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Neutrinos by John Updikg1960)

Neutrinos: they are very small

They have no charge; they have no mass;
they do not interact at all.

The Earth is just a silly ball

to them, through which they simply pass
like dustmaids down a drafty hall

or photons through a sheet of glass.
They snub the most exquisite gas,
ignore the most substantial wall,

cold shoulder steel and sounding brass,
insult the stallion in his stall,

and, scorning barriers of class,

infiltrate you and me. Like tall

and painless guillotines they fall

down through our heads into the grass.
At night, they enter at Nepal

and pierce the lover and his lass

from underneath the bed. You call

it wonderful; | call it crass.
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Introduction

As a natural science, the goal of physics is to provide a realistic model of the fundamental
processes in the world. Concerning the description of the components of matter, the Standard
Model of Particle Physics is a good description of elementary particles and their interactions.
However, this model has its limitations as the zero neutrino masses have been introduced ad
hoc.

Therefore, neutrino physics plays a crucial role in modern particle physics. In light of re-
cent measurements of the SNO experiment which finally solved the solar neutrino puzzle other
guestions concerning neutrinos have become more important. The individual lepton flavour
number is no longer a conserved property. In flavour changing processes, the parameters to be
measured are the squared mass differenee’ of the neutrino mass eigenstates and mixing
angles of the neutrino flavours and mass eigenstates. However, certain properties of the neu-
trino remain unknown, such as the absolute mass scale, their mass hierarchy or the nature of
neutrinos — whether they are Dirac or Majorana patrticles.

The investigation of beta spectra, or to be more precise, the analysis of the endpoint of the
beta spectrum of e.qg. tritium can reveal the absolute mass of the electron neutrino, however, so
far the only handle to find out about the neutrino being either Dirac or Majorana type is the
analysis of double beta decays.

The most stringent limits of the Majorana neutrino mass come from the Heidelberg-Moscow
experiment. A claim for evidence of neutrino-less double beta dec&Gr has been pub-

lished by a sub group of the Heidelberg-Moscow collaboration, however, its correctness is still
controversial as the observed signal may well be just a so far unknown background.

In this work the COBRA experiment is presented. It is a new approach to double beta decay
investigating cadmium, tellurium and zinc isotopes at the same time. The detector is based on
a new generation of CdTe/CdZnTe crystals which can be used as semiconductor detectors with
good energy resolution. One of the isotopes in CdZnTe has a higher transition energy than the
highest energetic naturally occurring gamma line. Another advantage of looking at a a different
energy is to avoid the same background as in germanium experiments and to cross check their
result with different nuclei. This is of utmost importance as the nuclear matrix elements play

a significant role in the calculation of the neutrino mass if a half life of neutrino-less double
beta decay can be measured. These nuclear matrix elements are measured in nuclear physics,
however, they can also be measured with neutrino accompanied double beta decay which is
an allowed process in the Standard Model. Still, it is uncertain how to transfeérthaclear

matrix elements to thév process. The neutrino accompanied double beta process has been
already observed for the first lepton generation, yet the neutrino-less mode remains unobserved.



8 INTRODCUTION

This thesis is divided into the following sections.

In the first chapter an introduction to double beta decay is given. Here, the neutrino accompa-
nied and neutrino-less modes are presented and their experimental signature is discussed.
The second chapter starts with a description of semiconductor detectors with CdZnTe as a spe-
cial example. Then the need for a method to reduce background is motivated and the shielding
system of the COBRA experiment is presented. Finally, the current detector setup is described
in detail.

The development of an appropriate data acquisition system is presented in chapter three. This
includes the description of a provisional system based on the CAMAC bus which was built as
part of this thesis as well as the construction of the new system based on the VME bus including
a custom built ADC. The development of a new data acquisition system is motivated because
the CAMAC system is based on almost thirty years old electronics components.

A major part of any new experiment is to simulate the new detector setup with a sophisticated
Monte Carlo simulation program. This simulation allows to estimate detection efficiencies for
signal processes and to optimise the setup. The simulation can also help in understanding the
background contribution of building components in measured spectra. The simulation program
for the COBRA experiment which was developed within this thesis is described in chapter four.
Finally, the data taken with the introduced detector setup is presented in chapter five. With this
data the analysis of rare decays is carried out leading to limits on the half lives of double beta
decays as well as the beta decay'dfcd and charge non-conserving decays.

At last, the achieved experimental goals are summarised and conclusions are drawn. An out-
look on future enhancements of the detector setup as well as additional physics processes to be
measured with a larger detector is given.



Chapter 1

Double Beta Decay

In nuclear double beta decay the electric charge of a decaying nucleus changes by two units
leaving its atomic number unchanged [Boe87, Zub04]. This process was originally proposed
by Maria Goeppert-Mayer in 1935 [GM35]. With half lives aroun@f’ years double beta
decay is amongst the rarest processes ever measured. This has to be compared to the current
age of the universg) = (13.7 + 0.2) - 10° years [Eid04], which means that almost all nuclei
which may disintegrate via double beta decay are still existent since their creation. A more
common decay mode is single beta decay. Here, the half life is less than a few years for most
of the isotopes [SE98]. Other searches for rare processes like the proton decay resulted in a
lower limit of the half life of2.1 - 10%° years.

In the following sections, the connection of double beta decay to neutrino physics is presented,
then the double beta process is discussed theoretically. The discussion starts with the neutrino
accompanied double beta decay mode which is allowed in the Standard Model. After this, the
neutrino-less mode is envisaged which is subject of many current experiments. Finally, more
speculative modes are sketched.

1.1 Neutrino Physics

Since the postulation of the neutrino by Pauli in 1930 [Pau30] to solve the puzzle of the continu-
ous electron spectrum in nuclear beta decay, the understanding of the neutrino and its properties
has changed drastically. The neutrino had been introduced as a massle§spapin+e into

the Standard Model of particle physics coupling only to left handed weak currents, because it
was observed with a fixed helicity

s-p

~ ol

with the spins of the neutrino and its momentuphanti-parallel to each other whereas for the
anti-neutrino spin and momentum are parallel [Zub04].

The first detection of a free neutrino has been published in 1953 by Cowan and Reines [Rei53a].
The apparatus to detect the neutrino was using a large amount of organic liquid scintillator
[Cow53, Rei53b]. The reaction involved in the detection of the neutrino is the inverse of the
nuclear beta decay:

H (1.1.1)

U+p—n+teh (1.1.2)

9
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Here, the prompt signal from the positron was measured. As a neutrino source, a nearby nuclear
reactor was used. In a second step of the experiment cadmium salt was added to the scintillator
to see a delayed signal of the neutron capture on the cadmium [Rei59].

Another experiment by Davis aimed at detecting neutrinos from the sun which should emit
neutrinos from the decay B [Dav68]. The detection process is, again, inverse beta decay
this time, however, with the reactiofiCl(v, e~)37Ar. As a target material 520t of detergent

have been used. The detection of the reaction was done by pumping helium into the liquid
scintillator purging the dissolved argon. The produd®ar is then detected with proportional
counters by measuring its beta decay. With this technique an amo@nt-of 3" Ar atoms
produced per day has been measured. This experiment has been located in an underground
laboratory to shield the apparatus from cosmic muons which create protons. These protons
may produce’Ar by (p,n) reactions.

The outcome of this experiment was that only approximatély of the predicted number of
neutrinos was seen. Other experiments followed confirming this measurement [Fuk98, Ham99,
Bel03, Gav03]. Also the number of, from atmospheric muons coming from the decay of
charged pions

=ty ut—et+r 40, (1.1.3)

T =+ poo—e + U+, (12.1.4)

which are generated by cosmic ray interactions with the atmosphere showed a deviation from
the predicted value. As the absolute flux depends strongly on the underlying model of hadron
generation in the atmosphere and the incoming cosmic ray flux, the ratio of the numbers of
electron- and muon-neutrinos [Zub04]

Ve + Ve

R= — (1.1.5)
T 2

is calculated. This value can be calculated from theory with an uncertainty of only 5 %.

As a solution to the solar neutrino puzzle a process called neutrino oscillation was investigated.
Here, the mass of the neutrinos is no longer assumed to be zero. However, the mass eigen-
states are not identical to the known flavour eigenstates, but a linear combination of these. For
a two neutrino model which only simplifies the calculations but does not change the underly-
ing physics, two neutrino flavours are connected to the mass eigenstates via a unitary mixing

matrix: 9 0
(I/a) :U'<V1)’ With U — ( cos sin > (1.1.6)
Vg V9 —sinf cosf

If a neutrino is produced in a nuclear reaction as one flavour it is a linear combination of
the mass eigenstates which propagate differently in space. As a result the composition of the
neutrino in the flavour space may change and the measurement of the neutrino flavour at a
different space point may result in another flavour than the one at the point of creation.

The probability of a/, = 3 oscillation

P (vo = vg) = sin?(26) sin® (;L > (1.1.7)
osc

with the oscillation length
~ 248(E/GeV)

Lose = (amd, /6VP) [m] (1.1.8)
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depends on the enerdy of the incident neutrino and the distantdetween source and detec-
tor. Therefore, a wide parameter spacé.iand F had to be covered by experiments to extract
the mixing anglé) and the mass differencan3; = m3 — m?.

The success of the neutrino oscillation model was recently achieved by the Sudbury Neutrino
Observatory (SNO) measuring solar neutrinos. In this experiment for the first time the total
neutrino fluxg, i.e. including all flavours has been measured in addition to the electron neutrino
¢(v.) component of the neutrino flux. The observed reactions are from charged currents (CC),
neutral currents (NC) and elastic scattering (ES):

Ve+d — e +p+p (CC) 1.1.9)
v+e — v4eo (ES) (1.1.10)
v+d — v+p+n (NC). (1.1.11)

CC processes have a threshold, because a massive lepton, the electron, muon or tauon has to
be generated. Therefore, for solar neutrinos anlgan be detected via CC processes. ES is
dominated by, scattering as well

@ _ ¢ (ve)
ES ¢ (ve) +0.14(¢ (vu) + ¢ (v7))

(1.1.12)

and has been measured before, but NC is independent of the neutrino flavour. The measure-
ments resulted in a reduced numberngfmeasured with CC as expected from the previous
experiments, but the total number of neutrinos of any flavour matches the number of neutrinos
expected from the solar model [AhmO02]. This means that neither the neutrinos vanish nor that
the calculations of the solar model is wrong.

From equation 1.1.7 it becomes obvious, that oscillation experiments can only measure the
difference of the squared masses of the neutrino mass eigenstagsind the mixing angle
f. As a consequence, the absolute mass scale of the neutrino masses remains unknown.

Other experiments trying to measure the absolute neutrino mass have been done by e.g. investi-
gating the endpoint of beta spectra, preferably of tritium [Lob85, Pic92, Wei99]. The measured
neutrino mass limit isn,, < 2.8eV (95% C.L.) [Wei03].

From the results of the oscillation experiments two possible neutrino mass hierarchies as shown
in figure 1.1 can be deduced. Here, the mass of the lightest neutrino mass eigenstate remains
unknown. However, from beta and double beta experiments an upper limit on the mass of the
lightest neutrinos can be given.

If the neutrino mass as measured by double beta decay is below 50 meV, the three mass
eigenstates are no longer quasi degenerate, but the underlying hierarchy can be resolved.
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Figure 1.1: The two possible neutrino mass hierarchies resulting from the two measurements
of amZ,,. =~ 7-107°eV? andam?, .. = 2 - 1077 eV? from oscillation experiments

are shown in the left picture. These experiments cannot distinguish between the two scenarios.
The composition of the flavours is indicated by colours. The effective Majorana{massis

plotted as a function of the mass of the lightest neutrinan the right picture [Fer02].

1.2 Neutrino Accompanied Double Beta Decay2i/3,3)

Double beta decay can be seen as the decay of a nucleus via two simultaneous beta decays (two
nucleon 2n) mechanism). Therefore, it is considered as the second order process with respect
to the ordinary beta decay. Here, also as well as3* and electron capture (EC) processes

may occur leading to the following possible decay modes:

(Z+2,A) +26~ +20, [2v6 6]
(Z —2,A) + 26" +2v, [2v8T57]
(Z-2,A) + BT +2v. [2vBTEC]
(Z —2,A) +2v, [2vECEC]

(Z2,A) —
(2,A) —
+(2,4) —
26 + (Z A) —
This second order process is allowed for any nucleus where the mass of the nucleus in the
ground state is larger than the mass of the daughter nuelgtisA) > m(Z+2, A). However,

if m(Z+1,A) < m(Z, A) the process is obscured by single beta decay which is dominating
the half life and therefore must be forbidden or at least strongly suppressed to detect double
beta decay. A strong suppression of single beta decay may occur if mother and daughter nuclei
have a large difference in angular momentum. This is the casé@arwhereaL is 5 or 6.
Fortunately, there are 35 known nuclei in nature for which single beta decay is forbidden be-
cause ofm(Z + 1, A) > m(Z, A) whilst double beta decay is allowed. Figure 1.2 shows a
schematic of the masses of the ground states of nuclei with a fixed number of nucig¢amsi (
variable number of protons). It can be deduced from the semi-empirical Bethe-Weizsécker
equation for the binding energy per nucleon [Wei35, MK94]

72 (Z — AJ2)?

—a A—aqa. A28 _ . —q .
Egp=a,-A—as- A Qe e Qg 1

+6, (1.2.13)
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with the empiric coefficients, = 15.85 MeV for the volume dependent pa#t, = 18.34 MeV
for the surface dependent patt,= 0.71 MeV for the Coulomb part and, = 92.86 MeV for
the asymmetry part. For a constant number of nuclegrtbe total mass of the nucleus (from
now on usingh = ¢ = 1)

mnucleus(Za A) = Z- mp + (A - Z) *Mp — EB(Za A) (1.2.14)
o const. +a-Z+b- 2%+, (1.2.15)

only depends o giving a parabola.

For nuclei with an odd number of protons and an even number of neuttdns (A — 2)

and vice versa thé, term, which is the pairing energy, vanishes. For odd-odd nuclei the
value yields+11.46 MeV/A'/2, and for even-even nuclei it is11.46 MeV /A'/? separating

the two parabolae bg2.9 MeV/A'/2 [MK94]. In this scenario an even-even nucleus on the
lower parabola might not be allowed to decay into its nearest neighbour which lies on the upper
parabola because the neighbour’s mass is larger. However, the second nearest neighbour which
lies on the lower parabola has a smaller mass. Therefore, it can decay via double beta decay
leaping the intermediate nucleus.

E ] S AL N
‘ ‘ ‘ ‘ ‘ ‘ ~ /evenodd-odd

: even—-odd
i;Odd,oéd—even

'/ eveneven—even

z-2 z-1 z z+1 z+2 .. Z

Figure 1.2: The double mass parabolae for nuclei with even number of nucleons A (solid lines)
and the single mass parabola for odd humber of nucleons (dotted line) are shown. For even
number of nucleons the parabola splits up into two because of the pairing enenghich

is +11.46 MeV /A2 for odd number of neutrons N and protons Z,-ot1.46 MeV/A!/?

for even N and Z. Double beta decay is the dominant process for nuclei whgfed) >

m(Z £ 2,A) andm(Z,A) < m(Z £+ 1, A). For all nuclei which do not fulfil the second
condition single beta decay is the dominant decay channel, obscuring the very rare double beta
decay.
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The transition energy of this process, the Q-value, is the mass difference of the parent and
daughteratoms For 23~ 3~ decays the whole released energy is carried away by the two
beta electrons and neutrinos. In tAg modes the Q-value is reduced By, per emitted
positron, compared to double electron capture where also the full Q-value is released. This can
be understood by simple book keeping as shown in the following paragraph.

As the masses of the atoms are measured values of the neutral atoms shell electrons have to be
considered for the four cases (neglecting the neutrino masses):

ZA) — (ZH2,A)+25 + 27 208~ 67]
Matom(Z,A) = (matom(Z+2,A) -2 me) +2-me+ E

ZA) — (Z2A)+257 + 21, [2v5757]
Matom(Z,A) = (matom(Z—2,A) +2- me) +2-me+ E
e +(ZA) — (Z2A)+ 587 + 20, [2v3TEC]
Matom(Z,A) = (matom(Z—2,A) +1- me) +me+ E

2¢ +(ZA) — (Z-2A)+2v, [2vEC EC]

Matom(Z,A) = (matom(Z—Q,A)) +E

With the definition of the)-value
€ = Matom(z,A) — Matom(Z—2,A) (1.2.16)
the resulting transition energy for a double beta decay with a numbgr phrticlesn s+ is

E=Q—2ng:-m, (1.2.17)

Like for beta decay the spectrum 2#33 decay is continuous as well because the neutrinos
carry energy away. The distribution of the sum of electron energjisgiven by [Tre95] as

S(T) = (T"+10- T +40 - T2+ 60- T +30) - T - (Q/m, — T)° (1.2.18)

Here, the kinetic energy of both electrdfiss given in multiples of their rest mags= E/m..
Another parameter of this function is thevalue of the transition, which is e.g. = 2805 keV
for 116Cd.

For some isotopes th@-value is large enough to allow transitions to excited states of the
daughter nucleus. The nucleus then de-excites to its ground state emitting one or several gam-
mas. In figure 1.3 the double beta transition of cadmium and tellurium isotopes to excited
levels of the daughter nuclides palladium, tin and xenon are shown.

