induced neutrons are taken into
consideration. Both simulations are based on the results of [95].

The differential muon intensity corresponding to a slant-depth h is given by [95]
—h —h
I(h) = (I1-e™ +1p-e2), (5.2)
with the free fitting parameters I1, I2, A1 and As. For underground laboratories with a
flat overburden (e.g. WIPP?, Soudan®), the muon intensity Iy, is

Ln(h,0) = I(h) - G(h, 0) (5.3)
Lip(h,0) = (I - en + Iy e%;) -sect,

with h = hg - sec6 and hg is the vertical depth at a underground site with flat overbur-
den. With the help of experimental data of the total muon flux and the knowledge of
the vertical depth the fitting coefficients could be determined [95].

In case of a mountain overburden, additional information regarding the mountain shape
is required. After integrating over the mountain shape, it is possible to enter the re-
sult into Equation 5.3 determining an equivalent vertical depth hg relative to a flat

2WIPP: Waste Isolation Pilot Plant, USA
3Soudan: Soudan Underground Mine State Park, USA
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overburden for the Gran Sasso Laboratory, leading to [95]
ho = (3.1 £0.2) km we.e.. (5.4)

In Table 5.1a the used fitting parameters for the angular distribution, see Equation 5.3,
are summarized.
The energy distribution is given by [95]

dN
2 A e bR (B4 €y (1 — e 0hy)y=m, (5.5)
dE,
where A is a normalization constant and E, is the muon energy after passing the rock
slant depth h. In Table 5.1b the used fitting parameters are shown. In addition, the

measured muon energy ), is given [96]. In Figure 5.6a the energy distribution is plotted.

Table 5.1: Tabulated are the fitting parameters for the energy and angular distribution for
the muon simulation [95, 96].

(a) Angular distribution

I Iy AL A ho By,
[em=2s7Y | [em™2s7!] | [km w.e.] | [km w.e.] | [km w.e.] | [GeV]
| 67.97.10°% | 2.071.10° | 0285 | 0698. | 31 | 270 |

(b) Energy distribution

A b T €u
[km w.e.~!] [GeV]
1] 04  [377] 693 |

Attention was also given to the muon-induced fast neutron activity for different under-
ground sites. The neutron flux ¢, as a function of depth was determined. With a fit
function of the form

Py
n = Pyp— —_— 5.6
¢ i exp P, (5.6)

with an equivalent vertical depth hg = 3,1 km w.e. relative to a flat overburden and the
fit parameters Py = (4.0 £1.1)- 107" em~2?s7! and P; = (0.86 £ 0.05) km w.e. the total
neutron flux for the LNGS was calculated to be

bn=(3.0£0.7)-10 % ecm 257! [95)]. (5.7)

The neutron energy spectrum was derived from FLUKA? simulation leading to a con-
venient parametrization based upon the following fitting function

dN e=0Fn
_ 4, <

—a1E, _
dE, E, + Bu(Ey) e > + a2, (5.8)

4FLUKA: Flukturierende Kaskade, MC simulation package



76 Chapter 5. Total Background Estimation

where E, is the neutron energy, a; (i=0,1,2,3) are fitting parameters, A, is a normal-
ization constant and B, (E,) is the function of muon energy with £, in GeV ,

B,(E,) = 0.324 — 0.641 - ¢~ 001 Eu [95]. (5.9)

This parametrization is valid for neutron energy E,, > 10 MeV. In Figure 5.6b the energy
distribution is plotted. The angular distribution of neutrons is parametrized according
to

dN Ap
= . 5.10
dcost (1 —cosf)Be(En) + Cy(E,) (>10)
Ay is a constant. The functions By and Cy are
By(E,) =0.482 - EO% (5.11)
Cy(E,) =0.832 - ;152 [95]. (5.12)

In Table 5.2 the used fitting parameters are summarized. The individual events for both
simulations were generated on the outer surface of the polyethylene layer of the shield,
see Figure 5.1. The starting position was randomly chosen.

Table 5.2: Summarized are the fitting parameters for the energy and angular distribution of
the muon-induced neutron simulation [95].

(Au Ao a0 [ [ | a5 |
| 1| 1 [7828]223]-7505-10"1° | 2.831 |
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Figure 5.6: Plotted are the spectra of the muon and neutron energy local to the LNGS

underground site.
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5.3 Calculation of the Background Rate

In the analysis of the individual simulations the background rate is calculated using

N,
g Nours

==Y 1
m-AE -t (5.13)

Here, Ncoyrs indicates all events, which survived multiple cuts. One crucial cut is the
energy (ROI) cut. The Q-value of ''6Cd is 2.814 MeV and the interval defining the ROI
is given by the Q-value as mean p and a known standard deviation o, which depends
on the energy resolution AFE, by w =+ 0. The energy resolution is assumed to be 2%
FWHM at the Q-value resulting in

AE = 0.02-2.814 MeV = 56 keV. (5.14)

Thus, the standard deviation is given by

AFE
= —— = 24keV. 1
o 5355 eV (5.15)

In Section 3.4 the energy resolutions of operated detectors at the demonstrator setup
were shown. The median value is 1.5 %FWHM. Hence, the assumed energy resolution
for the calculation of the background rate is an upper limit. The mass m is calculated
via

m = Mget * Nget
—36g-(3-3-8-8-24) (5.16)
— 498kg

with the mass of one detector mge, the number of simulated detectors Ng.;. The last
quantity is the measuring time ¢, which depends on the expected activity A in Bq/kg
and is computed via
N .
t= T (5.17)
A Mpnat

taking into account the number of simulated events Ng;,, and the mass of the material
Mumat, i which the simulated events were generated. For surface sources, e.g. on the
surface of the holders or lacquer, the measuring time is calculated using

. Nsim
=2
A - amat

(5.18)

with the surface a,,q¢, on which the events were started. The assumed activity A has
now the unit Bq/cm?.

In Table 5.3 the masses my,qt, the density p.,q¢ and the size of the surface a,,q; of the
used materials in the simulations and subsequently in the analysis are summarized.
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Table 5.3: Summarized are the densities of p,,q¢ and the masses m,,q; of the used materials in
the simulation and the analysis to calculate the background rate.

Pmat Mmat Amat

lg/cm®] kg] | [em?]

CdZnTe 5.78 498 —
Cathode 21.43 | 11.8-1073 | 110592
Lacquer 14 0.39 | 280627
Delrin 1.411 48 | 391373
CB HV Kapton: 1.4 / Cu: 8.92 1.408 | 113050
CB Anode 1.4 1.2 -
ASICs - 110.3 -
Gas 1.251 0.84 —
Cu 8.92 5383 —
Pb 11.324 23193 -
B5PE 1.6 2465 -

Next to the already applied ROI cut, four further cuts are used for Noyrg corresponding
to the LNGS data analysis. The first cut regards the multiplicity of detectors registering
events. Only events, which interact with only one single detector are used. Therefore, the
cut is called single detector event (SDE) cut. The second cut deals with the interaction
depth. In the simulation the detectors are subdivided into 150 1mm thick bins in z.
In addition, a resolution in z is applied with Az = 1mm. Only events with z > 2 and
z < 149 are considered to calculate B neglecting the four bins, two on top and bottom
side of the detectors building a fiducial volume. The third cut regards events on the
lateral surfaces (LSE) of the detectors. Since the pulse shapes are not recorded in the
simulation, the developed LSE cut [89] for the LNGS data analysis cannot be applied.
Nevertheless, the LSE cut affects mostly o particles with a current efficiency of 75 %.
In the simulation the particle type is saved for each event depositing energy. Therefore,
75 % of « events are neglected to calculate B. However, it has to kept in mind, that the
LSE cut cannot be applied to all simulations, e.g. the intrinsic contamination of CdZnTe
detectors. Furthermore, in the LNGS data analysis a multi-side (MSE) cut is used. The
distinction between multi-side and single-side (SSE) events cannot be applied, because
the simulation is not sensitive to such events. However, the MSE cut affects mostly y
particles with an efficiency of 90 % in the ROI [97]. Thus, 90 % of y events are neglected
for the calculation of B. The MSE cut depends on the energy. The full energy peak of a
gamma line has for example a high fraction of multi-side events, whereas the Compton
edge as well as the single and double escape peak are almost always single-side events.
Therefore, it is only applied in the ROI and furthermore, isotopes emitting y particles
with a higher energy than the Q-value were neglected. Due to the drop in the intensity
of gamma lines beyond the 2°®TI line at 2.615MeV, this assumption is reasonable. In
Table 5.4 the cuts used are summarized.
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Table 5.4: Summarized are the cuts used to calculate the background rate

’ Cut ‘ Name ‘ Description ‘

SDE | Single detector events cut | Only events, which interact

with one single detector are regarded.