2v (0 decay is of special interest for nuclear physicists as it is possible to test nuclear matrix
element calculations with it.
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Figure 1.3: Double beta decays of cadmium and tellurium isotopes to excited states of the
daughter nucleus. FdP*Cd and!'“Cd only the transition to the ground state is allowed and

are therefore omitted. Energy levels are taken from [Shi78]. The schematics/&hibw
decays on the left hand side apd 5~ on the right hand side. The numbéf represents

the angular momentum and parity of the excited state. The scheme only containsl,small
because these are preferred transitions. Dots indicate additional higher energy levels. The
curly arrows indicate the de-excitation gammas from the excited states to the ground state with
their respective energies.

1.3 Neutrino-less Double Beta Decaydy3.3)

The above neutrino accompanied double beta transitions are allowed processes in the Standard
Model of Particle Physics and have already been measured [Tre02]. This process conserves
guantum numbers like lepton number. However, also the corresponding neutrino-less modes

can be imagined:

(Z,A) — (Z+2,A) +26~ [0vp~ (7]
(Z,A) — (Z-24) +28% [0vp"57]

e~ +(Z,A) — (Z- 2,A) + Bt [0vBTEC]
2"+ (Z,A) — (Z-2,A) [OvECEC]
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As there are no neutrinos in the final state anymore which could carry away energy the ex-
perimental signature is a mono-energetic line of the sum of electron energies opposed to the
continuous spectrum for the neutrino accompanied double beta decay. Figure 1.4 shows these
two spectra fort1Cd with aQ-value of 2.805 MeV indicated by~ and2v.

o o
0 ©

trary units

b

< 0.7

500 1000 1500 2000 2500 3000
E / keV

Figure 1.4: The sum energy spectrum of the two electrons emitte@ddrdecay is shown for
various modes. The endpoint is chosen as 2805 keV, which i§th&lue of''Cd. The peak

at the endpoint is the shape@f3 decay. The continuous spectra represent the spectra with
spectral indices of double beta decays with= 7, n = 5, n = 3 andn = 1 from left to right.
Normal2v 33 decay has a spectral index of 5 and is marked by a grey area under the spectrum.

The neutrino-less process does not only violate lepton family number conservation like neutrino
oscillations do, but also the total lepton number. The favoured model to explain this decay mode
is that the neutrino is a massive Majorana patrticle, i.e. it is its own anti-particle. In figure 1.5
the Feynman diagrams of the neutrino accompanied and neutrino-less double beta decay are
shown. In order to make the neutrino-less process take place as well as the neutrino being its
own anti-particle, a helicity flip must happen as illustrated by the cross.

n

Figure 1.5: Feynman diagrams of the neutrino accompanied double beta decay on the left side
and neutrino-less double beta decay on the right side. The cross marks the helicity flip of the
massive Majorana neutring,.

Instead of a helicity flip, also right handed currents may solve the problem of exchanging the
Majorana neutrino as shown in figure 1.6.



1.3. NEUTRINO-LESS DOUBLE BETA DECAY (Ovj3(3) 17

1 Py
.

2 : Py ) : P2
V-A V+A

Figure 1.6: The schematic of th@v (3 decay is shown with either a helicity flip (left
schematic) or a right handed current (V+A) at one vertex (right schematic). The arrows repre-
sent the helicity of the particles.

Double beta decay is often called the “gold plated channel” for testing the fundamental charac-
ter of the neutrino, being either a Dirac or Majorana type patrticle. If the neutrino is a massive
Majorana particle neutrino-less double beta decay must exist and the measured quantity is
called effective Majorana neutrino mags, ) . Itis related to the observed half lif§ /, via

[Boe87] ,
<<m”e> )2 (1.3.19)

2
Ov gv Ov
Meor — -
e

(Tyy2) ' =G» g2 F

. 2 2 .
whereG" is the phase space factor anZ’T — %M}%”‘ corresponds to the involved nu-
clear matrix elements. The effective Majorana neutrino mass is given by

Z Ufmimi
i

with the relative CP-phaseg = +1, the PMNS matrix elementS,; and the corresponding
mass eigenvalues;.

The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix [Mak62] which describes the mixing
of the neutrino eigenstates is the analogue of the Cabibbo-Kobayashi-Maskawa (CKM) matrix
for the quark mixing which has been known for decades. The three neutrino flavour eigenstates
ve, v, andu, are connected to the mass eigenstates» andv according to the following
eqguation which is the general form of equation 1.1.6

Ve Ut Uer Ues 1%
m = Uﬂl UHQ ng V9 . (1.3.21)
Vr U Ur Uss V3

For different nuclei, a so-called figure of me(iTl/Q - (my,) 2) can be drawn, showing the
theoretically preferred isotopes as shown in table 1.1. The facttescribes the product of

the phase space factor and the nuclear matrix element normalised to .GéoiTherefore, if

one has to probe for a certain neutrino mass, the corresponding half life to detéetiaaver

than for germanium, or with the same limit in half life, the square of the neutrino mass can be
excluded by a factor /n better. Among the most promising isotopes &f&e and''°Cd.

Apart from the abov@n mechanism further models to reali@eG3 decay are discussed such

as right handed weak currents [EjiO1]. In order to unravel the underlying mechahism

decay is a promising candidate. It has been shown to have an enhanced sensitivity to (V+A)
interactions [Hir94].

(my,) = (1.3.20)
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Isotope Q@Q-value/keV n

6Ge 2039 1.00
82Se 2995  3.86
100Mo 3034 1.83
Hicd 534  0.05
H6cq 2805 4.78
128Te 868 0.30
130Te 2529  4.76
136% e 2480 1.05
150Nd 3367 69.1

Table 1.1: Figure of merit showing some of the preferred isotopes. The nuclear matrix ele-
ments are taken from [Sta90].

The half life of the neutrino-less double beta decay can be derived from equation 1.3.19 [EjiO1]
as

(T1/2)71 — GOl/ MOV

. (<mV>2 + O N2+ Coy ()2

FCma(mu) () + Cxg(X) (n) + Cmn(mu><?7>>~ (1.3.22)

Here, the effective values of the Majorana neutrino mass), the square of the mass ratio of
the left and right handed weak bosoi$ and their mixing(n) are defined as

(my) = (<T7n”>> (1.3.23)
(A) = A UeiVeil (1.3.24)
) = n)_ UiVii& (1.3.25)

V.; are the mixing matrix elements for the right handed neutrino states analogdydoo the
left handed stateg; is the CP phase of the Majorana neutrinoC;; are the relevant nuclear

matrix elements in units dfMOl’]Q.

Taking a fixed half life limit of a double beta decay one yields an ellipsoid in the parameters
(m,), (\) and(n) as shown in figure 1.7. The neutrino mass limit which is usually quoted
assumeg)) = () = 0. If Ov3TEC decay would be measured with about the same half life
as the claimed evidence from the subgroup of the Heidelberg-Moscow collaboration, then the
right two ellipses in figure 1.7 emerge. The solid line represent&:itig decay and the dashed

line theOr3TEC decay. It can be seen that the free parameter space in this projection can be
limited greatly as the two ellipses are almost orthogonal with respect to each other.

Like in single beta deca§r 3" 3" decay is always accompanied By/EC or EC/EC decay.
Because of the Coulomb-barrier and the reduction ofthelue by 4n., the rate fov 33+

is rather small and energetically only possible for seven known nuclides! i@t being one

of them. Despite the transition energy being significantly reduced, the transition reveals a good
experimental signature. For EC/EC decays lower half lives are predicted, but they are harder
to detect experimentally.
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Figure 1.7: In case of right handed weak currents an ellipsoid in the paraméters (\)

and (n) emerges as shown in the left diagram. In publications usually a simple upper limit
is quoted instead. The solid line in the right diagram shows the claimed evidence range of a
subgroup of the Heidelberg-Moscow collaboration. The dashed line corresponds to a hypothet-
ical observation ofly3TEC decay with about the same half life. The two ellipses are almost
orthogonal to each other such that not only the neutrino mass, but also the right handed weak
current contribution can be measured.

Observation of neutrino-less double electron capture presents a delicate problem as no patrticles
are leaving the nucleus though the energy has to be released somehow. In [Suj03] the possibility
of an accompanying photon is discussed. Figure 1.8 shows the corresponding Feynman graph.
In normal electron capture such a radiative process has a branching ratio in the diifet of

10~ because the introduction of an additional photon in the Feynman graph involves another
factor aem, thus increasing the half life. Nevertheless, as this seems to be the only viable
methoddvEC EC may be dominated by this radiative effect. On the positive side, the energy of
this photon is well defined as tlig-value reduced by the two binding energies of the electrons
and thus a clear signal to detect experimentally.

Figure 1.8: Feynman graph of the photon accompanied neutrino-less double electron capture.
The additional lepton-photon vertex increases the half life relative to a non-radiative process
because of the additional factag,,.
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1.4 Exotic Double Beta Decay Modes

Apart from the above mechanisms further models to re@llisks decay are discussed such as
R-parity violating SUSY [Eji01, Goz04] or by additional emission of Majorons [Doi88].

R-parity is a multiplicative quantum number definedas= (—1)?535+L with B, L the

baryon and lepton number artithe spin of the particle. In a minimal supersymmetric stan-
dard model (MSSM) this quantity is conserved. Therefore, lepton or baryon number violating
processes are strictly forbidden unless the symmetry is broken. Howeymarity is not a
fundamental property of SUSY, but has been introduced ad hoc.

As already stated, double beta decay is also thought to be a source of Major¢ash82,

Doi88, Boc96]. The Majoron is the Goldstone boson associated with spontaneous breakdown
of lepton number conservation. The reaction would be

(Z,A) = (Z+2,A) +2 + xn. (1.4.26)
As a consequence the spectral shape of the sum electron spectrum would change to
S(T) o (T*+10-T% 440 -T2 +60 - T+ 30) - T+ (Q/me —T)". (1.4.27)

Here, the spectral indexis the factor changing the spectrum, witk= 1 for a triplet Majoron,

n = 3 for a lepton number carrying Majoron amd= 7 for various other models [Zub04].
Ordinary2v 33 decay is classified with = 5. In figure 1.4 the deformation of the spectra with

n =1,3,5and 7 is shown.

The double beta process can also be imagined for the second lepton generation [Kie01, Fla00].
Here, in av,, beam charged current (CC) neutrino-nucleon interactions could take place, where
in addition to theu~ from the CC another muon pair is created according to the Feynman graph
in figure 1.9. This pair would have @" .+ signature instead of the usyal .~ pair which

comes from Bremsstrahlung or the decay of a meson. The background in such an experiment
is determined by the contamination of the beam withwhich creates a™ together with a

wt T pair.

In the NOMAD experiment [Alt98] such “trimuon” events have been searched for [Kie03].
This search lead to an unphysical limit of

(my,) < 4.8-10° GeV. (1.4.28)

This value is unphysical in the sense that in order to extract the limit propagator effects had
to be omitted leading to a naive extrapolation of the curve given in [FIa00]. A more precise
measurement of this process can be done in a future neutrino factory experiment [Rod01].

\Y

p

Figure 1.9: Feynman graph of the neutrino-less double beta decay for the second lepton gen-
eration. This process can be measured in CC neutrino-nucleon scattering.



Chapter 2

The COBRA Experiment

In 2001 the “COBRA’ project, an acronym f@&admium-TellurideOr DoubleBeta Decay
ResearchApparatus, was founded which uses CdTe or CdZnTe semiconductor detectors to
measure double beta decays [Zub98, Zub01]. This material has 7 (9 in case of CdZnTe) iso-
topes which are known to be instable to double beta decay as shown in table 2.1. All these
isotopes can be measured simultaneously.

Isotope Decay mode Q-value/keV Natural Abundance /%

617Zn B+/EC, ECIEC 1096 48.6
0Zn B3~ 1001 0.6

106cd  p*p*, B/EC, ECIEC 2771 1.25

108cd ECI/EC 231 0.89

Hicqd B3~ 534 28.72

H6cqg B~5~ 2805 7.47

120Te B*/EC, ECIEC 1722 0.096

128Te BB~ 868 31.69

130Te B3~ 2529 33.80

Table 2.1: Decay modesy-values and natural abundances of isotopes under study [Kie03].

One advantage of CdZnTe as a detector material is that the source of the radiation under study is
also the detector (“source=detector” principle), leading to a good detection efficiency. Another
advantage is that some of the interesting isotopes'fikée have a high natural abundance so
that it is less important to have an isotopically enriched material, which saves costs. Finally,
H6Cd has such a higty-value of 2.805MeV that it lies well beyond the highest naturally
occurring gamma line of 2.614 MeV. This gamma line stems fronttkigh decay chain and

has an emission probability of 35.8 % [Wah96]. Other higher gamma lines do exist, but have
emission probabilities below0~* and are thus suppressed. TherefdléCd has a drastically
reduced amount of background in thesg signal region.'3Te has a rather higty-value

of 2.529 MeV as well which lies just between the photo peak and the Compton edge of the
2.614 MeV gamma line which means that the background in this region is reduced as well.

In table 2.2 a list of currently proposed or running experiments with their respective proposed
sensitivity in half life is shown. A controversial discussion is currently ongoing on the claim of
evidence foOv 35 decay with the Heidelberg-Moscow detector. For more details see [KK01Db,

21
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KKO01a, Aal02, Fer02, Zde02]. Following the points of criticism of the claim, it is important
to measur@®v 33 decay with other isotopes than germanium to exclude the possibility that the
observed signal is a feature of germanium detectors which is not yet understood.

Experiment Isotope Detector Type and Mass Proposed
Half Life / a

COBRA  !16Cd,¥%Te 10kg CdznTe semiconductors 1-10%
CUORICINO 3Te 40kg TeQ bolometers 1.5-10%
NEMO3 100Mo 10 kg Mo-foils with TPC 4-10%
CUORE 130Te 760 kg Te® bolometers 7-10%
GENIUS 5Ge 1t enriched®Ge in liquid N 1-10%8
CAMEO H6cq 1t CdwQ crystals in liquid scintillator > 1 - 1026
MOON 100Mo 34t natural Mo sheets in plastic scintillatorl - 1027
XMASS 136X e 10t liquid Xe 3-10%

Table 2.2: Overview of double beta experiments proposed or currently running with their
proposed sensitivities in half life [Zub04].

In the following sections the principle of semiconductor detectors will be explained. An intro-
duction to interactions of charged particles and photons with matter follows. These interactions
build the base of the signal generation in the CdZnTe detectors as well as the possibilities on
how to screen the detectors from environmental radiation. Taking these principles into account,
the construction of a shielding system is then motivated and presented.

Initial investigations with a test setup and the construction of a 26 g prototype module are
described. Based on the experience gained with these measurements, the layout of a new 400 g
detector of 64 crystals is explained.

2.1 CdZnTe Semiconductor Detectors

CdTe and CdznTe are intrinsic 1I-VI semiconductors, i.e. their components are fropithe
and6'™ group in the periodic table of elements. The crystal has a zinc blende structure.

As a particle detector semiconductors work analogously to gas ionisation chambers. When an
ionising particle passes the detector it creates electron-hole pairs which are then collected by
applying an electric field. The number of electron hole pairs is proportional to the energy de-
posited in the semiconductor by the ionising particle. The amount of charge carriers produced
is also dependent on the band gap between the valence band and the conduction band.

In figure 2.1 the band structures for an insulator, a semiconductor and a metal are shown. The
valence and conduction bands contain allowed energy levels for electrons. Energy bands arise
from the periodic arrangement of atoms with discrete energy levels, or orbitals, in a lattice.
The highest energy band which is completely filled with electrons is called the valence band.
If an electron from the valence band gets some amount of energy it may leap the energy gap
and reach the conduction band, where it can be seen as a free electron in the material.

For insulators this band gap is so large that no electrons can reach the conduction band by
thermal excitation. For semiconductors this small amount of energy is sufficient to excite few
electrons from the valence band to the conduction band. For metals both bands overlap so that
by adding any small amount of energy the electron is free in the material.
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Figure 2.1: Band structure of insulator, semiconductor and metal.

By applying an electric field to a semiconductor, electrons in the conduction band, excited by
thermal energy, produce a current in the material. If the thermal energy is decreased by cooling
of the material this current decreases as well.

Only few semiconductors can be operated at room temperature, examples are CdTe, CdZnTe
and silicon (Si) detectors. Many others like germanium (Ge) detectors have to be cooled for
operation otherwise they show a too high current.

As stated in table 2.3, CdTe and CdzZnTe have a rather large band gap of 1.6 eV compared to
1.1eV for silicon or 0.66 eV for germanium. The large band gap results in a lower leakage
current, as this defines the number of free charge carriers at a given temperature and Cd(Zn)Te
detectors are therefore predestined to be operated at room temperature and need not be doped.
The specific resistance of CdZnTe is in the ordet@f’ £2/cm. Typical bias voltages are de-
pendent on the thickness of the detector and are chosen to be about 1 kV/cm detector thickness.
Semiconductors can be divided into two categories: intrinsic and doped semiconductors.
Cd(zn)Te is an intrinsic semiconductor, which means that the number of electrons in the con-
duction band and holes in the valence band are the same.