’ z ‘ Fiducial volume cut ‘ Four bins are neglected in z: 2 < z < 149. ‘

LSE | Lateral surface events cut | « particles are neglected with a efficiency
of 75%. Cannot be applied to all simulations!

MSE | Multi-side event cut v particle are neglected with a efficiency
of 90 % in the ROI only.

The variables Ny, and Noyrs are Poisson distributed, thus their standard deviation
is given by the square root. An error for the measuring time ¢ and the background rate
B is calculated via propagation of uncertainty and is therefore based on the statistic.
If Noyrs < 20 an upper limit via the Feldman-Cousins method [98] with a 90 %
confidence level is calculated, instead of the standard deviation.

In sum, see Section 5.15, the total background rate should be in the order of

—3 _Entries
10 kg-keV-yr
competitive with other next-generation experiments and to reach the inverse mass

corresponding to an effective Majorana mass of (mgg) ~ 0.05eV to be

hierarchy, see Figure 2.6.
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5.4 Comparison with LNGS Data

A crucial factor to determine the total background rate is the activity of the different
background sources in different setup parts. For many parts contamination measure-
ments were performed using mass or gamma ray spectroscopy. Furthermore, the ILTAS®
database offer a collection of contamination measurements from many experiments.
However, often the instrumentation used is not sensitive enough to detect low counting
rates and thus, most measurements are upper limits.

For setup parts, which are already worked with in the demonstrator setup at LNGS it is
also possible to determine upper limits on the contaminations with the measured data
and compare them with the contamination measurements. Feasible detector parts are
the detector material CdZnTe itself, the cathode, the Glyptal lacquer and the Delrin
support structure.

The measured data with the demonstrator setup was introduced in Section 3.4.
As already mentioned, the main contamination in the ROI originates from o sources.
Furthermore, two prominent peaks corresponding to ?"Pt and ?'°Po could be identified
at the cathode side.

To determine upper limits on contaminations from the LNGS data, first, the activity
of known sources has to be calculated. Therefore, a GDML geometry referring to
one holder of the demonstrator setup is created. The following detector parts are
implemented: 16 1cm? detectors, the lacquer surrounding the detectors, the cathode
and the Delrin support structure. The support structure consists of two plates, with
a thickness of 1mm at the anode side (top plate) and 2mm at the cathode (bottom
plate). The whole holder has a size of 7.6x7.6x10mm3. The lacquer has a thickness of
10 pm. Figure 5.7 illustrates schematically the GDML geometry for a 4x4 holder.

190Pt and 2'°Po are generated individually on the surface of the cathode and the obtained
spectra normalized to the exposure of 84.376kg-d. Hereby, an expected activity Ay,
of 1mBq for 2'%Po and an expected contamination Cezp Of 0.01% for 190Pt, is used.
Furthermore, the LNGS data is prepared with a z cut guaranteeing only events from
the cathode side: 0.98 < z < 1.02. Other cuts, like the energy, LSE or MSE cut are
not used. In a second step, the normalized spectra obtained from the simulations are
compared to the LNGS data and scaled with a factor k so that the bins with the maximal
number of entries in the peak region have the same heights. Thus, an upper limit can
be calculated for a more reliable activity Agne Or contamination cgp, for the analysis
concerning the background rate, because they also scale with k in a form

Aana < k - Aezp (519)

Cana < k - Cexp-

In Figure 5.8 the spectrum of the LNGS data with the z cut is plotted in combination

°ILIAS: Integrated Large Infrastructures for Astroparticle Science
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(a) Top view (b) Side view

Figure 5.7: Schematically depicted is the GDML geometry for the 4x4 holder MC to compare
with the LNGS data. 16 1 cm? detectors are arranged in a Delrin support structure.
On the left side the 4x4 holder is shown in top view. Dotted light gray indicate
holes in the bottom plate of the Delrin to operate the cathode. On the right side,
the holder is illustrated in side view. Here, dotted light gray lines show the Delrin
between the detectors.

with the simulated spectra of 1Pt and ?'%Po. It is shown, that the position of the «
peaks in the LNGS data and the MC fit to each other. The difference in the peak width
can be explained by the thickness of the lacquer surrounding the detectors. In reality,
it is applied manually. Therefore, the thickness varies with a mean value of 40 um,
whereas in the MC the thickness is constant with a value of 10 um. The scaling factor k
is k = 0.04 for 19°Pt and k = 361 for 2'9Po. Thus, the upper limit on the contamination
or activity is cane < 40 ppm for 9Pt and Au,, < 361 mBq/kg.

Another « peak can be identified at 6.4 MeV, depicted in Figure 5.9. This peak also
originates from "9Pt, but at the anode side. Because of the comb-shape structure of
the anode and the specific recorded pulse shape for anode near events the deposited
energy is doubled [99]. To determine the contamination of Pt at the anode side,
the deposited energy was doubled afterwards in the analysis, because pulse shapes are
not implemented in the MC. Furthermore, the same mass and contamination as for the
cathode was expected. A scaling factor k was determined to be k = 0.17, hence, a
contamination of ¢y, < 17 ppm was calculated.

For the further analysis and the determination of upper limits of activities or contami-
nation from other detector parts the LNGS data is corrected by the already calculated
values in a way that a constant exponential falling background spectrum remains, which
is plotted in Figure 5.9. It can also be seen, that the 2'9Po is not removed completely
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Figure 5.8: Plotted are the spectra of LNGS data at the cathode side with 19°Pt and 2'°Po
obtained from MC. The peak heights were fitted with the help of the scaling factor
k. The peak width varies due to the distinctive thickness of the lacquer of the
detectors, whereas in the MC a default thickness of 10 um is employed.

referring to either a different thickness of the lacquer or other detector parts 2'°Po is
located.
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Figure 5.9: Plotted is the (corrected) spectrum of the LNGS data. Determined background
sources originating from the cathode and anode were subtracted so that a constant

exponential falling background spectrum remains. The 21°Po peak at 5.3 MeV is
not removed completely.
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With the corrected spectrum of the LNGS data, it is now possible to determine scaling
factors for other setup parts next to the cathode and anode. But, as already mentioned,
not all setup parts can be regarded, only the detector material, the gas, the lacquer and
the Delrin support structure. For each part the obtained spectra of the uranium and
thorium series simulation as well as other radionuclei was compared to the corrected
LNGS data working out scaling factors.

The advantage of this analysis method is, that it is very conservative way to determine
upper limits, because overlaid background sources are not considered. Thus, an
underestimation of contaminations is hardly possible. In addition, only statistically
relevant bins with more than 20 entries are used.

The expected activities A.y) or contamination levels cgyp, which are starting values for
the analysis are based on measurements and can be found in Appendix B. Table 5.5
and 5.6 summarize all results.

The difference between the results from the contamination measurements and upper
limits on the activities Aqnq or contamination levels cun, determined by the discussed
method is remarkable due to the limited sensitivity of the instrumentation. For the
detector material the upper limits of contamination values could be decreased by
several orders of magnitude. Thus, CdZnTe can be indeed produced radiopure. In
addition, radionuclei, which do not belong to a decay chain, can be neglected completely
due to contaminations in the order of < 10723. The same was determined for the
Glyptal lacquer and Delrin. For the lacquer a maximal reduction of a factor < 1073
was computed, whereas for Delrin also scaling factors in the order of < 107> were
calculated.