For e.g. Si detectors, the pure material is doped so that additional electrons or holes are created.
This creates either so-called donor impurity levels, levels with additional electrons near the
conduction band (n-type material), or acceptor impurity levels, levels with additional holes
near the valence band (p-type material). Doped semiconductors are usually operated as so-
called pn-junction detectors. Here, a material is produced by implanting dopants such that
p-type and n-type materials are next to each other. Free charge carriers near the transition of
p-type to n-type doping region will recombine. By applying a voltage, this junction works as a
diode.

The drift velocity v of the charge carriers in a semiconductor in presence of an externally
applied electric fieldF, depends on a quantity called “mobilityi. For small electric fields

(E < 10% Vicm) the relation is linear:

Ve,h = He,h - E (211)
For stronger electric fields the velocity saturates due to collisions of the charge carriers with

the lattice atoms. The values of the mobilities of hglgsand electrong:. need not be the
same, in fact, for CdTe detectors the mobilities differ by more than a factor of 10.
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The CdZnTe crystals used for the COBRA experiment are grown with a technique called “high-
pressure Bridgman” (HPB) crystal growth [Sze98]. Crystal growth of compound semiconduc-
tors is a two step process. First the three elemental constituents Cd, Zn and Te have to be
compounded. This happens at a temperature of about@@there a ternary compound is
created in an exothermic reaction. Here, already care must be taken to achieve a thorough
mixing of the melt to avoid super-heating of the elemental constituents which would rupture
the ampoule used to enclose the material. In a second step the compound material is melted
and homogenised. For the HPB technique, the crystal, which is also called an ingot, is grown
in a crucible, under high pressure of a noble gas — usually argon at 150 bar. This assures a low
impurity concentration of less thai®'6 cm—3 because the loss of volatile constituents which
would leave from the vapour phase above the melt is highly suppressed. A schematic of the
HPB furnace and principle of HPB crystal growth is shown in figure 2.2.

high pressure chamber

vapour

insulation

crucible

heater

actuator

Figure 2.2: The schematic of the HPB furnace is shown on the left side with the crucible being
moved by an actuator between the heaters in the high pressure chamber. The right side depicts
the process of the HPB crystal growth with the three phases of the material and the external
pressure illustrated by blue arrows compensating the vapour pressure of the material indicated
by red arrows.

Detectors are produced out of the ingots by cutting slices of material and identifying good mono
crystalline zones in these slices. Then the detectors are sawn out of these slices. After polishing
and etching of the surfaces, ohmic electrodes of gold or platinum are applied [Cuz87].

CdznTe detectors are an enhancement of CdTe detectors, created by adding a few percent of
Zn, which substitutes part of the Cd and improves the material properties [Chu03]. Thus the
correct name would be Gd,Zn,Te. However, the Zn content in CdZnTe crystals is not fixed
precisely, but changes with position in the ingot from which the crystals are cut. From tip to
heel of the ingot the Zn content varies frdm- 15% [Ton96] with the largest gradients near

the ends, so that effectively the variation inside of detectors is smaller.

Table 2.3 shows the material properties of some common semiconductor detectors: CdZnTe,
CdTe, Ge, Si and GaAs. The main advantage of Cd(Zn)Te is their large atomic number, which



2.1. CDZNTE SEMICONDUCTOR DETECTORS 25

is important for the cross section of interaction of ionising radiation as explained in section 2.2
in combination with the possibility to operate the detectors at room temperature.

Property CdznTe CdTe Ge Si GaAs
atomic numbers 48, 30, 52 48, 52 32 14 31,33
average atomic number 49.1 50 32 14 32
average nucleon number 117.6 120.0 72.61 28.09 72.32
structure zinc blende zinc blende diamond diamond zinc blende
band gapt, / eV 1.572 1.5 0.67 1.12 1.43
meane~ -hole pair energy

E..,leV 4.64 4.43 2.95 3.62 4.2
densityo/ (g/cm?) 5.78 5.85 5.33 2.33 5.32

e~ mobility p. / (cn?/Vs) 1000 1100 3900 1400 8000
hole mobility 11, / (cm?/Vs) 50-80 100 1900 480 400
R, (Q/cm) 3-10'0 10° 50 2.3-10° 107

Table 2.3: Physical properties of selected semiconductor detector materials from [Kla99,
Eid04, eV-04].

In order to reduce the signal degradation of the detectors leading to low energy tails of peaks
mostly due to trapping of holes, different readout techniques have been investigated. One pos-
sibility is to use pulse shape discrimination to reject events which show a significant influence
from trapped charge carriers [Jon75]. Obviously, this method is associated with a large de-
tection efficiency loss. Another attempt is a charge-loss compensation through sophisticated
electronics [Jon75], however, this is adherent with a massive amount of electronics per channel
which not only consumes a huge amount of power and space but also significantly increases
the price per channel.

Another method called Coplanar Grid (CPG) technology which does not require complicated
electronics nor reduces the detection efficiency has been developed [Luk95, Amm99]. With this
technique the pure electron signal can be read out. The idea is borrowed from drift chambers
where a so-called Frisch Grid is used to discriminate the fast electron signal from the slow ion
signal.

In figure 2.3 a schematic of the structured anode of a CPG detector and a picture of a real
detector are shown. The cathode is usually planar and connected to the negative bias voltage.
The anode consists of two combs with one of the combs being connected to ground and the
other one to a small positive voltage of abddt— 50 V. If ionising radiation has created a
cloud of electrons and holes in the detector volume, the holes are drawn to the cathode and the
electrons to the anode. This movement already induces an electric signal at the electrodes due
to Ramo’s theorem [Ram39]. The induced chadgkis proportional to the drifting chargg

the Ramo fieldE'r and the drift velocityy,:

dQ = qEr(F)va:(Mdt (2.1.2)

The signals induced by the drifting of the holes and electrons in the detector is always the same
for both anode combs except when the electrons approach the combs. There the electrons are
pulled towards the more positive (collecting) anode and almost only induce a signal there. If
the signal of the non-collecting anode is subtracted from the signal of the collecting anode,
the contribution of the hole signal which is always the same for both anodes, is cancelled out.
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The contribution of the electron signal also cancels out in the bulk, leaving only the signal
generated near the anode which is proportional to the drifting electrons. So far, there are three
generations of the CPG layout. The schematic in figure 2.3 shows the newest generation layout
[He98, He03] which is also in used for the COBRA detectors.

Figure 2.3: The left picture shows a schematic of the Coplanar Grid (CPG) electrode layout
[He98, He03]. The two anode combs are drawn in red and blue. A guard ring drawn in green
which is used to form the electric field inside the detector is also shown. The right picture
shows a 1 crhCPG detector with the gridded electrode visible on the top side.

A guard ring around the anode may also be implemented. It is used to form the electric field
inside the detector volume. However, the connection of the guard ring, either to the collecting
anode, to ground (i.e. the non-collecting anode) or unconnected (“floating”), has an influence
on the active volume of the detector and the signal quality. The optimum solution for the
COBRA experiment is still under investigation at the time of writing.

As the detector material is known to degrade over time due to oxidisation processes with oxy-
gen from the air, a passivation paint is applied to the detectors’ surface [eV-04]. Only the bare
detector material needs to be passivated, such that the planar cathode is left blank. However,
the anode grid is completely covered except for the contact pads for the two anode combs and
the guard ring. Other means of passivating the surface are currently under investigation.

The size of the detector crystals used in the COBRA experiment as specified by the manufac-
turer is slightly larger than the nominab x 10 x 10 mm?. Due to tolerances in the processing,

the surface in the x-y plane is larger to assure that the electrode will fit fully. The values are
specified ag(10.6 & 0.1) mm)? x (10.05 & 0.05) mm. Using these values and the density of
CdznTe ofp = 5.78 g/cn? one yields a mass df.13cm® - 5.78 g/lcm?® = 6.53 9. Table 2.4

gives a list of the masses of 12 detectors recently acquired as central part of the new 64 detector
array described in section 2.7. The amount of applied passivation paint has been measured as
well by weighing the detectors before and after applying the paint.
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Number Weight/g Paint/mg

1 6.478 27
2 6.524 24
3 6.593 26
4 6.517 26
5 6.516 24
6 6.477 25
7 6.540 30
8 6.561 30
9 6.516 30
10 6.535 30
11 6.509 28

12 6.511 25
average 6.523 27.1
median 6.516 26.5

Table 2.4: Net masses of twelve CdZnTe detectors and their respective passivation paint
masses delivered and weighed by the manufacturer eV-PRODUCTS.

In order to assure a defined quality of the single detectors of the 64 detector array, certain
tests have to be done before the detectors can be mounted to their final position in the array.
Two measurements will be the energy resolution and active volume of each particular detector.
Another method to characterise the detectors is to use the Transient Current Technique (TCT).
It makes use of Ramo’s theorem mentioned above to measure detector properties such as the
mobilities of holes and electrons or the electric field distribution inside a semiconductor. An
application of TCT for silicon detectors at the University of Dortmund can be found in [Kra04].
The TCT method has been adapted for testing the quality of the COBRA detectors as described
in [Oeh04].

The energy resolution of a detector is usually determined by measuring a mono-energetic signal
and calculating the width of the detector response. This is usually done with a fit to a Gaussian

distribution )
1 T

—— . 2.1.

. 2W€XP< 202) (2.1.3)

Here, the parameter denotes the width of the distribution.

The full width at half maximum (FWHM) is also a commonly used measure for the energy
resolutionaE. This value does not depend on the signal being Gaussian shaped. Here, the
maximum of a peak is measured, then the two channels to the left and right of the distribution
are read off where the bin content is reduced to half of the maximum value. The full width at
the tenth of the maximum (FWTM) is sometimes used as well. For a Gaussian distribution the
following relation holds:

Gausszr) =

FWHM = v2In2 -0 ~ 2.35 - 0. (2.1.4)

These and further measurements will provide the necessary input for the classification of new
detectors in the upgrade to the 64 detector array.
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2.2 lonising Radiation

The passage of a charged particle through matter is characterised by two features: loss of en-
ergy and deflection from the incident direction. This energy loss is the mechanism which is
responsible for the signal generation in the CdZnTe detectors. Examples of charged particles
are electrons, e.g. from double beta decays and background in form of alpha and beta parti-
cles from surrounding radioactive materials or muons from cosmic rays. However, not only
their signal generation, but also the possibility to screen the detector setup from background
radioactivity can be described by these interactions.

The main interactions causing the above effects are inelastic collisions with the electrons of
the atoms and elastic scattering from the nuclei. There are more processes like the emission
of Cerenkov radiation, nuclear reactions or Bremsstrahlung, which are however, extremely
rare compared with the first two processes and may be omitted for simplicity in the following
discussion. A discrimination of two classes of charged particles has to be taken, which are the
light charged particles, electrons and positrons, on the one hand and heavy charged patrticles
like muons, pions, protons or alpha particles on the other hand.

The energy loss of heavy charged particles due to ionisation can be described by the Bethe-
Bloch equation

dE\ s 971 2m 32 5, 0

with the charge: of the incident particle, the classical electron radiusthe atomic number

and mass of the absorbed, 7), the ionisation constartwhich is a property of the absorber,
a parameter to describe the density efigeind Avogadro’s numbel 4. Figure 2.4 shows a

graphical illustration of the energy loss in different materials.

The resulting penetration depth of a charged particle as a function of its initial energy can be
derived from equation 2.2.5 as

(R) = /0 <_2E>dE (2.2.6)

and is graphically displayed in the right diagram of figure 2.4. As the energy loss depends
linearly on the charge of the nuclei, the corresponding curve for Cd(Zn)Te can be estimated by
Sn.

The energy loss of electrons in matter differs from that of heavy charged particles because they
loose more energy by Bremsstrahlung. The resulting range is graphically displayed in figure

2.5. Again, the range of beta particles in Cd(Zn)Te is estimated to be between the ranges in
copper and lead.
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Figure 2.4: The mean energy loss of heavy charged particles in different materials according to
equation 2.2.6 is shown in the left diagram. The right graph shows the resulting range of heavy
charged particles in these materials [Eid04]. For both values the density of the material has to
be considered, and for the range also the mass of the particle. CdZnTe can be approximated by
tin, between lead and iron.
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between copper and lead.
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Considering double beta decay'$fCd, the maximal kinetic energy of one electron is 2.8 MeV

if the other one gets almost no energy. The resulting range of this electron in CdZnTe is then
approximately 1.5mm. Another interesting decay is the single beta decHy@d with a
@-value of 320 keV. For a 300 keV electron the range would be about 0.08 mm.

Photons behave completely different opposed to charged particles. Their interactions with
matter, the photoelectric effect, Compton scattering and pair production, are discrete processes.
Except for Compton scattering, these effects do not reduce the energy of the incident photons,
but their number. Thus, the intensity of a photon beai® attenuated exponentially with the
thicknessr of an absorber with an absorption coefficignt

I(x) = Iy exp(—pux) (2.2.7)

In the photoelectric effect the entire energy of a photon is absorbed by a bound electron. If the
energy of the photov, exceeds the binding enerdy, of the electron in the atom, the electron
will leave the atom. The excess energy is carried away by the electron as kinetic energy

E.=E, — E. (2.2.8)

It has to be mentioned that this process is only possible for bound electrons where the nucleus
absorbs the recoll, as for free electrons energy and momentum cannot be conserved at the same
time in this process.

For free or quasi free electrons which are less bound elastic scattering is the preferred inter-
action. Thomson scattering is the interaction of a photon on a free electron in the classical
limit, Rayleigh scattering is the interaction of a photon with an atom as a whole and Compton
scattering is the interaction of a photon with a less bound electron. In all these cases the photon
is not absorbed, but only deflected by an arfgl€hus, after the interaction the electron carries
away only a part of the photon energy. The remaining energy of the photon after the elastic
Compton scattering is calculated as

E E
' = with = —. (2.2.9)
1+ (1 —cosh) Me

Here, the energy of the struck electrBp = £ — £’ has a maximum value of

2By 2E?
142y me+2E

(2.2.10)

e

which is called the Compton edge. For the 2.614 MeV gamma frorfétién decay chain, this

leads to a Compton edge of 2.381 MeV. As stated before, the endpoint of the double beta decay
of 130Te lies at 2.529 MeV, just between the Compton edge and the photo peak and therefore
profits from an intrinsically reduced background.

Pair production is the conversion of a photon into an electron-positron pair. Of course, this
process has a threshold of two times the electron ags = 1022keV. Additionally, a
nucleus has to be present to make momentum conservation possible.

For small detectors the conversion of a photon into an electron-positron pair leads to effects
called single and double escape peaks (SE, DE). Here, the electron and positron deposit their
total kinetic energy in the detector, due to their limited range. The positron then annihilates
at rest with another bound electron and two 511 keV gammas are produced. Now, one or both
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gammas may escape, because the mean free path for gammas is larger than for electrons, so
that two peaks arise in a measured spectrufi,at- 511 keV (SE) andE, — 1022keV (DE).

In figure 2.6 the total photon cross section is shown for lead and the resulting attenuation length
for different materials.
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Figure 2.6: The photon mass attenuation length or mean free path for different materials is
shown in the left graph. The right graph shows the total photon cross section in lead, indicating
also the contributions of the photo effegt;,..,, Compton scatteringcompton @and pair produc-

tion in the field of a nucleus,,,c and in the field of an electros, [Eid04]. The kinks denote

the K, L and higher shells of the absorber.

The dominant process of the photon interaction as a function of energy is shown in figure 2.7.
For CdznTe, a material with a meahof 50, Compton scattering is the dominant process over

a wide range of the photon energy from 250-7000 keV. For lead, a good shielding material, the
photo effect is the dominant process up to 550 keV. Compton scattering is then the dominant
process up to 5.5 MeV.
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Figure 2.7: The left graph shows the photo pair production probab#ity. [Eid04]. The
corresponding graph for CdZnTe would lie between Nal and lead. The right diagram shows
the dominant photon interaction process as a function of the photon eBergyd the nuclear
chargeZ of the absorbing material.
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Photons are mainly produced as background, however, signal events may contain photons as
well. Examples are double beta decays to excited states where the excited daughter nucleus
emits a gamma ray, or the annihilation®f positrons into two 511 keV gammas.

2.3 Detector Arrangement

From the above interactions the optimal geometry for a detector setup can be deduced, i.e. for
larger detectors the detection efficiency is increased. However, current crystal growth methods
limit the size of a single CdZnTe detector to about Pomhich corresponds to roughly 6g.
Larger crystals of up to 16 chof the same quality exist, but are disproportionally more expen-
sive. Therefore, in order to reach a competitive mass in the order of some tens of kg many small
detectors have to be deployed. This granularity may seem like a burden. However, the track
length of electrons from double beta decays in the detector is in the order of a millimetre, so
that such a detector can be favourably used for background rejection by analysing coincidences
between crystals.

For a small ensemble of detectors a 2-dimensional configuration is ideal as all crystals are
easily accessible. However, a larger amount of crystals must be arranged in a 3-dimensional
array to get the maximum efficiency to see coincidences of multiple detectors.

This 3-dimensional setup may consist of several 2-dimensional modules which can be stacked
vertically together as illustrated in figure 2.8. This technique maintains the advantage of
easy accessibility of the single detectors while achieving the full detection efficiency of a 3-
dimensional array. Another advantage of a 3-dimensional array is that the surrounding shield-
ing can be optimised for a minimal surface compared to a large 2-dimensional array. This
reduces the surface and volume of the surrounding shielding material.

Figure 2.8: Virtual model of the4 x 4 x 4 Prototype array, an arrangement of 64 detectors in
4 x 4 arrays on 4 shelves. By courtesy of Daniel Dobos.
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2.4 Background Components and their Shielding

As double beta decays are amongst the rarest processes in nature, the vast amount of back-
ground events from the environment would obscure the physically interesting events unless
shielded. Therefore, much effort has to be put into designing an efficient shielding system
which may consist of both active and passive parts. Again, the interactions described in section
2.2 have to be considered to build an efficient shielding system.

There is a large number of possible background sources, like the natural decay chains, neutrons,
muons or cosmogenics. Muons are the most penetrating background generated by cosmic and
solar particles hitting the upper atmosphere of the earth. These reactions produce mesons
which then decay into muons. They, therefore, need the largest shielding. Instead of stopping
the muons to prevent them from reaching the detector plastic scintillators can be utilised as an
active veto to shield the setup.

Cosmogenics are radioactive nuclei produced by mesons and muons in any material on the
earth’s surface. Therefore, it is necessary to not only to tag events in the detector coincident
with a passing muon, but shield the materials completely from cosmic rays. Usually, the pro-
duced isotopes are short lived so that by storing the materials for a few years in a cosmic ray
reduced environment, the contamination diminishes by itselfi and~ rays produced in the
natural decay chains é#°U and?32Th are far less energetic than cosmic muons. The simplest
passive shielding can be done by placing the detectors inside a thick pure lead shield.

Neutrons can be shielded by placing material around the setup which has a large cross section
for neutron capture. A competing process to neutron capture is elastic scattering. Here, the
neutrons are only moderated, i.e. their energy is reduced, but not the flux. This process can
be used as part of the overall shielding as many materials have higher capture cross sections
for low energy neutrons, thus by moderating the neutrons in the material their capture cross
section increases. In the following sections the above background sources are discussed more
in detail.

2.4.1 Underground Laboratory

The main background stems from cosmic background, like atmospheric muons and hadronic
showers. Instead of vetoing events coincident with a muon traversing the plastic scintillators
mentioned above, the muon flux can also be suppressed by a massive shielding, i.e. by going
underground as such a massive shielding cannot be built.

In figure 2.4 the dependence of the penetration depth of a particle and its incident momentum
is shown according to the Bethe-Bloch formula in equation 2.2.5. The flux of atmospheric
muons has a maximum at about 100 GeV [Ach04], however, the spectrum extends to several
TeV. Taking a muon with an energy of 10 GeV which is the maximum possible energy to read
from figure 2.4 and rock with a density pf= 2.5gcm2 as a shielding material, the resulting
penetration depth already yields 160 m. This implies that a deep underground laboratory has to
be used to suppress the muon flux significantly.

About a dozen laboratories exist in the world that are located deep underground in mines or
tunnels with a thick enough shielding from covering rock to absorb the muon flux significantly.
The muon flux as a function of depth is shown in figure 2.9 [Bug98]. Though the muon flux
from atmospheric muons is decreasing with depth, at a certain depth the absolute muon flux
will not decrease anymore. This is because at that depth neutrino induced muons dominate
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the flux. The muon flux from neutrinos as measured in the Gran Sasso laborafgry=is
(2.98 &+ 1.15) - 10~ Bem 25~ Lsr~! [AgI95] which agrees well with the world average from
[Bug98] 0f2.17 - 10~ 13cm—2s~'sr~! or about 1 muon per frper year.
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Figure 2.9: Muon intensity versus standard rock thickness in mWE [Bug98]. The markers are
measurements, the dashed line represents the depth-intensity relation of the muon flux from
pions and kaons, the solid line includes neutrino induced muons with a fitted muon flux of
I = 2.17-10¥em™~?s~ 'sr~! which corresponds to approximately 1 muon pérand year.

In order to be able to compare the shielding of different sites covered with different types of
rock of varying densities, the amount of material above such a laboratory is normalised to
a water column with the same shielding power. The unit is called meters water equivalent
(mWE). Table 2.5 shows an overview of some of the more important underground laboratories.

Laboratory Country Depth/m Depth/ mWE Type

ubDO Germany 925 2100 mine
Soudan USA 710 2100 mine
Canfranc Spain 900 2450 tunnel
Kamioka Japan 1000 2700 mine
Boulby UK 1100 3000 mine
Gotthard Switzerland 1600 3700 tunnel
Gran Sasso Italy 1400 3800 tunnel
Homestake USA 2300 4200 mine
Fréjus France 1700 4800 tunnel
Sudbury Canada 2039 6000 mine

Table 2.5: Incomplete list of underground Laboratories sorted by their effective shielding in
mWE.
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The COBRA experiment is located in the Laboratori Nazionali del Gran Sasso (LNGS) which

is situated in the Abruzzo region in Italy about 120 km east of Rome. It consists of an outer
laboratory with offices, workshops and administration, a subterranean laboratory in a motor-
way tunnel through the Gran Sasso massive where most of the experiments are located and
an additional laboratory on top of the mountain at the Campo Imperatore. The subterranean
laboratory is located at about 6 km from the west side entrance of the 10.4 km long tunnel con-
necting L'Aquila and Teramo. The underground laboratory consists of three large halls (A, B
and C) and connecting tunnels with a total area of about 180@sshown in figure 2.10. The
COBRA experiment itself is located in a container in one of the side tunnels behind Hall A.

——————————————————————————————————————————————————————————————— to Teramo——=

Figure 2.10: Map of the LNGS subterranean laboratory with the location of the COBRA
experiment.

In the underground laboratory the muon flux is reduced to aboutcm—2s~'sr—! which
corresponds te-4 muons per hour andHhfAgl03]. This is a factorl0° less than at the surface.

The neutron flux is also about 1000 times lower than at the surface because of the low activity
from dolomite rock. The laboratory is run by the Italian Istituto Nazionale di Fisica Nucleare
(INFN).

Short lived isotopes may be activated by cosmic ray activation. Therefore, unnecessary air-
borne transportation of the detectors should be avoided. Also storing the detectors and shield-
ing material underground prevents them from being activated and already produced short lived
isotopes may decay prior to starting the measurement period. The activation of CdTe by cos-
mic rays has been investigated at the SATURNE accelerator in Saclay, France using a 1.7 GeV
proton beam [Por96]. In table 2.6 a list of long lived isotopes with a half life larger than 50 days
is shown. These radio-impurities do not pose an impact on the measuremeninfthéecay

of 116Cd with aQ-value of 2.8 MeV. Actually, none of the isotopes listed in [Por96] has a
significant gamma line beyond tiigvalue of' '°Cd. However, they are important for the mea-
surement of lower energetic transitions. Isotopes with a shorter half life are of little importance
because their activity will fade away in a short period of time.
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Isotope Half Life/d Decay Mode HkeV Emiss. Prob./% Cross Section/mb

124gp 60.2 6 603 98 6.200.4
1691 50
121mTe 154 ECSH,IT 212 81 5.4:0.6
HompAg 250 6 658 95 3.41.4
9%mTe 60.2 ECST 204 64.2 1.20.4
887y 83.4 EC 393 94.5 14:50.6
88y 107 EC,3" 898 94 3.30.5
1836 99
2734 0.71

Table 2.6: List of the long lived {; ;, > 50 d) proton-induced radionuclides in CdTe measured
with a 1.7 GeV proton beam on a CdTe target [Por96]. The half lives and characteristic gamma
lines are shown as well as the production cross section.

2.4.2 Inner Shield

In order to protect the detector from environmental radioactivity from the natural decay chains
as shown in appendix A, radotK as shown in figure 2.11 and other long lived isotopes in the
surroundings of the detectors, copper and lead are ideal shielding materials. Because of their
large density and rather high nuclear charge, their efficiency in absorbing high energy gammas
from these decays is large. Additionally, especially copper can be produced very clean, i.e. it
contains less that0—'° g/ g radioactive isotopes.

EC Q=44.04keV (10.67%) B Q=1311keV (89.28%)

1460 keV

" 40
B Q=482.9 keV (0.001%) Ca

40 A ECQ=1504.9keV (0.047%)

Figure 2.11: Decay scheme dfK [Chu99], which mainly decays int! Ca (89%). In 10% of
the cases it decays into an excited staté’sir which then de-excites by emitting a 1460 keV
gamma. Both daughter nuclides are stable.

The innermost parts of the detector usually cannot be shielded so that clean materials have to
be used here. The four 1 éndetectors used in the LNGS since August 2003 are mounted on

a Pertinax holder in a copper brick as shown in figure 2.12. The copper brick already acts as a
passive shielding and is surrounded by another 10 cm of electro-polished copper and a further
shielding of 20 cm of lead.

All electronics components, which basically means the preamplifiers, have been removed from
the vicinity of the detectors. They are located about 25 cm from the detectors outside the lead
shielding.

The innermost layer of the shielding is made of copper, as it can be produced cleaner than lead.
However, lead is cheaper and has a larger cross section because of its higher atomic number
7 so that it is used as the next layer, which is even more massive, because the volume and
therefore the mass scales with
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Figure 2.12: Picture of the2 x 2 array in its Pertinax holder. The anodes on the top side are
connected with silver loaded epoxy to the LEMO cables, whereas the cathode on the lower side
is contacted with wire bonds which are glued with silver-epoxy to the electrode. This bond was
by accident soldered to the LEMO cables. The Pertinax holder was designed to host up to 16
detectors.

In figure 2.13 the first build up of a lead and copper shielding is shown. For maintenance rea-
sons the copper brick containing the detectors can be removed from the shielding without major
modifications of the lead and copper shield. The setup must also be accessible for calibrations
at regular intervals. Therefore, the copper brick above the detectors’ brick was machined to
host a holder for radioactive sources, which is accessible without modifying major parts of the
shield as well.

Figure 2.13: Picture of the lead and copper shielding during a first build up. In a later step
the bricks coated with paint have been replaced by other non-varnished bricks. The whole lead
and copper shield is located in an air tight Faraday cage made of copper sheets.
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Another disadvantage of lead is that it usually contaliBb which comes from the natural de-

cay chain of38U. Its decay produces a low energy gamma of 46.5 keV, betas up to 1.161 MeV
and an alpha of 5.305 MeV [Wah96]. The most problematic item is the 1.161 MeV beta which
produces Bremsstrahlung up to this energy. However, the detector may be shielded from this
radiation by a copper shield as stated above. As the half life is “dily’ = 22.3 a the quality

of the lead increases with time if it is stored underground. Therefore, some experiments use
archaeological lead from sunken roman galleys. The covering water prevented the lead from
being activated by cosmic rays.

2.4.3 Faraday Cage & Airlock

In order to protect the critical signal lines from the detectors to their preamplifiers against high
frequency (HF) disturbances, a Faraday cage has been installed which can be seen in figure
2.13 as well. The cage is also air tight and can be flushed with nitrogen to avoid surface
contamination from radon. However, the flushing with evaporating liquid nitrogen has not yet
been installed.

In order to optimise the flushing, the nitrogen has to be guided by Teflon tubes to the innermost
part of the detector shielding, as otherwise the volume to flush would be too large. The flushing
with nitrogen can also be used to cool the detectors down to alf@itdimprove their energy
resolution.

Flushing the setup with nitrogen from bottles is not beneficial, as the gas contains a lot of
radioactive radon.

2.4.4 Neutron Shield

A major component of the environmental radioactivity in the underground laboratory of the
LNGS are thermal neutrons from the rock. They are produced as fission products of uranium
and thorium anda, n) reactions in the concrete and rock.

For the COBRA experiment this background is of great importance because the cross section
for thermal neutron capture iH3Cd is one of the highest of all isotopes. The cross section

as a function of the neutron energy is shown in figure 2.14. The reactid#Gsl (n;y) !'4Cd

which produces gammas up to 9 MeV [Chu99]. The cross section for thermal neutron capture
is about2 - 10° barn [McC93].

In order to reduce the neutron flux, a two component shielding is usually used. Firstly, the high
energy neutrons are moderated by a material with light nuclei. In a second step, the thermal
neutrons are captured in a material which contains an isotope with a large capture cross section
for thermal neutrons. In shieldings for nuclear reactors this is done using cadmium foils with
H3Cd. However, as this isotope is an integral part of the detector material, cadmium foils
cannot be used for the COBRA experiment, as otherwise the gammas from the shielding and
those of reactions in the detectors are indistinguishable. Fortunately, there are other isotopes
like 1°B andSLi which also have a large capture cross section for thermal neutrons. Another
advantage of’B is that neutron capture does not involve the emission of high energy gammas
for this isotope.
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Figure 2.14: The absorption reactioh>*Cd (n;y) ''*Cd has a large cross section of about
20000 barn for thermal neutrons [McC93] with an energy dependence as shown.

The neutron shield is installed outside the Faraday cage mentioned in the previous section.
It consists of 7.cm thick boron loaded polyethylene (PE) plates and an additional 20 cm of
paraffin wax at the bottom and sides. The paraffin, containing a huge amount of hydrogen, is
used as a moderator thermalising the fast neutrons. The boron loaded polyethylene is then used
to capture the thermalised neutrons. A schematic of the neutron shield is shown in figure 2.15.

142 cm
FRONT
[%2)

)

&
>

1 220 om 1 Door
Figure 2.15: The top sketch shows the boron loaded polyethylene shield with the position of
the screws and mounting links. The sketch at the bottom illustrates the stacking of the paraffin
bricks outside the PE shield from above (left sketch) and from the front (right sketch) [Oeh04].
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The shielding material, both the borated PE plates and the paraffin bricks were kindly provided
by the Forschungszentrum Karlsruhe. The PE shield and the bottom layer of paraffin has been
installed in March 2004 and the 20 cm thick side walls of paraffin were installed in December
2004. The current state of the neutron shield is shown in figure 2.16.

Figure 2.16: Picture of the neutron shielding with the paraffin bricks around the borated
polyethylene plates. The top layer and door are missing. Instead the borated polyethylene front
plate can be seen. To the bottom left of the front plate the cabling of the detectors, i.e. their
high voltage and signal lines, is passed through the neutron shield. The shield can be opened
by sliding the front plate away.

The weakest parts of the neutron shield are now the front door and the top plate where the
shielding consists only of the 7 cm PE. The door has not yet been built because of space limi-
tations. Extensive simulations and the design of the neutron shield are elaborated in [Oeh04].
A short review of the simulation is presented in section 4.1.

2.45 Active Veto

When charged particles pass through a scintillating material photons in the visible range are
produced which can be read out via photomultiplier tubes [Kno79]. By building a layer of
scintillators around the setup charged particles which pass the inner volume of the setup can be
detected.

The veto signal of the test setup in Dortmund sketched in figure 2.17 is generated by charged
particles traversing the two layers of plastic scintillators on the top or one of the layers at the
sides. The signals of the double layer on the top are linked together in a coincidence. The
signals of the single layers at the sides and the coincidence signal of the double layer are then
‘OR’ed together. The resulting signal triggers a timing unit which generateg.a Bihg veto

signal. The whole electronics for the veto system, such as threshold, logic and timing unit, are
NIM® modules [Le092].

'Nuclearl nstrumenM odule [Cos73]



2.5. INITIAL TESTS 41

Before the installation of the neutron shield, the active veto was installed in the LNGS setup,
but was not activated. In favour of the space requirements of the neutron shield the active veto
had to be removed. This was possible, because the background reduction of an active veto is
only marginal in an underground laboratory due to the reduced muon flux.

2.5 Initial Tests

Before a prototype can be installed in an international laboratory certain basic tests have to be
performed to justify the space and financial requirements. These tests have been carried out at
the University of Dortmund in 2001.

Different types of test detectors have been purchased. Two of them were CdTe detectors with
planar electrodes from EURORADwith 9.83 % 9.83 x 10 mn? (E1) and9.83 x 9.83 x 3 mnm

(E2), and one nomindl0x10x5 mm? CdZnTe detector with Coplanar Grid technology (CPG2)
kindly provided by eV-PRODUCTS

The CPG2 detector was a complete, encapsulated detector with its preamplifier integrated in-
side the housing. E1 and E2 were bare detectors, i.e. just the plain crystals with short wires
connected to the electrodes.

The bare detectors have been mounted in a small copper box also acting as a Faraday cage.
The cylindrical casing of the CPG2 detector has a radius}IfoéL 31.75mm and a length of

130 mm. The detector is mounted at one end of the casing and is shielded by a 13 mm thick
tungsten cylinder from the electronics which are located at the other end of the casing.

These detectors have been placed inside a 20 cm shield of copper bricks which are surrounded
by a further 30 cm of lead bricks. These bricks were etched with HCI and H¢@ls and
cleaned in an ultrasonic sound bath with ethyl alcohol and acetone. The whole passive shielding
is surrounded by an almogtr active veto of plastic scintillators, with a double layer on top

and single layer on the four sides. The scintillators are mounted on an air tight box which was
constantly flushed with nitrogen to protect the apparatus #3Rn. A schematic of the setup

is shown in figure 2.17. The whole setup is located inside a building with barite concrete walls
and ceilings.

top layer scintillators

rear scintillators left side scintillators €8 copper core  front scintillators
|

1 meter '

Figure 2.17: Schematic of the COBRA test setup in Dortmund [MueO1, Kie03]. The detectors
were located inside a copper and lead shielding with a surrounding air tight box on which
scintillator paddles were mounted on five sides, i.e. the top and four sides.