The new calculated activities A, and contaminations cgn, are further employed to
calculate the measuring time via Equation 5.17 and the individual background rates
with Equation 5.13.

There are two further possibilities to maybe improve the method used, but are
not regarded in this thesis. First detectors with a higher background rate could be
neglected. Figure 5.10 illustrates the counting rate for events with an deposited energy
larger than 2 MeV per detector. Especially detector number 19, next to detector number
1, 5, and 12, shows a higher counting rate. It could be presumed that those detectors
are not representative and by neglecting them the calculation of Ag,q and cung is more
reliable. However, the current method is more conservative and an underestimation is
prevented by taking all detectors into consideration.

By considering a additional constant background beside the simulated radionuclide,
e.g. 190Pt, the fitting to the LNGS data would be more realistic leading also to a better
corrected LNGS spectrum. Furthermore, the determination of the scaling factor k can
be enhanced by choosing an interval, instead of the maximal bin. Here, the x? method
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[100] has to be used:

2 Z (Ndata,i —k- Nsim,i)2

= 5.20
X Ndata,i ( )

)

with the number of bins ¢, the number of entries in the LNGS data Ny, and the
number of entries in the simulation Ny, ; in bin 7.
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Figure 5.10: Shown is the counting rate for events with an deposited energy higher than 2 MeV
per detector of the LNGS data. In particular, shows a much higher rate. By
neglecting not representative detectors, Agnq and cqpne can be improved.
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Table 5.5: Summarized are calculated activities from LNGS data concerning the cathode, the
CB of the anode and the detector material CdZnte itself.

Aewp Cezp k Aana Cana

[mBq/kg] [mBq/kg]

222Rn 1 - 60.1 60.1

Cathode 210pg 1 - 361 361
190p4, - 0.01 % 0.04 — 0.004 %

CB Anode | Pt | -1 0.01% | 0.17 ~ [ 0.0017% |

287 < 210 ~13.13-1076 —| 657-1076
234y < 1200 ~ ] 1.11-107% | 1332-10° -
230y < 1200 ~ 1 99-1077 | 1188-107 -
226Ra, <51 ~1296-107° | 151-107° -
22Rn <51 ~15.19-107% | 265-10 -
218pg <51 —14.43-107% | 226-1076 -
214pg < 51 — | 277-107% | 141-1076 -
210pg <51 ~11.97-107° 1-1073 -
2327 <47 ~1.83-107° 86-107° -
28T < 60 ~1531-107% | 319.10° -
224Ra < 60 ~1395-107% | 237.10° -
CdZnTe 220Ry < 60 ~ | 5.66-107% | 340-1076 -
216pg < 60 ~11.87-107% | 112-10°F -
212pg < 60 ~| 94-1007 | 564-1077 -
60Co <19 - 0.02 0.38 -
ILi ~ | <5.3ppb 10—22 — ] 5.3-10731
2Mg - 97 ppb 10~2 — 1 97.10730
ZNa, - 97 ppb 10720 —| 97-1072%
60Cu — 28 ppb 1027 ~| 28-10736
66Ga - 1.1% 1072t -] 11-1072
82As — | 440ppb 10722 — | 44010731
1407, = 97 ppb 10-16 —| 97-1072%
140py - 97 ppb 101 —| 97-10728
166 —~ 46 ppb 1016 — | 46-1072
202 Ay ~| <5ppb 10~ —~ 5-10728
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Table 5.6: Summarized are calculated activities from LNGS data concerning the Glyptal lac-
quer and the Delrin support structure

Aea:p k Aana

[mBq/kg] [mBq/kg]

238y < 1500 0.02 < 30

24y < 4300 0.004 <174

230 < 4300 0.005 <215

226Ra, < 140 0.16 <224

222Rn < 140 0.24 < 33.6

218pg < 140 0.05 <7

Glyptal | 2*Po < 140 0.01 <14

Lacquer | 2'°Po < 140 0.42 < 58.8

210pg sur < 140 0.09 < 12.6

222Rn sur < 140 0.13 < 18.2

282y < 180 0.17 < 30.6

228Th <190 0.07 <13.3

224Ra, <190 0.06 <114

220Rn < 190 0.04 < 7.6

216pg < 190 0.005 < 0.95

212pg < 190 0.001 <0.19

, 222Rn <5 0.2 <0.1
Delrin 210 _5

Po <200 | 1.28-10 < 0.003

SUPPOTE | 210D gup <200 | 487-1076 | < 9.74-10~4

structure 229
Rn sur <5 0.09 0.45
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5.5 Results: CdZnTe Detectors

The source material of COBRA is CdZnTe. Although it is said, that it can be produced
radiopure, radionuclei including natural radioactivity and cosmogenic activation were
investigated. Furthermore, the intrinsic background of the accompanied 2v[p33 decay
cannot be neglected nor reduced. All calculated background rates for the detector
material can be found in Table 5.8.

Radionuclei originating from the uranium and thorium decay series were gener-
ated in the detector material with a randomly chosen starting position. Contamination
measurements were performed using gamma ray and mass spectroscopy and can be
found in Table B.1. Furthermore, a comparison with the LNGS data, measured with
the demonstrator setup, was done, see Section 5.4. The measured upper limits could be
decreased by several orders of magnitude leading to equally low background rates in the
order of 1076 — 107 /kg/keV /yr. Thus, CdZnTe can be indeed produced radiopure.

The production of cosmogenic radionuclei due to activation depends on the par-
ticle flux, activation time and the cross sections of the activated material. At sea level,
cosmogenic radionuclei are mainly generated by neutrons, whereas 15 % originate from
protons. Muon activation can be neglected at sea level. As discussed in Section 2.4.4,
materials exposed at the surface are often kept underground for several month or even
years to eliminate short-living cosmogenic isotopes. Therefore, long-living isotopes are
a crucial issue.

Altogether 13 isotopes, either long-living or short-living, but with a long-living mother
nuclide, with Q-values near or above the ROI are regarded. A list can be found in
Table 5.7. For the simulation three different neutron fluxes (CRY®, Armstrong [103]
and Gordon [104]) at sea level were considered and compared with each other. The
production rate r [105] of each isotope is determined and in combination with the
detection efficiency € for each radionuclei the background rate can be calculated for
different scenarios. In Table 5.7 the production rate and the efficiency are summarized.
It is shown that four isotopes have either a high efficiency, production rate or both.
Thus, the most important cosmogenic radionuclei are 88Y, 10Rh, 110mAg and 124Sb.
83Y and 9" Ag have half-lives over 100 days, thus are long-living isotopes, whereas
106Rh is short-living, but has a long-living mother nuclide. ?4Sb is a short-living
isotope with a half-life of 60 days. In Table 5.8 the background rates for the four most
important isotopes is shown. As the background rates depend on the time of activation
of the material and further the time of decaying different scenarios are possible. Here,
a scenario where one year activation and one year decaying is assumed. In addition,
no extra shield to protect the source material during activation is used. The different
neutron fluxes all lead to comparable results. The calculated background rates are

SCRY: Cosmic-Ray Yield, MC toolkit [101, 102]
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in the order of 107% — 107° /kg/keV /yr, although one year of decaying was already
expected. Therefore, they cannot be neglected and have to be kept in mind. For
a better approximation on the contribution of cosmogenic radionuclides to the total
background rate the exact exposure conditions, like altitude, latitude, time and a
possible shield have to be known.

Table 5.7: Tabulated are the cosmogenic radionuclei for CdZnTe with their Q-value, half-life
T 1 detection efficiency € and production rate r. For some isotopes the mother
nuclide and its half-life is also noted, because it is long-living, while the daughter
nuclide is short-living. Four radionuclei are important due to either a high
efficiency, production rate or both.