2http:/iwww.eurorad.com/
3http:/iwww.evproducts.com/
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In figure 2.18 the efficiency of the active veto of plastic scintillators installed in Dortmund
is shown. It can be seen that the background is reduced to about a fadt@r?bver the
whole spectrum revealing the previously obscured rare 4-fold forbidden beta deta¢df

with an endpoint of9 ~ 320keV and a half lifeT; , ~ 10'%years. First measurements of
double beta decays have been published in [Kie03] already resulting in world best limits on the
neutrino-less double beta decay of some isotopes.
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Figure 2.18: The efficiency of the active veto system is illustrated for the setup in Dortmund
with the CPG2 Detector. The red histogram indicates the background level obtained with a
2.3 g d of measurement without the shield. The black line shows a measurement with the active
veto. The statistics of this measurement is 108gA significant reduction of the background
component of about two orders of magnitude over the whole spectrum can be seen.

2.6 The2x 2 Prototype

The2x2 array of 1 crd CdZnTe detectors in a Pertinax (FR2, hard paper) holder was designed
with scalability in mind. Therefore, the Pertinax holder is large enough to4wltdetectors.

In figure 2.19 different views of the Pertinax holder with the detectors and their cabling are

shown. The detectors are contacted with silver epoxy to bonding wires. These bonding wires
are then connected to LEMO cables, unfortunately using solder which usually contains radioac-
tive isotopes. The LEMO cables are fixed to the top Pertinax grid with super glue (cyanoacry-
late) as a strain relief. The numbering of the detectors-D4 has been superimposed on the

left picture.

The Pertinax holder was removed in a later step and substituted with almost the same structure,
but with Delrin (Polyoxymethylene (POM)) as a material. The technical drawings of the new
Delrin holder are shown in appendix B. This measure was taken, because the radioactive
content of Pertinax was measured on a low level germanium counter showing vast amounts of
137Cs [Lau04] as shown in appendix C. Also during remounting the soldering points in the
vicinity of the detectors were removed. In figure 2.20 the new Delrin holder with the mounted
detectors, as well as the new Kapton cables are shown. A more detailed discussion can be
found in [Mue05].
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Figure 2.19: The2x2 Prototype array in the Pertinax holder is shown from the top and the two
sides. Clearly visible are the positions of the cables and their fixation. The glued ends of the
LEMO cables are insulated with heat shrinkable tubes from the copper coated Pertinax sheets.
The base and guiding plates are separated with brass screws. The numbering of the detectors
is shown in yellow.

Figure 2.20: The remounte@ x 2 Prototype array in the Delrin holder is shown from the top

and side in the left two pictures. The glued Kapton cable at the anode side can be seen in the
top picture. The two layers of the supporting Delrin structure and its Teflon screws can be seen
in the bottom picture. The two Kapton cables connected to the electrodes of the detectors are
shown in the right pictures. The cathode is shown at the top and the anode at the bottom. The
amount of contaminated material in the vicinity of the detectors has been reduced significantly.

Apart from the measured contaminations in the construction materials a cosmogenic activation
in the raw zinc material has been measured, naft@y with an activity of(16 & 3) mBg/kg

in November 2004. The half life of this isotopel$,, = 244.26 d. The characteristic gamma

line has an energy of 1115.5keV and an emission probability of 50.6 %.

The contacts of the detector electrodes have also been removed. Instead of silver epoxy, a
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home-made conductive glue of “UHU-hart” (a nitrocellulose solution adhesive), copper powder
and acetone was used for the new contacts. A Kapton (polyimide) foil has been used as the
basis for the cabling.

During the dismounting of the detectors two crystals were damaged. On one detector the
electrode was torn off, another detector lost part of its passivation paint including small amounts
of CdZnTe. After remounting, the detector with the best energy resolution was still operational.
A second detector works as well, but has an increased leakage current.

2.7 The 64-Array - the next Step

At the time of writing the new design of the 64 detector array is under development. However,
only few things have been decided on yet.

As stated above, théx 4 x 4 array will be based on the same layout used for2hke2 array

with 16 detectors per layer. The layers will be stacked in a copper casing, into which they can
be easily slid in. As the Delrin holders have shown good results concerning their modularity
as well as their cleanliness they have been chosen as a supporting structure for the layers. The
calibration measurements will be done by feeding point like sources on a string through guiding
Teflon tubes. An optimal layout of the Teflon tubes through the setup is being discussed.
Other active work is done on the preamplifiers. The discrete design of the subtraction circuit is
still space consuming, but optimisations are currently investigated. The readout system with the
VME ADCs as described in section 3.3 has been shown to be working and is in the production
phase of the 16 modules with 4 channels each.

The shielding of the setup needs not to be changed, as thel meiu 4 array will fit into

the existing copper and lead shield. Only the two centre bricks have to be replaced by the
10 x 10 x 20 cm?® supporting structure.

The limiting factor of the measurements will be the passivation paint as it is closest to the detec-
tors and has the highest activity. However, no alternative is known yet to avoid the passivation
paint and still prevent the degradation of the detectors. The detectors for this array are already
ordered, and those for the central part of the array have already arrived.



Chapter 3

The COBRA Data Acquisition System

A data acquisition system (DAQ) is responsible for recording all the important information
from an experiment. It is the interface between the analogue electronic components of this ex-
periment, like amplifiers, and the digital data storage system. It usually contains elements like
analogue-to-digital converters (ADCs) which convert a voltage or current to a digital number
or time-to-digital converters (TDCs) which convert the time between start and stop signals to
a number. The converted numbers are then usually read out from these devices via some kind
of data bus on an event-by-event basis and saved on a storage device of a computer like a hard
disk.

The DAQ for the COBRA experiment is designed to be as responsive and flexible as possible
to reduce the dead time needed for the conversion of the measured quantities. The flexibility
includes scalability in the number of detectors to be read out and the possibility to calculate the
“quality” of data.

In principle, the detector signals must be sampled in a way that most of the secondary infor-
mation, like timing of events, is reconstructible in order to to not only perform simple spec-
troscopy, but also to be able to consider coincidences or cascades of events.

In addition to the main detectors a veto system must be read out which marks events in the
detector coinciding with e.g. cosmic radiation like atmospheric muons or hadronic showers
going through the experiment. This signal must be coupled to the detector signals by either
tagging these events or ignoring them completely. This need, of course, is weakened if the
detector is located in a special underground facility like the LNGS where only a few muons
can reach the detectors. There, the flux of muons is reduced by the covering rock of 3800 mMWE
to about 0.2 muons perfand hour.

Implementations

Currently there are three major generations of the COBRA DAQ:
1. PC-based Multi Channel Analyser (MCA)
2. CAMAC-based, event-by-event readout ADC system

3. VME-based, event-by-event readout ADC system

45
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The first generation DAQ was used in Dortmund and in the LNGS for first tests with a single
commercial detector (CPG2). This DAQ is no longer used for data taking, due to its short-
comings, namely the limitation in the number of detectors — one per card — and the lack of the
timing information provided for each event.

The second generation DAQ has been used fo2 2 Prototype measurements in the LNGS.
However, it is suboptimal in speed and the used modules have shown severe ageing problems
which led to immense outages.

Therefore, the third generation DAQ has been developed, based on a VME Bus System. This
development also included the design of a custom built ADC. This DAQ is currently operating

in the LNGS.

3.1 PC-MCA based DAQ

For the initial tests with the CPG2 detector and the tuning of detector parameters2of the
Prototype a PC-based data acquisition system consisting of a 13 bit MCA card (EG&G OR-
TEC) in a standard ix86 PC running Windows was used.

The CPG2 detector was operated with its integrated preamplifier, whose signal was fed into a
shaping (main-) amplifier to adjust the signal shape and height to the MCA's requirements.
The muon veto which is described in detail in section 2.4.5 was connected to the coincidence
input of the MCA, running in anti-coincidence mode so that events arriving at the ADC during

a veto signal were discarded.

The MCA card is controlled by the commerchbestroSoftware. As data can only be taken

as histograms for a given period, data taking was subdivided into “runs”. These runs have
been recorded using a script for Maestro which starts the ADC for a fixed time (30 min runs
in Dortmund, 2 h runs in the LNGS) accumulating events which are not rejected by the veto.
After that period the ADC is stopped, so that the content of the histogram can be transferred
to the buffer and written to disk. Before the ADC is activated again the histogram has to be
cleared. Files are stored in the so-called “CHN” format which does not store the histogram
alone, but also additional information, like the starting time, the real time and the life time,
which is the real time minus the dead time, i.e. the integrated time where the ADC was busy
or disabled by the veto gate. The file's name is generated by the script using a prefix and the
value of a counter of the Maestro software in the range of ‘000’ to '999'. This counter puts a
limit on the total length of a measurement period of about 20 days for 30 minute runs.

The data taken in Dortmund with this setup has been used for a first analysis which has been
published in [Kie03] and [Mue03].

3.2 CAMAC based DAQ

For the2 x 2 Prototype with four readout channels a more flexible data acquisition system than
the PC-MCA solution has been designed as part of this thesis using the CAMAGystem.
This is a modular multi purpose crate system with a controller and up to 23 slave modules per
crate. In this case the controller is a LeCroy 8901A module, a CAMAC to GRrierface

1ComputerAutomatedVl easuremenAnd Control, IEEE 583-1975
2GeneralPurposeI nterfaceBus, IEEE 488-1982



3.2. CAMAC BASED DAQ 47

which is driven by a Linux PC via a National Instruments RGIPIB card (see figure 3.1).
This PC acts as a server which is controlled by a client Linux PC through a custorfi UDP
protocol to exchange commands and data.
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Figure 3.1: Schematic of the CAMAC DAQ-system with the CAMAC crate including its
modules and the Linux PC connected via a GPIB cable.

All CAMAC operations take place over the CAMAC dataway, a parallel bus which is used to
transfer all data, function codes and status information. A typical CAMAC command consists
of the station number (N) which corresponds to the slot number of the module in the crate,
the sub address (A) which addresses a sub section of a module (e.g. one ADC channel of a
multi-channel module) and the function code (F) which is defined in the instrument’'s manuals.
The whole sequence is abbreviated as “FAN”. As a response to a FAN the module will generate
a “valid command accepted” (X) response and execute the called function F. The width of the
data bus is 24 bits for each read (R) and write (W) (as seen from the CAMAC controller). If the
command needs to transfer data these data lines are used either by the controller setting data
on the write lines before issuing the FAN or reading from the read lines, when a module issues
a Q signal after a FAN, which means “data ready”.

Whenever the CAMAC bus is not busy, any module may generate a Look-At-Me (LAM) signal
indicating that it needs to be handled. Three common signals are issued to all stations which
are used to initialise all units (Z), clear all data registers (C) and to inhibit e.g. data taking (I).
The GPIB bus protocol operates by exchanging control strings with its devices. These strings
are then interpreted by the attached devices. GPIB devices can be set to “Listen” or “Talk”
mode. When in Listen mode, the CAMAC-GPIB interface accepts a string which is either a
setup byte or a sequence of bytes representing the FAN and 24 bit (=3 bytes) of data. This data
is written to internal registers. When the controller is switched to Talk mode, a CAMAC cycle

is issued. Data can then be read back again from the CAMAC bus by doing a GPIB-read on
the controller.

The DAQ's core is built of four 13 bit ADC CAMAC modules (types LeCroy 3511 and 3512).
They accept signals up to 8V and can be operated in peak-sensing mode. The 3511 types are 1
slot wide modules whereas the 3512 types are 2 slots wide and additionally contain a 1024 word
FIFO buffer which is filled by the ADC. Both types have a gate input for (anti-)coincidences,

a switch to select negativeZ(= 600 k2) or positive Z = 1kQ) signals and potentiometers

to adjust the zero level and the lower and upper thresholds. The rise time protection can be set

3PeripheralComponent nterconnect, IEEE 1386.1
“UserDatagramProtocol
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from 300 ns to 2Qis by jumpers on the module. In order to enable the ADCs, an output register
of type CES 1320 is used which can put a fast negative NIM level on the coincidence inputs of
the ADCs.

Based on the circuit of the preamplifier of the commercial CPG2 detector, a 4-channel pream-
plifier was designed for the Prototype. The outputs of this preamplifier are fed into shaping
main amplifiers before the signals are ready to be fed into the ADCs. The internal electric
potentiometers of the are preamplifier used to optimise the circuit and can be adjusted via the
output register mentioned above. The impact of the potentiometer settings on the detector reso-
lution is illustrated in figure 3.2. Here, the 238.6 keV gamma line oftA€h decay chain has

been used to determine the relative energy resolutjd An optimum value for this specific
detector on this preamplifier channel is about 115 in the parabolic minimum.
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Figure 3.2: Dependence of the energy resolution from the settings of the preamplifier’s po-
tentiometers. The energy resolution has been determined itfTh calibration source mea-
suring the width of the 238.6 keV gamma line as the relative wegth' of a fitted Gaussian
distribution. The distribution can be described by a parabolic behaviour.

Two 12-channel 8 bit ADCs (LeCroy 2259A/B) are used for the veto-system and slow control.
They accept voltages between 0 and 2V and must be triggered externally. This is done using
an output register of type SEN 2088 which can generate fast negative NIM pulses.

The coincidence between the 2 veto signal and the busy out of the ADCs triggers a timing
unit which prolongs the veto flag, so that it can be read out with the veto-ADC mentioned
above.

The number of coincidences of the veto signal and a detector signal is counted with a 4-fold
16 bit scaler of type Borer 1003. The first and last two channels can be combined via a switch
to form one 32 bit counter each.

One part of the slow control for monitoring the temperature are PTé@@nents which change
their resistance with temperature. In a custom built NIM module their resistance is converted
to a voltage which can be read out by the slow-control ADC. As an example, figure 3.3 shows
the measured temperature in the COBRA container in the LNGS for 19 days.

®Platinum (Pt) based resistance temperature detectors @itf at0°C, IEC 751, DIN 43 762
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Figure 3.3: The temperature in the COBRA container in the LNGS measured with the CA-
MAC slow control is shown as a function of time. The fluctuation of the temperature is about
1°C during a day. A slight day/night oscillation is also visible from the periodic spikes. The
temperature at the end of the period is dropping because a NIM crate has been switched off.

The bias voltage of the detectors can be adjusted via stepping motors which are connected to
the potentiometers of the high voltage supplies of type Oltronix A3.48R. The motors are
controlled by two controller cards connected to the parallel ports of the PC. As this system has
no feedback, the settings can be monitored by a web cam pointing at the display of the high
voltage supplies. A serial port relay card is used for switching devices on and off.

The DAQ software busy polls the CAMAC ADCs in a loop checking the LAM of each module.
The module will be read out once if the LAM is set. So a cycle to read out all four detectors in

a row takes about 5 ms where the main bottleneck is the slow GPIB bus. Slow control data is
read out every 10 minutes and written to a separate slow control file together with the logging
of (de-)activating detectors and starting or stopping runs.

Runs are stored in files comprising 1 hour of measurement stopping on the hour, so
that the first and last file of a measuring period may be shorter than 1h. The data is
stored in a fully human readable ASCII file as shown in appendix D using a file name of
dag_<year>_<month>_<day>_ <hour>_<minute>_<second>.dat reflecting the starting time of
the file. Each file starts with a header "START<filename>/<starttime>" where starttime is the
time in seconds since January 1, 1970, 00:00:00 UTC also known as Unix time. Finally, the
file is closed with "END<runtime>" where runtime is the length of the run in seconds.

Events are stored as "<detector>:<time>:<energy>:<flags>", where detector is the detector ID
(1-4), time is in Unix time, energy is the ADC value and flag one of -1 (veto not enabled), O
(event not coincident with a veto) or 1 (event coincident with a veto).

An oscilloscope of type Tektronix TDS 520 is attached to the GPIB bus as well monitoring
the preamplifier signals of two detector channels. This construct is used as a first test for pulse
shape measurements.

With its 8 bit resolution and a sampling frequency of 50 MHz (20 ns) the oscilloscope triggers
on one channel using a rather high threshold as the oscilloscope reacts slowly to commands
sent via the GPIB bus. Therefore, the threshold has been set to about 1 MeV in order to see
only all events interesting for thé5Cd 033 decay region.

If the CAMAC ADC of the detector which is monitored via the oscilloscope shows a value
above 800keV the trigger of the oscilloscope will be checked. If the trigger is set the stored
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waveform can be read out. The signal of the second attached detector can then be checked for
a coincident signal.

In figure 3.4 four sample events are shown. The oscilloscope was configured to trigger on the
first detector whose signal is shown as a black line and also sample a second signal indicated
by a red line. The first event shows an ordinary event with no energy deposition in the second
detector. The second event shows a multi site or pile up event which can be identified by the
additional step in the signal. Here, also the second channel is silent. The third event shows
a small dip in the second detector during the signal of the first detector. However, the first
detector shows an unusual shape. The fourth event also shows an abnormal shape. In this case
the signal is falling too slow.
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Figure 3.4: Events captured with the oscilloscope, triggered on first detector (black), also
sampling a second detector (red). Top left: good event; top right: two site or pile up event;
bottom left: event with kink in first detector and a small dip in second detectoedt; bottom

right: event with too slow slope.

The DAQ server is controlled by a remote client via a custom UDP protocol to send command
strings. The command is decoded and executed. Upon completion of the command a return
message is sent back to the client transmitting the requested information or indicating the status
of the DAQ. For a complete list of commands see table D.1 in appendix D.1.1.