Isotope Q-value T 1 € r
[keV]
22Na, 2842 2.6 yr 5-107° | 0.02
2K /A2 Ar 3525 12h/33yr | 1.9-1072 | 0.005
4Sc /42 Ti 3654 3.9h/63 yr 4-107% | 0.01
48y 4012 16d 7-107° | 0.06
%6Co 4566 77d 6-1074 0.1
BGa/%®Ge 2921 68 min/271d 1-107% | 0.24
82Rb/82Sr 4400 1.3min/26d 4-1073 1
84Rb 2681 33d 0] 0.15
8y 2824 107d| 2-1073 | 4.3
106Rh /1 Ru 3541 30s8/374d | 1.4-1072 | 1.1
HOm A & 2892 250d | 1-107%| 19.5
1248h 2905 60d | 3-107%| 18.2
1269} /12689y 3670 | 12.5d/100000 yr 2.1074 1.3

In the simulation for the 2vpp and 0vBP decay ''®Cd was used as source isotope. The
main code generates two 3 particles and when required the excited daughter isotope.
For the 0v(3p decay the 2n mechanism, see Section 2.2.1, was chosen for Majorana
neutrinos. The detection efficiency is 73.08 +0.01 %. As background levels are reduced,
the energy resolution becomes important to diminish the contribution of 2v[f33 events
in the peak and therefore to distinguish both decays. In Figure 5.11a the spectra of the
0vp B decay and the end-point of the 2v3[3 decay is depicted with an energy resolution
of 5% FWHM. It is shown that the 0vBp decay is overlaid with the 2vBf decay.
For an energy resolution of 2% FWHM, depicted in Figure 5.11b, both signals can be
distinguished. Since the contribution of the 2v33 decay cannot be reduced nor shielded,
the only way to get hold on it, is a sufficiently good energy resolution of at least 2% at
the Q-value of 1'6Cd. With the chosen ROI, the contribution of the 2vpp decay to the
total background rate is zero.
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However, an upper limit of the background rate of

Entries

SDE, z -3
B ’ 0.34-107° ———
CdZnTe < kg - keV - yr

(90% C.L.) (5.21)

is determined.

Table 5.8: Tabulated are all background rates calculated for the detector material
CdZnTe. In total an upper limit of the background rate of less than
0.34-1073 /kg/keV /yr (90 % C.L.) is determined.

Source Agna BSDE BSDE, = Bfﬁ% z
[mBq/kg] [107? /kg/keV /y1]
238U < 657-1076 <73-1073 <5.6-1073 <5.6-1073
24y < 1332-106 <1.1-1072 <74-1073 <74-1073
20Th | <1188 .10 <1.8-1072 <1.3-1072 <1.3-1072
226Ra, <151-107° <1.8-1072 <12-1073 <12-1073
222Rn <265-107% | (3.1+0.7)-1073 <3.0-1073 <3.0-1073
218pg < 266-1076 <3.5-1073 <1.6-1073 <16-1073
214pBi <141-107% | (5.14£0.2)-1072 | (4.740.6)-1073 | (4.74+0.6) - 1073
2l4pg < 141-1076 <20-1073 <14-1073 <14-1073
210pg <1-1073 <1.1-1072 <78-1073 <78-1073
282y < 86-107° <6-1073 <4-1073 <4-1073
228y <319-1076 <5-1073 <5-1073 <5-1073
224Ra, < 2371076 <3-1073 <2-1073 <2-1073
20Rn <340-107% | (424£0.9)-1073 <4-1073 <4-1073
216pg <112-107 <2-1073 <0.7-1073 <0.7-1073
212B; < 564-1077 <04-1073 <0.2-1073 <0.2-1073
212pg < 564-1077 <1-1073 <0.8-1073 <0.8-1073
2087 <564-1077 | (8.54+0.5)-1072 | (1.4£0.2)-1073 | (1.440.2)-1073
88y - 0.14 +0.02 < 0.03 < 0.03
106R - 0.99 + 0.02 0.102 + 0.006 0.102 + 0.006
HOm A o - < 0.58 <0.13 <0.13
124gy, - 0.15 £ 0.02 < 0.019 < 0.019

> - - < 0.34
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Figure 5.11: Schematically depicted are the spectra of the 0vf33 decay and the end-point of
the 2vB B decay of 11Cd with an energy resolution of of 5% FWHM in the upper
figure and of 2% FWHM in the bottom figure. The 0V decay is overlaid by the
2vB P decay in the 5% FWHM case, whereas both signals can be distinguished
for the 2% FWHM energy resolution.
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5.6 Results: Cathode

The background sources concerning the cathode can be sorted into intrinsic and surface
sources. The cathode of the detectors contains platinum, which emits alpha particles.
Additionally, airborne sources, like the progeny of 2?2Rn can be attracted to the
cathode. Therefore, both background categories are investigated in this section.

190Pt is a COBRA-specific radionuclide. It is contained in the platinum layer building
the cathode, see Section 5.1. Natural platinum contains 0.01 % of ?°Pt, which decays
with a half-life of 6.5 - 10! years to '®6Os emitting an alpha ray with an energy of
3.249MeV. The alpha peak can also be identified in the LNGS data taken from the
demonstrator setup, see Section 3.4. Furthermore, the expected contamination cegy, of
0.01 % was compared to the LNGS data. It was shown, that ce,, is overestimated and
thus, the contamination has to be decreased to cgng = 0.004 %.

In the MC, platinum events were generated intrinsic in the cathode of all detectors. The
starting position was randomly chosen. A background rate of < 0.84 - 1072 /kg/keV /yr
was calculated with a contamination of 0.004 % of 199Pt.

As airborne sources on the surface of the cathode ??2Rn and 2!Po are consid-
ered. For both isotopes activities were derived from the comparison with the LNGS
data. Therefore, 219Po has an upper limit on the expected activity of less than
39nBq/cm?, while 222Rn has 6nBq/cm?. For ?'°Po a background rate of less than
0.01 - 1073 /kg/keV /yr was determined, whereas for ?22Rn a background rate of less
than 0.0002 - 1073 /kg/keV /yr wa computed.

In Table 5.9 all results are summarized. The background rate can be further re-
duced by adding a fiducial volume cut, the z cut, and the LSE cut. Figure 5.12
shows the interaction depth z for events with deposited energies between 2.3-3.2 MeV
originating from the '%OPt simulation . The clustering at the first two bins z < 0.2mm
is clearly recognizable.

However, altogether the background rate for the cathode is

BSDE. = LSE _ g gx 10-3 Entries

—_— L. .22
cathode kg . keV - yr (90 % C ) (5 )

and dominated by '"OPt events. To further reject events the z cut has to be modified,
disregarding e.g. the first three bins resulting in a negligible background rate.



5.6. Results: Cathode 93

14000

12000

10000

8000

6000

4000

2000

3
z[10" mm]

Figure 5.12: Depicted is the interaction depth z for *°Pt events at the cathode with an

energy resolution of 2% FWHM and a z resolution of 1 mm. Only events with a
deposited energy between 2.3-3.2 MeV are regarded. The events are clustered at
z < 2mm. By modifying the z cut, neglecting the first three bins, the
background rate originating from Pt can be further reduced.

Table 5.9: Tabulated are all background rates calculated for the cathode. Surface sources
are noted with “sur”. In total an upper limit of the background rate of less than
0.85-1073 /kg/keV /yr (90% C.L.) is determined.

Source Aana Cana BSDE BSDE’ ? BE?]?’ : Bf%,’@s;;
[mBg/em?] | [%] [107% /kg/keV /y1]
22Bnsur | <6-107° ~10.104£0.009 | < 0.003 | < 0.002 < 0.002
210po sur | < 3.9-107° - 0.59 £+ 0.05 <0.02 | <0.01 < 0.01
| 190Py ~ | 0.004 | 27544 [ 20+£0.3 | <0.84 | <0.84 |
E -] T [ [ <oss
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5.7 Results: Glyptal Lacquer

The Glyptal lacquer covers all sides of the detector with a thickness of 10 um in the MC.
It can contain intrinsic sources of the environmental radioactivity. Besides, thermal
neutrons are considered. For surface sources, the progeny of 222Rn are treated. The
contamination of the lacquer was measured with gamma [106] and mass spectroscopy
[107] and results can be found in Table B.2. However, contaminations on the surface
cannot be distinguished to intrinsic contaminations. Therefore, the same value is used
in the analysis, but normalized to the surface of the painted detectors. Furthermore,
a comparison with the measured LNGS data was performed resulting in reduced
contamination values, see Section 5.4.

In Table 5.10 the calculated background rates obtained for the Glyptal lacquer
are summarized. They are in the order of 10731076 /kg/keV /yr. The background is
dominated by o emitters. Although their contribution can be decreased by the LSE
cut, the cut efficiency of 75 % is too low. Furthermore, the expected activities are still
conservatively approximated.

For the surface sources ??2Rn and 2'°Po produce entries in the ROI The results are in
the same order compared to the corresponding intrinsic sources. There are two options
to reduce the contribution of surface sources: cleansing and higher thickness of the
lacquer. A cleansing would have been carried out before operation. It would reduce
the contamination due to the handling of the painted detectors. A higher thickness
of the lacquer would also reduce background, which is attracted to the surface during
operation. Here, it is important to investigate an optimal thickness, because intrinsic
sources produce more entries due to the higher mass.

In addition to the uranium and thorium decay chains, %0Co, 23U, and neutrons
originating from spontaneous fission are investigated. They can be reduced effectively.
Therefore, they can be neglected.

However, altogether a background rate of

Entries
SDE,z, LSE, MSE _3
BlachET < 61.11-10 m (90% CL) (523)

is determined for the Glyptal lacquer.
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Table 5.10: Tabulated are all background rates calculated for the Glyptal lacquer. Surface

sources are noted with “sur”. In total an upper limit of the background rate of

less than 61.11 - 1073 /kg/keV /yr (90 % C.L.) is determined.
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5.8 Results: Delrin Support Structure

The support structure holds nine detectors in place. Altogether, 1536 holders are in
the setup. They are made out of Delrin and in the simulations all background sources
originating from environmental radioactivity are considered. Moreover, the progeny
of 222Rn can settle down on the surface of the holder and thus are also regarded.
Contamination measurements were performed via gamma ray spectroscopy [106].
Furthermore, a comparison with the measured LNGS data was performed. Here, for
222Rn and 2'9Po intrinsic as well as on the surface the assumed activity could be reduced.

Table 5.11 summarizes the results calculated for the Delrin support structure.
The background is dominated by « emitters with the main background source originat-
ing from the second group of the uranium series, 24U. With already < 46 /kg/keV /yr,
these radionuclide produces more than 70 % of the background of the Delrin structure.
An activity < 700mBq/kg was assumed based on measurements with gamma ray
spectroscopy. A recalculation via the comparison with the measured LNGS data was
not possible, because with the method used, see Section 5.4, the individual spectra
obtained from the simulation of the single nuclei of the decay chains do not overlay the
spectrum of the LNGS data. However, Figure 5.13 shows the summed spectra of the
2387 decay chain in the Delrin holder compared to the LNGS data. An overestimation
is visible, in particular below 2MeV. Therefore, the real contamination has to be
smaller as the expected ones in the analysis.

10°

Data: 2 Layer 84.376 kgd

Counts

108

Mc: 2%y decay series in Delrin

107
10° ]
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10 Ay
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Figure 5.13: Plotted are the summed spectra of 233U decay chain in the Delrin holder
compared to the LNGS data. An overestimation is visible, especially below
2MeV
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The examined airborne sources on the surface of the support structure is dominated by
222Rn. Here, an activity of less than 5.5 - 107 mBq/cm? was determined. 2!°Po can be
neglected. To reduce the influence of the surface sources cleaning before operation and
a possible higher thickness of the lacquer surrounding the detectors is possible and was
mentioned in Section 5.7.

Furthermore 23°U and neutrons from spontaneous fission are investigated, but can also
be neglected.

The thorium decay chain produces background rates in the order of
1073 — 107 /kg/keV /yr, which is acceptable.

Altogether, a background rate of

SDE,z LSE,MSE _ g3 ¢q . 1(~3 Entries

, D .L. .24
Delrin kg -keV - yr (90 % C ) (5 )

is determined for the Delrin support structure with the quoted activities.
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Table 5.11: Tabulated are all background rates calculated for the Delrin support

In total an upper limit of the

structure. Surface sources are noted with “sur”.

background rate of less than 63.89 - 1073 /kg/keV /yr (90 % C.L.) is determined.
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5.9 Results: Circuit Board of High Voltage Supply

The circuit board for the HV supply consists of two layers, which are mounted on the
surface of the bottom plate of the holder. The first layer is out of Kapton covered with a
second layer made out of copper. For more information see Section 5.1. All background
sources originating from environmental radioactivity are regarded. Furthermore, the
progeny of ?22Rn can be attracted to the surface of both layers of the High Voltage
supply. Hence, they are also examined as a surface source.

In Table 5.12 the calculated background rates obtained for the circuit board for
the HV supply are summarized. Measured activities can be found in Table B.4. Since
another HV supply is used in the demonstrator setup currently, it is not possible to
compare simulated data with the measured LNGS data. Furthermore, contamination
measurements performed by the collaboration were not done yet. Therefore, values
from the ILIAS database were used.

The background rates are in the order of 10~* /kg/keV /yr and thus, acceptable. The
most effective cuts in this case are the z and the LSE cut to create a fiducial volume. In
addition, 23U and neutrons from spontaneous fission were regarded. Here, SF neutrons
can be neglected. The main background is created by 2!°Po on the surface of the circuit
board. The expected activity is < 6.3 - 107> mBq/cm? or < 500mBq/kg, because
surface and intrinsic sources cannot be distinguished by contamination measurements.
However, for a surface source it is large. On the surface of the cathode, 2!°Po has a
contamination level of < 3.9 - 107® mBq/cm? or 361 mBq/kg, whereas for the Delrin
support structure < 1.2 - 107" mBq/cm? or < 9.74 - 10~* mBq/kg were determined, see
Section 5.4. Therefore, a smaller contamination is likely.

In sum a background rate of

Entries
BSDE, 2 LSE,MSE _ 31 0o 10=3 ntries

CBHV m (90% C.L.) (5.25)

is determined for the circuit board for the HV supply with the quoted activities.
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Table 5.12: Tabulated are all background rates calculated for the circuit board of the HV

supply. Surface sources are noted with “sur”. In total an upper limit of the

background rate of less than 31.08 - 1073 /kg/keV /yr (90 % C.L.) is determined.
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5.10 Results: Circuit Board of Anode Read-Out

The circuit board for the anode read-out consists of Kapton in the MC, like the first
layer of the High Voltage supply and is mounted on the surface of the top plate of the
holder. Therefore, all background sources generated from environmental radioactivity
are investigated.

Table 5.13 shows the determined background rates for the read-out Kapton ca-
ble. Contamination were not measured so far. Therefore, values were taken from
the ILIAS database and can be found in Table B.5. The rates are in general low
in the order of 10™* — 1077 /kg/keV/yr. Due to the top plate of the Delrin holder,
most events are shielded. With an additional z cut and LSE cut events on the sur-
face can be removed. Furthermore, y rays from 2'Bi can be eliminated by the MSE cut.

Altogether, a background rate of

Entries
BSDE,Z,LSE7 MSE . 1 -3 L. 2
OB Anode < 0.95-10 ke keV - yr (90% C.L.) (5.26)
is calculated for the circuit board of the anode read-out with the measured activities,
which is acceptable low.

Table 5.13: Tabulated are all background rates calculated for the circuit board for the
anode read-out. In total an upper limit of the background rate of less than
0.95- 1073 /kg/keV /yr (90% C.L.) is determined.

Awa | BTFBE T BRET BN
[mBq/kg] [1073 /kg /keV /y1]
214B;4 <70 2.0+0.4 < 0.41 < 0.41 < 0.23
2l4pg <70 <18 <0.41 < 0.23 <0.23
216pg < 40 < 0.46 <0.13 <0.13 <0.13
212pg < 40 <11 < 0.23 <0.13 <0.13
20877 < 40 1.24+0.3 <0.23 < 0.23 < 0.23
25U | <0001 <7.9-10°]<33-10°]<33-100]| <3.3-107 |

;SFN [ <35-100 | (9+£1)-105[ <4.9-1077 | <4.9-1077 [ <4.9-1077 |
iz - - - | <095
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5.11 Results: ASICs

The ASICs are made out of silicon and are in the MC mounted on the Delrin support
structure of a row, which also holds eight holders in place, in front of the first holder.
Here, background sources from environmental radioactivity and the progeny of 2??Rn
are investigated.