As the driver of the GPIB card does not support interrupts at the time of writing the software,
the CAMAC crate was busy polled. The full sequence of actions, as sketched in the flow chart
of figure D.1, is as follows:

First the hardware components have to be initialised, i.e. the GPIB bus, the CAMAC bus and
its modules and the oscilloscope. Then internal data structures, e.g. histograms, are initialised
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and the server socket is opened for listening.

Then the program enters an endless loop where it first checks if a network command has been
received, which is then decoded and handled. In the next step, the current system time is
retrieved to check if the time interval between two slow control readouts is reached. This time
is also used to check if a new hourly file must be opened if the system is currently writing
events to disk.

To release the processor from unnecessary load it checks to see whether any detector is set to
active. Otherwise the program is sent to sleep forA9@nd the loop starts again. If there are

any detectors activated then one ADC module in the CAMAC crate is checked for a LAM. If

no LAM is active, the loop again starts from the beginning. To ensure that all detectors are read
out evenly, the software checks all detectors in a loop. When data is ready to be read, if it is
connected the veto ADC is also is read out. This data of the event is then written to disk in the
format as shown in appendix D.3.1.

If the oscilloscope is connected to the system, the program checks if the event just read from
the CAMAC ADC was in the detector which is connected to the triggering channel on the
oscilloscope and checks if the oscilloscope also has triggered. If data is available from the
oscilloscope the stored waveform is read out of the oscilloscope and written to disk. As the
oscilloscope responds slowly (a readout of the waveforms of two channels with 500 samples
takes about a second), the pulse height of the CAMAC ADC is compared to a preset value.
Only if the pulse height exceeds this value, a check for a waveform on the oscilloscope is
issued. To ensure that each trigger on the oscilloscope is read out immediately, the minimal
value of the ADC and the oscilloscope’s threshold are adjusted accordingly.

Finally, the value of the CAMAC ADC is put into a histogram and the LAM of the module is
cleared. Then the program starts again with the loop.

For easier controlling of the setup a graphical user interface (GUI) called “dag-gui” has been
written as the standard client using the portable “GTK+” to8Ikithe GUI as shown in figure
3.5is split into four “tabs”. The first gives a general overview of the status of the setup (it shows
the last status via "Get Slow" command, or issues a complete readout of the slow control with
the "Update Slow" command).

On the second tab ADCs can be switched on and off, data-taking can be started and stopped
("Start/Stop DAQ" command). The buttons "Start/Stop Calib" issue data taking into a sin-
gle file cal_<year>_<month>_<day>_ <hour>_<minute>_<second>.dat, however, for ordinary
calibrations it is sufficient to use the histogramming feature of the DAQ server which can be
accessed on tab three. Here, the current histograms of the DAQ server can be read out, viewed
and cleared. If a "Get" command is issued, the DAQ server transmits its internal histogram
contents to the dag-gui which creates a file "./detector_<ID>.dat" with the raw spectrum in
ASCII format, i.e. 8192 lines with the number of events per bin in each line. The "Clear"
button sends a command to clear the corresponding histogram on the server. "Clear all" resets
all histograms on the server. The histogram viewer can switch from logarithmic to linear y-axis
and either shows the jolted complete spectrum (8192 channels in an 800 pixel wide window),
or zooms in to map one channel to one pixel.

Shttp:/iwww.gtk.org/
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Figure 3.5: The tabs of the DAQ-GUI are shown. The general overview in the top left picture
shows the currently open data file and active detectors. The detector status in the top right
picture is used to switch on and off detectors and start or stop data taking. The middle row
shows the histogramming tab with the current spectra of the data taking. The left picture shows
the full spectrum up to channel 8192 as dots and the right picture shows the zoomed spectrum
up to channel 500 displayed as lines. The slow control tab with the relays and the high voltage
control is shown in the bottom line.

The fourth tab is used for slow control. 16 sockets can be switched on and off via the above
mentioned relay card and step motors can be driven to set the high voltage supply to the new
position. As a surveillance system, a web cam is connected to one step motor and can be turned
around to look at the displays of the high voltage supplies. A lamp is connected to one of the
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relay-sockets and can be switched on and off to supply light for the camera.

The muon veto mentioned section 3.1 has been operated in Dortmund but was never activated
in the LNGS due to the lower muon flux. However, the system is prepared to accept its signals
and couple them to the data taking.

Despite the feature rich implementation of this rather complex DAQ system, the deployed
CAMAC hardware is based on more than 20 year-old modules which were available at the
University of Dortmund but they caused lots of trouble and outages during data taking. Due to
the aged electronics components the following bugs have been discovered:

e bit error,

sub threshold events,

drift,

creating fake events in other ADCs,
e and complete breakdown blocking the bus.

Also the shaping amplifiers did not transform the signal from the preamplifiers perfectly to
Gaussian pulses so that due to the rather long input signals, a tail remains in the shaped signal.
For high energetic events this tail is still above the threshold of the ADCs leading to subsequent
unwanted conversions.

This effect is only grave for the ADCs of model LeCroy 3512, because of their internal buffer.
For the other modules the readout is too slow to effectively sample the tail. These excess
events are filtered out by software in the analysis, however, this may lead to ambiguities when
considering cascaded events.

Another problem with this CAMAC system is that it is not possible to expand the number of
readout channels to the required 64 channels fot#de4 array. As a conclusion a completely

new DAQ system has been designed re-using already existing supplementary devices (e.g. the
relay box, etc.).

Publications of improved limits on double beta decays relative to the ones obtained with the PC-
MCA system and a measurement of the beta decai?@fd are in preparation [G6R05, Kie05].

3.3 VME based DAQ

In order to simplify the hardware structure a new bus system has been chosen for the next
generation data acquisition system. The VMiEis appeared to be a good choice due to its
robust modular design and high bandwidth. Many vendors produce VME modules for nearly
any purpose which guarantees support for a long time. Another advantage is that there exist
state of the art computer boards, so-called Single Board Computers (SBC), which are directly
plugged into the crate and control all modules in the crate. This way the modules can be ac-
cessed directly without the need of additional buses like for the CAMAC system. Furthermore,

a VME module is accessed via its settable base address and not via the slot number in the crate.
VME is a 32-bit computer architecture which was introduced in 1981 [Pet93] with processor
independence and open architecture without proprietary rights in mind. Information about the

"VersaM oduleEurocard, IEEE 1014-1987
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VME bus is available from the VITAwhich is a non-profit organisation of vendors and users

of VME products.

As a computer architecture, the VME bus has a memory mapped scheme, which means that
every device on the bus can be accessed by an address or a block of addresses. The backplane of
the VME bus operates with TLsignals. Although it is asynchronous, the bus has a maximal
transfer speed of approximately 20 Mbyte per second. Later improvements of the VME bus
also feature higher transfer rates. A VME crate usually contains 21 slots for modules, although
smaller crates are sometimes used in development environments.

The VME bus can be subdivided into five sub-buses:

e Data Transfer Bus
This is the part most used. It consists of 31 address lines A01-A31, where the least sig-
nificant (LSB) bit of an address (A00) must always be 0 and is therefore not wired, an
address strobe (AS) line to indicate valid data on the address lines, six address modi-
fier lines AMO-AMS5 which specify the width of the broadcast as “short 1/0” (16-bit),
“standard” (24-bit) and “extended” (32-bit) and 32 data lines D00-D31. There are ad-
ditional lines to indicate valid data on the bus (DS0, DS1), acknowledge data transfers
(DTACK) used by slaves, mark the direction of the data lines (WRITE) or signal that an
error occurred during the bus cycle (BERR).

Some of these lines are also used by interrupt handlers to get status and ID from inter-
rupters during interrupt acknowledge cycles.

There also exists an extension of the VME bus to 64 bits. For this extension a new
backplane is used in the crate, which is, however, backwards compatible to standard
VME.

e Data Transfer Arbitration Bus
This part is used by the masters to obtain ownership of the above data transfer bus. A
module which is currently controlling the bus will drive the bus busy line (BBSY) low
to indicate that it is in use. If this line is not low the most left module in the crate,
the arbiter module, will sample the bus request lines (BR0O-BR3) looking for a pending
action, where requests on BR3 have the highest priority. Requests of equal priority are
handled by a daisy chain using the bus grant in lines (BGOIN-BG3IN) and the bus grant
out lines (BGOOUT-BG3OUT). The arbiter module will generate the first grant signal
which is passed to modules of increasing slot number.

e Priority Interrupt Bus
This part performs the system interrupts, where seven interrupt levels are possible using
the seven interrupt lines (IRQ1-IRQ7) with IRQ7 as the highest priority. In response to
an interrupt, an address cycle is generated where the address indicates the request being
acknowledged. The interrupt acknowledge (IACK) is then changed in the arbiter to a
signal which is daisy chained down the bus using the interrupt acknowledge in (IACKIN)
and out (IACKOUT) pins. In a following data cycle the module requesting the interrupt
asserts its status and ID.

8V MEbusl nternationall radeAssociation
®TransistorT ransistoil ogic
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e Ultility Bus
On these lines miscellaneous signals are passed for initialisation via a system reset (SYS-
RESET), periodic timing with an independent 16 MHz clock (SYSCLK), and system or
power failures (SYSFAIL, ACFAIL). Power is supplied to modules via pinstéatV,
—12V and+12 V. An optional battery backup of the5 V supply (+5STDBY) may also
be present.

e Serial Bus
Urgent messages between modules or systems can be passed using the VMSbus using
pins for clock (SERCLK) and data (SERDAT).

Depending on the operating system and the support packages delivered with the computer
boards, the VME bus is accessed slightly differently. In most cases an access to the VME
bus can be initiated by reading or writing to an address in the normal address space which is
mapped to an address on the VME bus.

This is the case for the Motorola MC68040 based MVME167 SBC. It has been operated using
the NetBSD operating system. There was no special support package, however, in the BIOS of
the SBC the VME bridge chip can be programmed to map a certain region of the processor’s
address range to the VME bus using fixed address modifiers. As processes in Unix use the
MMU 0 to map virtual addresses to true addresses in the processor’s address range, this method
needs a special kernel option. The whole processor’s address space can then be accessed via
the special device “/dev/mem”. To make a VME bus access look like an access to ordinary
RAM, the mmap() function can be used. Reading data from or writing data to the VME bus

is then just a matter of reading or writing to the address of the slave module.

The drawback of this non-commercial system is the use of interrupts. In order to catch inter-
rupts from the VME bus a kernel module would have been needed to write. As COBRA aims
for a low rate experiment, first tests have been successfully done with this system not using
interrupts.

At the end of 2004 a new, more powerful PowerPC based SBC, the TEWS TVME8240, has
been installed running Linux. This board was purchased with a complete set of drivers for the
VME bus including IRQ support. The board also supports mezzanitenBdules which are
mainly used for slow control.

There is one IP module with a 16 channel, 12 bit ADC and a 4 channel, 12 bitH&6me
channels of this ADC are used for temperature measurements with the PT100 elements men-
tioned in section 3.2. A 48 channel TTL I/O module is used to set up the preamplifier settings.
The inputs and outputs of the IP modules are realised as 50 pin post plugs. These post plugs
are connected via ribbon cables to a custom built NIM transition box shown in figure D.4. The
TTL lines are put to DB9 connectors with a COBRA standard assignment, providing 5 TTL
lines on the upper five pins angtl2 V and ground on the lower pins.

A CAN bus'3 controller (CAN-HIGH-SPEED) is used to control and monitor the status of the
VME crate.

The success of the COBRA experiment depends strongly on background suppression. There-
fore, the analysis of cascaded background events in thedOfetime regime is of impor-

1M emoryManagementnit
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tance. In order to optimise the performance of the setup, a custom analogue to digital converter
(ADC) module has been designed and built in cooperation with the Elektronik-Entwicklung of
the Fachbereich Physik of the University of Dortmund.

This step has been taken because no suitable commercial module exists which fulfils the needed
requirements. These key features have been set from the experience with the CAMAC system:

e >13 bit resolution

e multi channel £8)

e simultaneous conversion of all channels
e peak detect

e self triggering

e event buffer

e time stamps for events(10us resolution)
e boolean logic input (e.g. for veto).

For the2x2 Prototype detector a prototype VME board has been developed containing four peak
sensing 14 bit ADC channels each with VME-settable threshold and gain. Figure D.5 shows a
picture of the ADC. If the input signal in one channel exceeds the threshold, a complete readout
is issued for all other active channels. This way the digitised values of all detectors are recorded
including their pedestals. This trigger signal can also be connected through a front side bus to
other modules to be able to extend the readout to more than four detectors. This is especially
important for thed x 4 x 4 array. The time between crossing the threshold and the start of the
first conversion, called rise time protection (RTP), can be set in stejpgofrom 0 to 1023:s.

The analogue part of the module shown in figure D.6 has been placed on a separate board, a
so-called mezzanine, which is plugged onto the main board. The digital part and the ADC chip
of type AD7865 remains on the main board. In a first version of the ADC the analogue part
was directly put on the main board. Therefore, it was impossible to exchange the analogue
circuitry in order to improve its speed performance or reduce the noise.

The current version of the analogue mezzanine uses the commercial “PKDO01” chip as a peak
holder. For a more sophisticated module, this chip may be replaced by an optimised discrete
circuitry.

The ADC board has been designed to enhance its resolution by a technique called oversam-
pling, which means that the signal is converted multiple times. The mean value of these samples
is then calculated usually resulting in a better resolution. The calculation of the mean value is
done by the readout software.

The oversampling technique has been introduced, motivated by experiences made with the
first version, before performing some optimisations on the analogue mezzanine. It was im-
plemented as a 7-fold oversampling, which led to a better energy resolution. However, after
introducing a low-pass filter to the input amplifier, this technique no longer shows a significant
improvement. The left diagram of figure 3.6 shows the distribution of the n-th sample. The
right diagram shows the mean of the Gaussian distribution. The error bar indicates itgwidth
The amplitude decreases from sample to sample because of a small leakage current on the peak
holder’s capacitor. The first sample is much higher than the others because of an overshoot in
the peak holder.
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Figure 3.6: The left diagram shows the distribution of samples for the oversampling technique.
Sample 1 is on the right side with the darkest colour. Due to a small leakage current of the peak
holder, the amplitude shrinks over time as can be seen from the right figure, which shows the
extracted mean values of the single sample distributions. The error on the ordinate reflects
the width in sigma of the measured peak. The full statistics is 1000 events of constant height
induced with a test-pulser. No significant degradation of the signal with time indicated by the
width of the distributions can be seen.

The correlation of two measured values of the oversampling is shown in figure 3.7. It can be
seen that the fluctuations are not statistical for each sample, but constant for each event. The
distribution looks qualitatively the same for all combinations.
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Figure 3.7: The measured values of sample 2 against sample 3 are shown. A strong correlation
of the two measurements can be seen as the events are mainly clustered on the diagonal. An
uncorrelated distribution would show up as an elliptical distribution.

In order to reduce noise more effectively, a low pass filter has been placed behind the peak
holder. As a side effect this removes the mentioned overshoot. Figure 3.8 shows the sampled
value as a function of the RTP. This way, for a periodic signal, the pulse shape can be sampled
with 1 s accuracy. Also with this technique it can be shown that the second sample of one
channel comes 16s later than the first sample when doing oversampling.

In the final version, the oversampling technique has been removed again, because each conver-
sion takes about 2 /s, which sums up to 70s for 7 over-samples with four ADC channels
active possibly spoiling the recording of cascades.
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Figure 3.8: The left diagram shows the sampled value for a series of pulses of constant height
as a function of the RTP, “oscillographing” the pulse form at the peak holder. The right diagram
shows the same data set with sample 2 overlaid in red, shifted by ttOmatch the first sample.

This demonstrates the time difference between two over-samples-efl0 us.

The values of the four ADCs are stored in a FIFO buffer together with the value of the timer at
the time of conversion and 14 TTL levels.

The timer has a precision ofi& and can be reset via a VME command which is also broadcast
to the other modules connected via the front side bus. The timer is used to generate a time
stamp of an event. It is a 32-bit counter which corresponds to approximately 9.6 hours before
the timer overflows to zero. The timer is driven by the 16 MHz clock on the VME backplane,
so that the timers of all modules will always be synchronous.

Some of the TTL levels will be used for the 28 long veto signals from the scintillator paddles,
others may indicate the status of other components.

The FIFO is organised in 2 chips wit)96 x 8 bits each, to be able to hold the 16 bit wide
values. This is enough room for 512 events witk 4 x 2 byte ADC values + 4 byte time
stamp + 2 byte TTL = 14 bytes. Two more bytes are added to round the number of bytes up to
24 using a duplicate of the TTL levels. This is done in order to prevent the module from adding
an event only partially to the FIFO in case it is nearly full.

Another data integrity check is done using the two most significant bits of each data word. In
all ADC data words these bits are set to 1. The two bits of the TTL value and its duplicate are
set to 0. The value of the timer is not affected, thus the value of the two bits is undefined. If
the timer is reset every hour, then the two most significant bits of the high word will also stay
0. This way the readout software can check that the data sequence read in from the ADC is
synchronised. The whole sequence is shown in table 3.1.