Measured activities were determined via gamma ray spectroscopy [106] and can
be found in Table B.6. As the ASICs are approximately in 10 cm distance to the detec-
tors, o and also 3 particles do not reach the detectors. Only radionuclei emitting y rays
can produce counts in the ROI, which is also shown in Table 5.14. In this case, events
from 20%T1 are already removed to a minimum the fiducial volume cut in z, whereas
entries from 2“Bi are reduced by the z and MSE cut. Neutrons from spontaneous
fission can be neglected completely due to a rate in order of 107 /kg/keV /yr. In sum,
a background rate of

Entries
RBSDE, 2 LSE,MSE _ | g =3 __ DOUICS L. 9
ASIC's < 5-10 kg keV - yr (90% C.L.) (5.27)

is determined for the circuit board for the anode read-out with the quoted activities.

Table 5.14: Tabulated are all background rates calculated for the ASICs. In total an upper
limit of the background rate of less than 1.25 - 1073 /kg/keV /yr (90 % C.L.) is

determined.
e BT B BE Bl
[mBq/kg] [107°/kg/keV /yr]
| 2B | < 1.6 | <25 | < 1.7 | <15 | < 0.86 |
| 2057 | <13 | <0.70 | <0.39 | <0.39 | <0.39 |
| SFN [ <125-1077 | (354+04)-107% | <32-107° [ <2.7-107° [ <2.7- 1077 |
z | - - - | <13
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5.12 Results: Gas

The inner part of the setup, the detectors and the support structures, is in reality
constantly flushed with nitrogen. But even though, airborne sources can also be present
in the gas. In the MC, the gas is also set to nitrogen. As airborne sources radon and
its progeny are examined.

It is complicated to measure the activity in gases, because it depends on the
construction materials of the laboratory and the quality of the nitrogen flushing.
Therefore, a default activity of 1mBq/kg was assumed corresponding to standard
activity levels for low counting experiments. Table 5.15 shows the obtained background
rates. First, only o emitters generate events in the ROI. Furthermore, they can be
effectively eliminated to a minimum by the LSE cut.

In sum, a background rate of

Entries
RBSDE,z LSE,MSE _ (17 .10~3 1S L. 2
s <0.17-10 kg keV - yr (90% C.L.) (5.28)

is calculated for the gas, which is acceptable low. Yet, a reliable contamination level has
to be determined.

Table 5.15: Tabulated are all background rates calculated for the gas. In total an upper limit
of the background rate of less than 0.17 - 1072 /kg/keV /yr (90 % C.L.) is

determined.
Source Auna BSDE BSDE, = B‘ngEE’Z Bg?g’]\i{SE
[mBq/kg] [1073 /kg/keV /yr]
222Rn <11 0.290 £ 0.005 | 0.285 £ 0.005 | 0.071 £ 0.003 | 0.071 4+ 0.003
210pg <11 0.358 +£0.006 | 0.354 £ 0.006 | 0.088 +0.003 | 0.088 4+ 0.003

B \ - | < 1.64 | < 1.626 | < 0.0002 | <017
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5.13 Results: Shielding Materials

The shield consists of three layers — copper, lead and boron loaded polyethylene. All
layers are regarded concerning environmental radioactivity. Contamination measure-
ments were performed via gamma ray spectroscopy [106] for the copper. The results
can be found in Table B.7. For the lead and PE, no measurements were done by the
collaboration so far. Therefore, values from the ILIAS database were taken and are
summarized in Table B.8 and B.9.

The calculated background rates for the shield layers can be found in Table 5.16. Only
neutrons from spontaneous fission generate events in the ROI. However, they can be
removed by the cuts. Furthermore, o, 3 and vy rays from outer layers, like the lead and
PE, are effectively shielded by the inner layer copper. Nevertheless, it has to be kept
in mind, that no holes are implemented in the shield in the MC. In reality, the shield
is build out of bricks leading to gaps between them. Furthermore, cable feedthroughs
are neither implemented in the simulation, but necessary for the operation of the

experiment.

Table 5.16: Tabulated are all background rates calculated for the shield layers.

Material | Source Aana BSPE  pSDE,z Bz‘gg,z Bg?g’]@w
[mBaq/ke] [107°/kg /keV /y1]
| Copper | SFN | < 0.00005 | 0.046 40.006 | < 0.004 | <0.003 | < 0.002 |

| Lead | SFN [ <0.0000675 | 0.09+0.02| <001 <001  <0.01|
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5.14 Results: External Radiation Sources

As external background sources only cosmogenic muons and muon-induced neutrons are
important. Radiation originating from radionuclei is not regarded, because the emit-
ted particles are not able to penetrate the shield, which was already shown with the
simulation of the different layers of the shield. Since the development of the shield was
optimized for fast neutrons, the individual background rate is now calculated. Further-
more, the background generated from muons is regarded.

5.14.1 Muons

So far, the large scale COBRA experiment setup gets by without an active veto. As
discussed in Section 4.5, different veto systems are possible, including plastic or liquid
scintillator. However, there is no active component implemented in the GDML geometry.
Thus, the background rate of muons is determined without using any veto, just by
employing the analysis cuts.

Overall 1-10% events were produced on the outer surface of the BSPE layer of the shield,
corresponding to a measuring time of 5.853 4+ 0.006 years, which is calculated using

N, sim
a

t= - Om (5.29)

with the muon flux ¢,, and the area a = 16351.5cm?, on which the muons were simu-
lated. The muon flux is given by [95]

Gm = (2.58 £0.3) - 10 3 cm 251, (5.30)

In the ROI 6489+ 81 entries were detected without applying any further cut, besides the
energy cut. Considering only single detector events and neglecting lateral surface and
multi side events, only 0.5 entries remain. Combining Equation 5.13 and 5.29 produces
an upper limit for the background rate, which is summarized in Table 5.17. In total an
upper limit of the background rate of less than 0.02 - 1073 /kg/keV /yr is determined.

Table 5.17: Tabulated are all background rates calculated for muons.

Source | BSPE  BSDE,z BE]SDS’Z BSDE. 2

LSE, MSE
(1073 /kg/keV /y1]
| Muons | <0.06 | <0.04| <0.02] <0.02

5.14.2 Fast Neutrons

The background rate for fast neutrons is calculated also using Equation 5.13. The
measuring time ¢ is determined by Equation 5.31 and depends on the neutron flux ¢y,
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see Equation 5.7, and the area a = 16351.5 cm?, on which the neutrons were simulated.

N.;
t = sum

“On (5.31)

Altogether, 1 -10% neutrons were generated and 774 + 28 entries were registered in the
ROI without any additional cut. Combining Equation 5.13 and 5.31 and employing
the SDE cut as well as the z cut, all entries are removed to a minimum in the ROL
In Table 5.18 the calculated background rates combining Equation 5.13 and 5.31 are

shown.

Table 5.18: Tabulated are all background rates calculated for fast neutrons.

Source BSPE pSPE.z pril= 3551571\24513
[10_3/kg/keV/yr]
[ Neutrons | 0.008 | <0.002 | <0.002] <0.002 |

| Neutrons (Warwick) | < 0.005 | <0.003 | <0.002 | < 0.002 |

Furthermore, the MC was repeated for the shield design created by the University of
Warwick, introduced in Section 4.1.1. The obtained background rate can also be found
in Table 5.18. The performance is comparable. The background rates have the same
order of magnitude. However, the new shield design consisting of only three instead of
eleven layers offers an easier handling and mounting.
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5.15 Summary

In Section 5.5 — 5.14, the calculated background rates in different setup parts were
presented and discussed. In Table 5.19, they are summarized. Altogether, a background
rate of

Entries
BSDE,z LSE,MSE _ {6y . 10—3 __0t1es L. .32
5D <160-107° o — (90% C.L.) (5.32)

is computed.

Table 5.19: Tabulated are all background rates calculated for the different setup parts. In
total an upper limit of the background rate of less than 160 - 1073 /kg/keV /yr is
determined. In addition, the scaled background rates are summarized.

BSDE = BSDE =

LSE,MSE LSE, MSE, scaled

[1073 /kg/keV /y1] || [1073 /kg/keV /y1]

CdZnTe < 0.34 < 0.054

Cathode < 0.85 < 0.136

Lacquer < 61.11 < 9.78

Delrin < 63.89 < 10.22

CB HV < 31.08 < 31.08

CB Anode < 0.95 < 0.95

ASICs < 1.25 < 1.25

Gas <0.17 <0.17

Shield < 0.01 < 0.01

External < 0.01 < 0.01
Ztotal < 160 | <54 |

Figure 5.14 illustrates the contribution to the total background rate of the different
parts. The main contribution originates from the Delrin support structure (holder) in
quick succession of the Glyptal lacquer. In the third place follows the circuit board
of the HV supply. These three setup parts are all located nearby the detectors and
additionally reliable contamination measurements are not available. Although upper
limits of the contamination of the lacquer and the Delrin were measured, see Table B.2
and B.3, by the collaboration and the simulations also compared to the LNGS data,
see Section 5.4, many activities are still in the range of 10-1000 mBq/kg. Such values
are high regarding low counting experiments like COBRA and it seems reasonable to
assume that the activities have been overestimated, because precise measurements are
often not possible due to the limited sensitivity of the instrumentation used.

This assumption is confirmed by Figure 5.15. Here, the LNGS data spectrum is plotted
in comparison with the MC from the detector material CdZnTe, the lacquer, the Delrin
and the cathode. The SDE, z, LSE and MSE cut were neither applied to the LNGS nor
the MC data. It is shown, that the MC spectrum lies above the LNGS data spectrum.
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Figure 5.14: Illustrated is the contribution of the different setup parts to the total background
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Figure 5.15: Plotted are the spectra of LNGS data compared to the MC spectrum of CdZnTe,

In

the lacquer, the Delrin and the cathode.
activities in the analysis can be recognized due to the higher MC spectrum,
especially below 2.5 MeV.

An overestimation of the employed

particular, below 2.5 MeV the difference is approximately in the order of three mag-

nitudes. Working out another scaling factor k£ following the example set by Section 5.4
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in the ROI, the total background rate can be reduced to

SDE, z LSE, MSE _3 Entries
Btotal,sialed <54-10 3 m (90% C.L.) (5_33)

under the presumption that the background in the ROI at the demonstrator setup
originates from the four mentioned setup parts. k equals 0.16 in this case. In Table
5.19 the scaled background rates are summarized.

Figure 5.16 shows the influence of the different cuts on the MC data. With the
SDE cut, the counting rate is reduced to one half. Events on the cathode and anode
side of the detectors are removed by the z cut, whereas the LSE cut eliminates also
events on the other lateral surfaces. Thus, many « events from the 23U and 232Th
decay series are removed. The MSE cut is again not considered, for the reasons
explained in 5.3, resulting in a peak nearby the ROI corresponding to 2°*T1. However,
by applying the MSE cut in the analysis these events are removed.

:: —— MC: Total spectrum
> 108 ——— MC: Spectrum with SDE Cut
—\é) ———— MC: Spectrum with SDE and z Cut
< 107 MC: Spectrum with SDE, z and LSE Cut
)
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Figure 5.16: Plotted are the total MC spectra with different cuts. The counting rate is reduced
by a factor of 2 by the SDE cut. The z cut removes events on the cathode and
anode side of the detectors. Furthermore, the LSE cut eliminates o« events on the
lateral surfaces. The MSE cut is not considered due to the energy dependence of
the cut.

The contribution by different particle types to the total background rate is shown in
Figure 5.17. The dark colored bars correspond to the portion before applied cuts, while
the lighter colored bars show the contribution after employed cuts. It is shown, that the
implemented cuts eliminate successfully gammas, neutrons, electrons and muons. Alpha
particles dominate in both cases. After the cuts their contribution is 99 %.



110 Chapter 5. Total Background Estimation

5 10

= = 373

< -

g 4L 0.74 0.86
N g

c -

>3

8 10!

102

1073

10

0.33
158.5E-3
0.6E-3
0.59E-3 0.37E-3
0.13E-3
1.4E-6
¥ n e W

Figure 5.17: Illustrated is the contribution of different particle types to the total background
rate. The darker bars refer to the share before, the lighter colored ones after

o

applied cuts. The main portion arise from o particles.

In addition, the portion of the surface sources can be determined. Airborne sources,
in particular 222Rn and ?'°Po, can settle down on surfaces. Regarded surfaces are the
cathode, the lacquer, the Delrin, the CB of the HV and anode read-out. A contribution
on the total background rate of 26.8 % of airborne sources on surfaces was determined.



Chapter 6

Conclusion

Within this thesis, a multi-layer shield concerning the attenuation of the neutron and
gamma activities was developed and the expected total background rate for the large
scale COBRA experiment was determined based on Monte Carlo simulations. Geant4
was used as simulation toolkit with the COBRA specific software VENOM. Further-
more, two different physics lists were discussed.

A previous shield design was already created by the University of Warwick consisting
of eleven narrow layers making it complex and difficult to handle and mount. The total
thickness was 52 cm. The goal was to develop a shield less complex without the loss of
effectiveness. For this, at first single-layer shields were investigated determining material
properties concerning neutron attenuation and (n,y) self-absorbing effects. Next, mate-
rial layers were combined considering also other material properties, like radiopureness
for the innermost layer. The new improved shield design consists of three layers: 10 cm
5 % boron doped polyethylene as outermost layer, 20 cm of lead and 10 cm of copper as
innermost layer. Comparing both shields showed background rates in the same order
of 107%/kg/keV /yr. Thus, they are equally good concerning external radiation sup-
pression. Hence, the goal is achieved and additionally the size of the shield is reduced,
because 12 cm were saved in the thickness.

For the calculation of the total background rate, the present large scale COBRA setup
design was implemented in the simulation. Different background sources, covering nat-
ural radioactivity in the environment, detector material and near detector area, as well
as cosmogenic radioactivity, thermal neutron and high-energetic radiation sources were
simulated within various setup parts as intrinsic and surface sources. As surface sources
radon progeny were considered. Activities and contamination measured via gamma ray
or mass spectroscopy by the collaboration were employed in the analysis. Furthermore,
cuts similar to the analysis of the LNGS data were also developed for the Monte Carlo
simulations and implemented in the analysis software. For setup parts, which are al-
ready used in the COBRA demonstrator setup at the LNGS, simulations were compared
to the measured LNGS data showing an overestimation of the measured contamination,
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because the instrumentation used is often not sensitive enough to detect low counting
rates. Therefore, a scaling factor was determined for the individual background chan-
nels to obtain a more realistic activity value. With this, each obtained Monte Carlo
spectrum was compared individually to the LNGS data spectrum neglecting summed
up background resulting in a very conservative calculation preventing an underestima-
tion. Detector parts, which are already worked with at the LNGS and thus possible
for this analysis, were the detector material, the cathode, the Delrin support structure
and the lacquer surrounding the detectors. Here, also intrinsic and surface sources were
distinguished. All measured contaminations could be decreased by several orders of
magnitude.

With the newly determined contamination a total background rate of less than
160 - 1073 /kg/keV /yr was calculated regarding also external radiation sources, the cir-
cuit boards of high voltage supply and anode read-out, the ASICs, the nitrogen gas sur-
rounding the detectors and the shielding materials next to the already mentioned parts.
The main contribution to the total background rate arise from the lacquer (44.6 %) and
the Delrin support structure (42.3. %). Both setup parts are close to the detectors and
reliable contamination measurements are not available. An overestimation of the in-
dividual contaminations was determined by combining all simulation from setup part,
already operated in the demonstrator setup. By calculating a further scaling factor to
reduce the influence of summed background sources, the total background rate could be
decreased to less than 54 - 1073 /kg/keV /yr. Concerning particle types contribution, it
was shown that o« particles dominate with a portion of 99 %. Furthermore, the share of
surface sources is 26.8 %.