The module can be set up to generate interrupts when the buffer is no longer empty, i.e. an event
has been sampled, or when the buffer is half-full or full. This information is also available in

a status register. If an interrupt occurs the data can be read out in a block reducing VME
overhead. The FIFO state (empty, half-full and full) is also indicated by LEDBther LEDs
indicate a conversion of the ADC module, occurrence of an interrupt and the active channels.

14 ight Emitting Diodes
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Data Word Content Data Width / Bit MSB Value

1 TTL 14 00

2 TTL (duplicate) 14 00

3 Timer low 16 undefined (data)
4 Timer high 16 undefined (data)
5 ADCchannel 0 14 11

6 ADC channel 1 14 11

7 ADC channel 2 14 11

8 ADC channel 3 14 11

Table 3.1: The data sequence of the VME ADC is shown with the content, data width and
integrity bits for each item. The TTL value is duplicated to obtain a sequence length of 8
words to avoid corrupted events in the buffer. The integrity bits are set to 0 for the TTL item
and 1 for the ADC data. These two bits are, however, used for the data of the timer and thus

undefined as integrity bits.

In figure 3.9 a schematic of the components of 2h& generation ADC board is shown. The
signal inputs are on the left side and the VME bus is on the right side. A negative signal with
few 100 nsrise time and some 108fall time is fed from the shaper via a LEMO connectorto a
peak holder. The output of the peak holder is used as input for the ADC chip and the threshold.
Both threshold and a small amplification factor from 1 to 10 in steps of approximately 0.1 can

be set via a VME command.
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Figure 3.9: Block diagram of the functional components of the VME ADC board. The four
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The stability of the device has been investigated. A temperature dependence is clearly visible
by feeding the ADC with several pulses of a constant height and measuring the temperature of
the board with the PT100 elements mentioned above connected to the analogue 1/O IP board.

The distribution of pulse heights as seen from the ADC against the current temperature of the

board is shown in figure 3.10. For each temperature the mean of the ADC value can be plotted
against the temperature. The resulting graph can be approximated by a linear correlation. The
slope of this fit gives a temperature changé®#2 + 0.35) - 10~4/°C. Compared to a value

of 1-10~4/°C for the CAMAC ADC [LeC80], both modules are of almost equal stability.
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Figure 3.10: Temperature dependence of the VME ADC. Pulses with a fixed height have been
fed into the ADC while slowly changing the temperature of the whole system.

The width of the distribution at a constant temperature is a measure for the goodness of a
converted value. In figure 3.11 the distribution fBr= 19.9°C is shown. The resolution is
o = 7-10~* which is well below the energy resolution of the CdZnTe detectors of abive
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Figure 3.11: Resolution of the VME ADC at 19°®€. The distribution of measured pulse
heights is well fitted by a Gaussian of 7.9 channels width er 7 - 107,

To reduce the costs per readout channel the signals from the preamplifiers are not fed into main
amplifiers, but are transformed with a comparatively cheap shaper circuit instead. The shaping
is necessary to reduce pile-up of events because of the slow decrease of the signals from the
preamplifier and to suppress noise.

The TTL lines 1-3 from the COBRA-DB9 connector are used to set the electronic potentiome-
ters in the preamplifiers and the shaper via a simple daisy chained protocol. If the chip select
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(CS, pin 1) line is low, data provided on pin 2 is written to the daisy chain during a clock signal
on pin 3. This way 7 bit of data per electronic potentiometer are written. If the CS signal
switches to high again, the value in the register of the potentiometers is applied.

The client-server model to control the DAQ has proven its usefulness with the CAMAC setup,
also because it reduces the CPU power needed for the server. This makes it possible to use
the existing MC68040 based MVME-167 modules as VME controller for further testing of
modules in Dortmund, whereas the faster PowerPC based TVMES8240 is used for the real
operation in the LNGS.

A minor change of the underlying transport protocol has been performed, changing from UDP
to the more reliable TCP. The new command set remains almost compatible to the CAMAC
commands but is still updated and adjusted to the new hardware. The complete list of com-
mands is given in appendix D.1.1.

Since the transport protocol and part of the command set changed, the CAMAC dag-gui has
also been reworked completely. A new graphical front end for calibrations has been built using
the ROOT toolkit®. A snapshot of the new program is shown in figure 3.12.
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Figure 3.12: The calibration front end for the VME DAQ using the ROOT toolkit is shown.
The four histograms correspond to the four detectors ir2 tiearray showing the possibilities

of the new user interface. The spectra show a combined calibration WitlCa and &°Co

source. Detector D3 has been switched off, because of its damaged electrode. The top two
spectra show the spectrum logarithmically. Detector D1 shows a zoomed view with a fitted
Gaussian to the 661.66 keV photo peakdiCs indicated by the red line. Detector D2 shows

the full spectrum, and detector D4 shows the zoomed spectrum linearly. The current spectra
can be fetched from the DAQ server by pushing the get button. They can also be cleared on the
DAQ server. Data taking can be started and stopped from this user interface as well.

" TransmissiorControl Protocol
Bhttp://root.cern.ch/
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As this new DAQ system samples the current value of all detectors simultaneously if one chan-
nel exceeds the threshold, a new output format has been used compared to the CAMAC system
with single ADC readout.

The data format resembles the format for the CAMAC DAQ with the same header and footer
line. A sample is shown in appendix D.3.2 to be compared to appendix D.3.1. Data is read out
on an ADC module basis so that the data points include the module number, the ADC channel
with highest content, the on-board timer (in8 steps), the system time of the readout, the
values of channel 0-3, the TTL register and finally, temperatures read out by the IP modules.
The temperature value is again the ADC value of the resistance to voltage conversion. All these
items are separated by a white space character. The starting time given in the header can be
taken as a unique run number. The data will be stored in a ROOT file in the near future.

This new system overcomes the deficiencies of the old CAMAC system, such as the rather slow
response time spoiling the analysis of cascaded events jisthegime or the reliability of the
hardware components due to their age. Also the tailoring of the ADC to the experiment’s needs
concerning pulse form and height reduces the need for shaping amplifiers and thus reducing
the complexity of the whole system.

3.4 Outlook

Apart from further active background reduction by using less active materials and building a
better shield, for future upgrades of the detector array the following points should be consid-
ered:

e Upgrade of the array to several hundreds of detectors
Simulations show that for one event in a large array only a few detectors show an energy
deposition. Multiplexing could then be a possible solution to reduce the number of ADC
channels.

e Pulse shape analysis using Flash ADCs
In order to discriminate signal from background events and to improve the detector res-
olution a pulse shape analysis using Flash ADCs sampling the pulse form of the signal
could be used.

e Using pixelated detectors
Background reduction can be further improved by segmenting the detectors and measur-
ing tracks of electrons in the crystal.

¢ Miniaturisation by using ASICs*®
The above pixelation of course increases the number of readout channels by several
orders of magnitude, so that the density of readout channels has to be increased. ASICs
are a good choice for this purpose.

1A pplicationSpecificl ntegratedCircuit



Chapter 4

Monte Carlo Simulations

Monte Carlo simulations are a widely used tool to help in designing a new apparatus or to
understand an existing one. For the COBRA experiment simulations have been done as well
with respect to the optimisation of the geometry for the new 64 detector array as well as the
design of the neutron shield and the comprehension of background sources inZke afday.

Different simulation packages have been surveyed to find an appropriate tool to be used as
the standard simulation program for the COBRA experiment. These different packages are
also used to cross check the results of each other. The standard simulation program has been
developed within this thesis.

4.1 MCNP

As a first step MCNP version 4C [Bri00] has been used. The program code has been ob-
tained from the NEA which is the official distributor for MCNP, cross section tables and other
programs and data tables to be used in nuclear safety.

MCNP is a powerful Monte Carlo simulation tool mainly used by e.g. radiologists and in
nuclear safety. Thus, its advantage lies in easy handling, allowing easy source and detector
definitions through a sophisticated dynamic geometry description. The scope of the simulations
lies within calculating neutron, photon and electron interactions as well as nuclear fission.
Despite its simplicity the program has its drawbacks such that an event-by-event handling is
rather difficult and multi-particle sources which are essential to simulate double beta decays as
well as cascades of radioactive background are not feasible without major modification of the
code. Another deficiency is its low calculation speed.

Nevertheless, for first simulation tests the code has been modified to simulate double beta
events. This was done by tricking the event generation which is only capable of handling
one source particle into immediately decaying a “virtual double beta” particle. This virtual
particle has an energy corresponding to the sum of energies of the two primary electrons to be
generated. During its decay the directions and energies of the decay products are calculated
according to [Tre95].

IMCNP - A GeneralM onteCarlo N-Particle Transport Code
2NuclearEnergyAgency, a specialised agency within the Organisation for Economic Co-operation and Devel-
opment (OECD), an intergovernmental organisation of industrialised countries, based in Paris, France.
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Another approach was done by using the high energy simulator GEANT 4 which is described in

the following section. It was designed to handle the simulation on an event-by-event basis with

user defined readout functions. Nevertheless, MCNP is used as a cross check for GEANT 4
and has been intensively used to optimise the neutron shield of the COBRA setup [Oeh04].
Figure 4.1 shows an MCNP display of the setup for the neutron shield simulation.

Figure 4.1: Setup of the neutron shield as displayed with MCNP [Oeh04]. The neutron shield
is motivated by a significant neutron flux in the LNGS which generate background events by
13Cd(n;y) reactions in the detector material with a cross section of 20 kbarn as described in
section 2.4.4. The moderator material paraffin is indicated by blue, the neutron capturing boron
loaded polyethylene by purple colour. The gamma shield of lead and copper is marked by green
and yellow colour respectively. The numbers indicate the index of the surfaces delimiting the
volumes.

The neutron shield consists of a layer of 20 cm thick paraffin wax bricks which moderate the
neutrons from the surrounding rock followed by another layer of borated polyethylene plates.
In this layer mostly thermal neutrons are captured by the isotdBevith a cross section of
3850 barn [SE98]

B +n — "Li + a. (4.1.1)

Also neutron capture on the hydrogen in the paraffin and polyethylene takes place, however
with a smaller cross section of 0.332 barn [Shi02]. The cross section for elastic scattering is
20.47 barn.

Further candidates for thermal neutron capture®hiewith a cross section of 940 barn and
H3Cd with a cross section @&0.6 - 10® barn [SE98]. However,'3Cd is not a good candidate

as the(n, ) reaction produces gammas up to 9 MeV which may create further background in
the detectors.

The simulated absorption efficiency of neutrons by the current COBRA neutron shield is shown
in figure 4.2 using the flux in the Gran Sasso [Bel89]. The simulation shows that the neutron
flux is reduced to at least a factor ti—¢ for all energies [Oeh04].
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Figure 4.2: Simulation of the COBRA neutron shield [Oeh04] using MCNP. The diagram
shows the reduction of the neutron flux by the different layers of the neutron shield. The input
spectrum of the neutrons is taken from [Bel89].

4.2 GEANTA4

Like MCNP, GEANT4 [Ago03] also simulates the passage of particles through matter. It is de-
signed as an object orientated toolkit based onT+s application areas include high energy
physics and nuclear experiments as well as medical, accelerator and space physics studies. The
functionality provided by this package embraces geometry, tracking, detector response, run,
event and track management, visualisation and user interface.

From the physics side GEANT4 includes a diversity of interactions of particles with matter
across a wide energy range. All known mesons, baryons and leptons are included as well, as
its main focus lies on high energy physics simulations. However, special low energy routines
are also provided through the LowE package [Ama04].

GEANT4 is the successor of GEANT3 [Bru87] which is based on the FORTRpgNigram-

ming language. The main focus during the move from FORTRAN to C++ was on advanced
software engineering techniques and object orientated technology to have a transparent physics
implementation which allow the validation of the physics results more easily. All classes have
been designed in a clear hierarchical structure. The development of this package is done in
close contact with the users in order to meet their requirements.

GEANT4 started as an R&D project at CERERD44) and is now an international collabora-

tion. The source code is freely available and being further developed with regular releases. An
extensive documentation is available through the Internet.

GEANT4 does not use geometry files for the detector setup, but instead the setup must be pro-
grammed. Therefore, for an easier handling, a standard simulation package has been developed
for the COBRA experiment which is called “POISON”.

3ISO/IEC 14882

“FORmulaTRAN slator, ISO/IEC 1539

5CentreEuropéen deRechercheducléaires, European Organisation for Nuclear Research, Geneva, Switzer-
land. http://www.cern.ch/
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4.3 POISON

POISON is the standard Monte Carlo program for the COBRA project. It uses the GEANT4
toolkit to simulate events in a user defined detector setup. The scope of POISON is to have
a versatile simulation program to compare different possible detector setups and radiation
sources in order to understand the intrinsic background of the materials in the vicinity of the
detector and to simulate signal events. The outcome of the simulations can be used to optimise
the current prototype setup or a future setup.

In order to accomplish this, no fixed activities of radio impurities are integrated into the sim-
ulation. Instead, the user can choose from a great variety of radiation sources which may be
distributed in certain parts of the setup.

Basically, first a detector geometry is defined and then events are simulated specifying only
their type (e.g. double beta decays as a signal or gamma radiation as a background) and lo-
cation (e.g. homogeneously distributed in the detector material or in the surrounding copper
shielding).

The simulation does not contain a time-line so that activities can only be considered by simu-
lating a number of events which are supposed to happen in a certain time. This also prevents
from simulating pile up events.

The energy deposited in each detector by the simulated source particles and their secondaries
is given as output on an event-by-event basis. However, no detector effects like charge col-
lection or energy resolution are simulated yet so that this simulation is a mere calculation of
the geometrical acceptance of the setup. Measurements with the transient current technique
(TCT) [Kra04] mentioned in section 2.1 may give valuable input to a simulation of the charge
transport in the crystals.

For comparison with measured data, the energy resolution of the detectors can be folded exter-
nally after the simulation using empiric rules. As a side effect, this also allows the analysis of
the impact of different energy resolutions with one set of simulated data.

For now only a simplified 3-dimensional array is integrated in the main version of POISON.
The full description of the program and its commands can be found in [Kie04]. A detailed
modelling of the2 x 2 Prototype has been developed [McK05] and will be integrated into the
main version. A short description of the geometry’s details will be described in section 4.3.2.

4.3.1 The 3-Dimensional Array Geometry

Before a simulation can be started two input files have to be prepared: a file describing the
geometry of the setup and another containing a sequence of commands which describe the
events to be generated. The commands can also be passed interactively to POISON instead of
using the latter file. The two input files are documented in the following paragraphs.

For the 3-dimensional array implemented in the main version of POISON the following pa-
rameters can be changed. A graphical illustration of the parameters is shown in figure 4.3.

e Thematerial of the detectors.
This can be either ‘CdznTe’ (= ‘CZT’) or ‘CdTe".

e The size of the detector crystalsdte _dimx, cdte_dimy andcdte_dimz

e The number of detectors in each directDNX, DNY andDNZ.
The number of placeholders in x and y directi@GX andDGY.
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If DGX<DNX or DGY<DNY was specified the number of placeholders is automatically
set to the number of detectors.

e The distance of the detectors in x and y directiap_len
This is half the distance between two detectors and the full distance to a possible sur-
rounding shielding.

e The detectors are “mounted” on trays of copper whose thickness can be set via
tray_width .

e The gap between the detectors and the copper tray on which they are mounted is defined
by gap_bot For a non vanishing value the detectors are hovering above the tray.

e The gap above the detectors to the next tray or the shielding is specifgapbyop.

e The thickness of passivation papdint_th.
This is simulated on 5 sides of each detector (all sides except the bottom, where the
unpainted planar electrode resides) as a generic polymer material.

e Around the detectors a shielding can be defined from inside outwards with first copper
(copper_wallx, copper_wally, copper_wall2) and then leadléad_wallx, lead_wally,
lead_wall2). Setting these values to 0 removes the shielding completely.

After reading in the geometry file the program performs certain consistency checks on the
specified parameters. The revised geometry data is written to stdout when POISON is started.

Figure 4.3: A 2-dimensional projection of a sample detector array with 4 detectors in
x-direction (DNX=4) and two in z-direction (DNZ=2) indicating the geometry parameters as
described in the text above.

a=cdte_dimx, b=cdte _dimz, c=gap_len, d=tray_width, e=gap_bot, f=gap_top,
g=copper_wallxh=copper_wallzj =lead_wallx,j =lead_wallzk = paint_th.
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Upon execution of POISON the sequence of events must be specified. This can be done either
interactively by entering the commands one by one on the POISON prompt or by using a script
file. This script file may be either passed as a command line argument or written to stdin.

First an event generator has to be selected and configured. As different generators the user can
choose between

e “KielGen”,
e “particleGun”,
e “Decay0”.

For the generators KielGen and DecayO0 a location of the radiation source can be chosen from a
fixed list. If not specified otherwise, the source is homogeneously distributed over the specified
region:

e in central detector

in any detector

e in paint on top and sides of central detector

e in paint on top and sides of any detector

e in copper

e inlead

e inlead surface above detectors (copper_duroopper_dimyx 0.1mm)

e at a fixed calibration point

Note that some locations may be identical for a single detector setup. For an even sized number
of detectors in X, Y and/or Z direction the “central detector” is defined as the one which has
X, Y or Z coordinates immediately below than the centre of gravity as shown in figure 4.4.
The numbering of the detectors starts with number one as the detector with the lowest X, Y
and Z coordinates, i.e. the front most and leftmost detector of the bottom layer, counting in X
direction.

| [o] (][] [2] [2] [=

o} (o] [ [] [] [#]

A O M ] o)

A LG E B
I I I I I I

1 2 3 4 5 6 X

Figure 4.4: Definition of the central detector marked in grey in an even numbered array. The
detector numbering starts with the bottom layer counting line by line from the left.
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Additionally, for the calibration source its position, direction and opening angle must be set
with extra commands.