To be competitive with other next-generation neutrinoless double beta experiments
COBRA must achieve a background level in the order of 1073/kg/keV /yr. Hence,
the determined background is still too high. However, other options are still possible
to reduce the background further. First, the quantity of simulated events can be in-
creased to reduce the influence of the statistic error. With time-coincidence analysis,
the decay sequence 2'4Bi—214Po—219Pb could be identified with a efficiency of 41.42 %
[108]. The efficiency was restricted by the time resolution of the ADCs operated at the
LNGS. A new evaluation of the time-coincidence analysis is under investigation [109].
In addition, developing methods concerning surface cleaning of e.g. the Delrin support
structure and the lacquer on the detectors, before operation to reduce their influence are
planned. Also, the thickness of the applied lacquer is a crucial factor. With a thicker
layer, surface contaminations could be reduced. Another powerful option is the discrim-
ination of o and (3 particles in the detector. Here, first attempts were already made
[110]. However, the most promising option is the development of a background model of
the LNGS data and further contamination measurements to get reliable activity values.
Here, an optimization of the ROI regarding the “signal to noise” ratio would also be an
opportunity to reject events.

Nevertheless, the first attempt to determine the total background rate was done re-
sulting in a promising background level of 54 - 1073 /kg/keV /yr. The estimation was
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done very conservatively to reduce the chance of an underestimation. Yet, plenty of op-
tions involving the analysis of the LNGS data as well as the investigation of additional
experimental issues, like cleansing, are planned or already worked on to decrease the
background rate further.
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Figure A.1: Incident neutron cross section for 1B and 6Li. The data is based on the
ENDF/B-VII library. It is shown that for a wide energy range the total cross
section is above 1barn. For thermal neutrons (~10~? MeV) the total cross

section increases rapidly. For neutron energies above 1 MeV inelastic scattering

becomes important.
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Figure A.2: Incident neutron cross section for 2°8Pb and %3Cu. The data is based on the
ENDF/B-VII library. For neutron energies less than 1 MeV inelastic scattering
becomes important in metals. Furthermore the cross section of radiative capture

is one order of magnitude smaller compared to '°B and SLi.



Appendix B. Contamination Measurements

Appendix B

Contamination Measurements

Table B.1: Tabulated are the results of contamination measurements for CdZnTe. The upper
limits of the activity A were determined via gamma ray spectroscopy [106], while the
upper limits of the contamination ¢ were measured via mass spectroscopy [107, 111].

Isotope A [106] c [107] || ¢ [111] || ¢ [111]

[mBq/kg] [ppb] || [ppb] || [ppb]
*?Ra <47 - - -
228Th < 60 - - -
226Ra <51 — - -
234Th < 210 - - -
234mpy < 1200 — - -
235U <5 _ _ —
40K < 260 - - -
137Cs 40 £8 - - -
80Co <19 - - -
9Be (“Li) - <5.3 — -
2Na (?3Mg, **Na) - 97 - -
60Ni (50Cn) - 28 — -
667Zn (56Ga) — || 1.1-107 — =
82Se (32As) -~ 440 — -
140 (g (140La) _ 97 _ _
166y (166 ) _ 46 _ _
202 g (202 Au) _ <5 _ _
238y - <18 || <045 || <0.55
232Th - <17 | <0.45 <1
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Table B.2: Tabulated are the results of contamination measurements for Glyptal Lacquer.

The upper limits of the activity A were determined via gamma ray spectroscopy

[106], while the upper limits of the contamination ¢ were measured via mass

spectroscopy [107].

Isotope A [106] c [107]
[mBq/kg] [ppb]

228Ra < 180 || 23°Th 146 + 15

228Th < 190

226R g < 140 || 238U 115+ 10

234Th < 1500

234mPy < 4300

257 <15

40K <1000 || K | 1640 + 400

137Cg < 56

60Co <72

Table B.3: Tabulated are the results of contamination measurements for Delrin. The upper

limits of the activity A were determined via gamma ray spectroscopy [106].

Isotope A

[mBq/kg]
228Ra <5
228 <5
226Ra <5
234mpy < 700
235U <3
0K <31
137Cs 3+1
60Co <2
210py, < 200
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Table B.4: Tabulated are the results of contamination measurements for the activity A for
Kapton covered with copper [112].

Isotope A A A A A

[mBq/kg] || [mBq/kg] || [mBq/kg] || [mBq/kg] || [mBq/kg]
228 A¢ - <90 < 40 < 300 -
212py, <6 <25 < 30 150 <25
2087 13 50 < 80 300 <20
234 - < 240 < 300 < 950 -
214py, 14 < 40 <70 < 240 <15
214Bj 14 < 80 90 280 < 60
251U - <90 < 100 < 400 -
0K <90 < 900 700 < 2100 400
137Cg <5 - 20 — <9
60Co 10 150 < 40 700 <15
210pp 300 < 250 < 500 < 2200 300

Table B.5: Tabulated are the results of contamination measurements for the activity A for

Kapton [112].

Isotope A

[mBq/kg]
228AC -
212py, 40
208T1 -
234Th o
214py, 30
214p;4 70
235U o
0K <90
137Cs <5
60Co 10
210p 500
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Table B.6: Tabulated are the results of contamination measurements for ASICs. The upper
limits of the activity A were determined via gamma ray spectroscopy [106].

Isotope A

[mBq/kg]
228Ra, <19
228 <1.3
226Ra <16
234 <25
234mPpy <29
B5U < (1.5£0.6)
40K < (16 £ 5)
137Cg < 0.55
60Co <0.13

Table B.7: Tabulated are the results of contamination measurements for copper. The upper
limits of the activity A were determined via gamma ray spectroscopy [106].

Isotope A

[mBq/kg]
228Ra <21
228 <23
226Ra <25
2347y < 100
234mpy <47
25U <14
0K <11
137Cg <0.9
60Co < 0.6
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Table B.8: Tabulated are the results of contamination measurements for the activity A for

lead [112].

Isotope A

[mBq/kg]
228AC -
212py, <5
208 < 0.8
234 <135
214py, <3
214p;4 <2
235U <6
137Cs < 0.6
210py, 24000

Table B.9: Tabulated are the results of contamination measurements for the activity A for

PE [112].

Isotope A

[mBq/kg]
QZSAC o
212py, _
2087) <6
234 —
214Pb -
2144 < 16
235U o
137Cg <20
0K <70
60Co <5
210py, 70
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Additional plots for Chapter 4

s E — Copper
5 1 Ex —Lead
E
z |
10" =
102 E-
10° =
10% -
R "
10° E- \% H
= M
N B S AR L1 L Pl v b b
0 100 200 300 400 500 600 700 800 900 1000
d [mm]
(a) Neutron population Ny norm,2.5Mev for one layer shields
3 E — Copper
% R —g——— —Lead
g S [ —Iron
£ ~_ —PE
- 107 ~—_ — PEL
~_ — PEB30
PEBS5

10*

10°

Il ‘ Il
100 200 300 400 500 600 700 800 900 1000
d [mm]

o

(b) Gamma population Ny norm,2.5Mev for one layer shields

Figure C.1: Plotted is the population for neutrons and gammas for an incident neutron energy
of E =2.5MeV in one layer shields.
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Figure C.2: Plotted is the population for neutrons and gammas for an incident neutron energy
of £ =10MeV in one layer shields.
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Figure C.3: Plotted is the population for neutrons and gammas for an incident neutron energy
of £ =2.5MeV in two layer shields.
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Figure C.4: Plotted is the population for neutrons and gammas for an incident neutron energy
of £ =10MeV in two layer shields.
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Figure C.5: Plotted is the population for neutrons and gammas for an incident neutron energy
of F =2.5MeV in three layer shields.
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