In order to start multiple simulations of the same configuration, the seed of the random number
generator must also be specified by the user in order to achieve different results. Two identical
setups with the same commands will result in the same output of POISON, unless changing the
used version of POISON.

The event data output can be redirected by a special command to a file given by the user. If not
specified, the output will be directed to the console, together with information from POISON,
like the used geometry or processes.

“KielGen” has been developed as a powerful generator which can generate many types of
events that can be selected from a list. These types of events, called “mode” can be selected
with the/kielgen/mode <mode>command with mode being a number:

0: single mono-energetic electrons
1: 0vB3= B~ (0T = 0™) [Tre95, eq.4]
2v3~ 3~ (0T = 0T) [Tre95, eq.16]

single mono-energetic gammas

A w N

gammas from thé&*®U decay chain
5: gammas from th&*2Th decay chain
6: single mono-energetic positrons
8: OvB+pT (0T = 07) [Tre9s, eq.4]
9: simple allowed3~ spectrum (taken from GEANT4 neutron decay [Ago03])
10: gammas from the decay 8fCo (1173 keV, 1332 keV)
11: gammas from the decay BPEu
12: 13Cd beta spectrum according to [Dan96a]
13: gammas from!3Cd(ny)!'“Cd (“thermal neutrons on CdTe”)
14: gammas from the decay 8fY
15: Ov3~ 3~ (0T = 0T) spectrum, with right handed currents [Tre95, eq.8]
16: single mono-energetic alphas
17: single mono-energetic neutrons
18: 28T| decay: 2614 keV and 538 keV gammas and beta distribution
19: gammas from!”Cd beta decay (from neutron activation)

20: gammas from the decay b¥Ba.
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Some of these modes, like the mono-energetic particles or (double) beta decays require that an
energy is set via thikielgen/energy <energy> <unit>command. The value is ignored for the
other modes where internal tables and calculations are used.

The @Q-value for the2v 53 events (mode 2) must be exactly specified because some internal
parameters are taken from a table. Possible values are:
Q =534 keV{'“Cd), 868 keV{?*Te), 1001 keV(°Zn), 2529 keV{3*'Te), 2805 keV{'°Cd).

The gamma energies of the decay chains and other isotopes are taken from [Wah96, Shi78].

An alternative event generator is DECAYO0 which is the initial version of DECAY4 [Pon00], a
Monte Carlo generator for the simulation of double beta processes and decays of radioactive
nuclei provided by V. Tretyak. It is also used in other double beta experiments. DECAYO0 is an
external program shipped with POISON, which is able to generate an event file containing the
initial particles and their momenta of an arbitrary number of events.

To generate such an event file the DECAYO program is started offering an interactive menu.
Once generated, the output file can be fed into POISON using the “Decay0” generator. The
GEANT4 class to read in the event file has been kindly provided by L. Pandola.

GEANT4 also provides a default generator called “particleGun” which imitates a particle beam
as used in accelerator experiments. This generator is not quite suitable for double beta experi-
ments, however, it has been used for testing in the early stage of POISON and has been left in
the code for simplicity. Configuration of this generator includes setting the particle type, the
beam direction, the energy of the beam patrticles, a starting position of the beam, a polarisation
of the beam patrticles and the number of particles to be generated per bunch. The generator also
provides the possibility to shoot ions of arbitrary properties like their atomic number, atomic
mass, charge and excitation energy.

After setting up the generator and location events can be produced with the command
/run/fbeamOn <n>where n is the number of events to be generated. Then the generator set-
tings, or even the generator itself, may be changed and another number of events with the new
settings can be generated by the command above.

If POISON has been configured to use a graphical interface, it can be used to check the geom-
etry of the setup and to show the patrticle tracks of events. As a graphical back end different
graphics systems are possible. The graphics output may be either displayed immediately in a
window, or written to a file in order to be viewed by external programs. The graphical back end
“DAWNFILE”, for example, creates a file which can be converted to PostScript using DAWN
[Kaw97]. A sample display using DAWN is shown in figure 4.5. The geometry3isxa x 3

array of detectors in a lead and copper shielding. 2000d beta events have been started in

the central detector. The tracks of the electrons are indicated by red colour, photons by green
colour. The sequence of commands is given in appendix E.1.

Another output format is VRML These files can be viewed with e.g. FreeVWRAIl graphics
systems allow the user to choose the viewpoint from which to look at the scene, a magnification
factor for the view and other options. In order to see the tracks of the particles, GEANT4 has
to be configured to store the trajectories and draw them after an event.

Drawer forAcademicWritiNgs, http://geant4.kek.jp/ tanaka/
"Virtual Reality M odelingL anguage
8http://freewrl.sourceforge.net/
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Figure 4.5: 3-dimensional event display showing the detector setup and particle tracks. The
display is an accumulation of 2008°Cd beta events started in the central detectordofax3

array of 1 cmi CdzZnTe detectors as defined in the input file given in appendix E.1. The blue
and red cubes indicate the outer boundary of the lead and copper shielding respectively. The
three black cuboids mark the outer boundaries of the cavities in the copper hosting the detectors
which are shown in brown. The red lines indicate the tracks of the electrons, the green lines
represent photons coming from Bremsstrahlung.

In order to analyse the simulated events, the data output of POISON has to be interpreted. In
the output file events are saved as follows:

Eventnumber E; Es...E, Egumi.n (KeV) Emput
with the numbering of the detectors as defined before:
Detectornumber = z + DNX x (y — 1) + DNX x DNY x (z — 1)

with z = 1..DNX, y = 1..DNY andz = 1..DNZ which is the position of the detector in x, y

and z direction. In appendix E.2 the corresponding data output of the event display shown in
figure 4.5 is shown partially together with the complete informational output. Future versions
of POISON will produce a ROOT file containing the data.
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4.3.2 The Prototype Geometry

As already mentioned, the geometry of the Prototype has been implemented in a separate
branch of POISON [McKO05]. This branch was initiated in order to avoid broken code in
the “production” version of POISON. The Prototype branch of POISON does not require any
geometry file like the 3-dimensional array as all parameters are fixed. However, the same
commands and data output are used to ensure compatibility of the semantics.

In figure 4.6 the geometry of the Prototype as implemented in the POISON branch is shown.
The left figure shows the whole setup including the lead and copper shielding. The right figures
show the projection of the Prototype detector seen from top and front respectively with the
Pertinax holder indicated by magenta. The green dots are simulated electron tracks in the top
layer of the Pertinax holder to check the congruence of the geometries of the detector setup and
the event generator.

. ¥
¥

Figure 4.6: A display of the Prototype geometry is shown [McKO05] as a 3-dimensional display

in the left picture and two projections on the right side. The Pertinax holder is indicated by
magenta colour. The green dots indicate the tracks of electrons started homogeneously in the
upper layer to show consistency of the physical description of the Prototype geometry and the
event generator.

With this setup the contribution of the radioactive contamination of the Prototype’s construction
materials was simulated. The result of the simulation is shown in section 5.3.4.
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4.4 Adjustment of Monte Carlo to Data (Absolute Calibration)

For a cross check of the Monte Carlo program with real detector measurements, a simple
defined setup has been realised. This measurement is intended to estimate detector effects
which are not included in the simulation, such as the active volume or detector resolution. The
finite resolution of detectors is always folded in after the simulation. The spectral response is
estimated as a Gaussian shape for simplicity. A more detailed description will be included in a
later version of POISON, when the charge transport and signal generation of the detectors can
be simulated.

In figure 4.7 the geometry of the absolute calibration setup is shown. The four detectors of
the Prototype array are placed inside their copper brick and covered by a 1 mm thick copper
sheet. A calibration source is placed at 20 cm above the centre of the array. The whole setup
is surrounded by 5cm lead bricks. A point like calibration source has been simulated as can
be seen from the tracks of the gammas indicated by the green lines. The source is isotropically
emitting the gammas which are stopped by the surrounding lead shield.

bismil

Figure 4.7: Schematic of the setup for the absolute calibration in POISON. The four detectors
shown in yellow are located in a copper brick with a covering copper sheet of 1 mm thickness.
Around the copper brick a lead shield of 5 cm is built which leaves an empty volume above the
copper brick of about 20cm. A point like source isotropically emitting gammas can be seen
from the green lines representing the photon tracks which are stopped in the surrounding lead.

The above geometry resembles the setup with true detectors. Figure 4.8 shows the measured
spectrum of detector D1 as a red line. For the calibratid® &s source with an activity of

94Ci = 333kBq in the year 1981 has been used. Considering the half lifg 9f'*"Cs) =

30.07 a the activity of the source at the time of measurement has been calculated as 196 kBqg.
The data spectrum is compared to a simulation with the same geometry indicated by a black
line. The measured energy resolution of the detector is folded onto the simulated spectrum.
A clear discrepancy of the number of events in the photo peak is visible. The event rate in
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the region of the Compton edge is comparable. However, the backscattering peaks and X-rays
of copper and lead which lie around 90 keV are not simulated properly which is a hint to an
insufficient description of the setup in the simulation. Investigations done by collaborators at
the University of Birmingham using POISON have shown a good agreement between their
measurements and simulations of about 10% accuracy [Ful05]. Therefore, the discrepancy
shown above is attributed mainly to the incomplete modelling of the setup.
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Figure 4.8: Comparison of the simulated spectrum df&Cs calibration source (red) and the
data of detector D1 (black). The measured energy resolution of this detector has been folded
into the simulated spectrum.

In table 4.1 the measured photo peak efficiencies for the four detectors of the Prototype array
and the simulation are given. The efficiencies of the detectors have been measured for two bias
voltages 900V and 1200V, because during data taking detectors D1 and D2 were operated at
1200V whereas D3 and D4 had a bias voltage of 900V applied. A clear dependence on the
bias voltage can be seen. The relative efficiency, which is the ratio of the event rates of each
detector relative to D1 which has the highest event rate is shown as well. This value is used in
analyses of decays to normalise the data spectra of the measurement periods in order to correct
for the detection efficiency.

Detector Rate (900V) /Hz Rate (1200V)/Hz Rel. Eff. /% Abs. Eff. / %

simulation 8.40 - =1.00
D1 5.29 4.52 =1.00 0.54
D2 4.54 3.79 0.84 0.45
D3 3.04 3.30 0.67 0.36
D4 3.58 3.71 0.79 0.43

Table 4.1: Measured photo peak activities at the two bias voltages 900 and 1200V compared
to the efficiencies calculated with POISON.!X Cs calibration source with a mono-energetic
gamma line at 662 keVhas been used. Detectors D1 and D2 have been running with 1200V
bias, whereas detectors D3 and D4 had a bias voltage of 900V during data taking runs. The
efficiencies are calculated from the corresponding rate.

The dependence of the spectral shapes on the bias voltage applied to the cathode has been
investigated as well. Figure 4.9 shows the comparison'$f@s calibration spectra with a bias
voltage of 900V and 1200V for each detector. The largest impact can be seen for detector D1,
where not only the photo peak efficiency changes, but also the energy resolution.
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Figure 4.9: The dependence of the spectral shape of a mono-energetic gamma $#i@sg (

and the applied bias voltage is shown for detectors-D4 from top left to bottom right. The
measured spectra are shown for 1200 V and 900 V indicated by black and red respectively. The
spectra are normalised to 1 h.

Another effect of charge collection in the detector can be seen in figure 4.10. Here, a detec-

tor has been irradiated with the low energy gamma sotfi€e with the main photo peak at

122 keV. By placing the source to either the cathode or anode side of the detector the charge
carriers in the detector are created just below the electrode. An asymmetry in the charge collec-
tion can be clearly seen. The recorded photo peak is broader and higher if the charge carriers
are created near the cathode. However, this effect appears only for events in the uppermost
0.5 mm [eV-04].
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Figure 4.10: An asymmetry is shown for events generated near the cathode (red) and anode
(black) in CdZnTe detectors with CPG readdUiCo has been used as a gamma source.
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4.5 Simulation of Signal Events

For the calculation of the half lives in chapter 5 the efficiencies to detect the events searched
for need to be known. The detection efficienciestfiof 5 decays to the ground staig £.) and
excited states have been simulated using the momentum distributions calculated with KielGen
according to the equations for — 0" transitions from [Tre95]. Thé™ — 27 transitions

to excited states, however, are only roughly modelled by these distributions. In figure 4.11 the
0vB3~ 3~ spectrum of 1Cd in a 1 cnd detector is shown as a simulation of an ideal detector
indicated by the black histogram. The red histogram illustrates the broadening of the spectrum
if an energy resolution of 5% is folded on the same data.
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Figure 4.11: The spectrum ofl0% simulatedOv3— 5~ 16Cd events with aQ-value of
2.805MeV is shown for a 1 cinCdZnTe detector as a black histogram. The red histogram
corresponds to the same data, however, folded with an energy resolution of 5% which is the
average energy resolution of the worst detector ir2th2 Prototype. The difference of the full
energy efficiency calculated from both spectra is a 4 % effect.

By fitting a Gaussian distribution to the energy resolution folded spectrum an efficiency of
67.79 % is obtained opposed to 65.08 % events in the 2.80 MeV bin of the unfolded data which
is a 4 % effect on the efficiency. Nevertheless, the unfolded single bin efficiency has been taken
for the following analyses. The efficieneyto detect the full energy of the two electrons for
the 5~ [~ isotopes in CdZnTe is shown in table 4.2.

For decays to excited states two signal searches are possible. The first is to detect only the
electron energies, which is a distinct signature. However, it may be fortunate to extract the limit
from the full absorption peak, i.e. the energy of the two electrons plus the photon energy which
is indistinguishable from the decay to the ground state. Thus, only a combined half life limit can
be given. Using the two searches, it is obvious that not only the full escape efficiency, but also
the full absorption efficiency for gammas has to be calculated. The efficiency to detect gammas
from decays to excited states will be boosted when considering a large array of crystals. Then
the signal would be the reducégtvalue in one detector and the full gamma energy in any of

the other detectors.

The efficiency for the full detection and full escape of a photon as a function of energy is
depicted in figure 4.12.
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Isotope Level/keV,J” Energy/keV el %

07n g.s., 0" 1001 92.02 £0.19
icq g.s., 0" 534 97.3440.20
H6Cd g.s., 0" 2805 65.08 +0.16
1294, 2+ 1511  84.75 +0.18

1757, 0F 1048  91.26 +0.19

2027, 0% 778 94.65 4+ 0.19

128Te g.s., 0" 868  93.72 4+ 0.19
443, 27F 425  98.31 +0.20

130Te g.s., 0" 2529  69.40 £+ 0.17
536, 27T 1993  77.42 £0.18

1121, 2+ 1408  86.40 + 0.19

1794, 0F 735 95.31 4+ 0.20

Table 4.2: The efficiencieg to detect the full energy of the two electron9in3— 5~ decay to
the ground statey(s.) and excited states (level!).
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Figure 4.12: The efficiency to detect a gamma of a given energy inal x 1lcm® CdZnTe
detector with its full energy (solid line), partial energy (dotted line) and no energy (dashed line)
as obtained via simulations with POISON.



78

CHAPTER 4. MONTE CARLO SIMULATIONS



Chapter 5

Analysis

During the past four years of the COBRA experiment there have been several data taking
phases using different setups. The following list gives a short overview of the setups used in
this thesis.

A CPG2 detector in Dortmund, PC-MCA (with active veto)
1117 h measurement with a 0.5¢@dZnTe detector from eV-PRODUCTS.
Together with 1645 h of data from a 1 éntdTe detector from EURORAD the mea-
surements resulted in a publication with new and improved limits on double beta decay
modes [Kie03].

B CPG2 detector in the LNGS, PC-MCA (without veto)
2015 h measurement with the above detector for studies of the reduced muon background
in the LNGS compared to the Dortmund setup.

C Prototype array in the LNGS, CAMAC DAQ
4781 h measurement with the four 1t@dZnTe detectors of thx 2 Prototype array
in the Pertinax holder.
386.6 h measurement with one of the remaining detectors o th Prototype array
after remounting to the Delrin holder.

D Prototype array in the LNGS, VME DAQ
181.9 h measurement with one of the remaining detectors d thg Prototype array
after remounting to the Delrin holder.

In the following sections the data of the Prototype in the Pertinax holder taken with the CA-
MAC DAQ will be analysed and compared to the old already published data from the CPG2
detector measured in Dortmund. Also a first insight of new data with the remounted Prototype
using the CAMAC and VME systems will be given providing a comparison of the background
for the old Pertinax holder with the new Delrin holder.

After this, methods to reduce the background in the measured spectra will be discussed. Finally,
the half life of the 4-fold forbidden uniqué spectrum of13Cd and limits on the half lives of
2v6~ B~ andOv (B3 decays of Cd, Zn and Te isotopes will be calculated. A compilation of half
lives of double beta decays from the year 2002 can be found in [Tre02]. As an addition to the
above analyses, lower limits on the charge non-conserving processes of the radiative electron
decay and the decay 6f3Cd to neutral particles will be given.

79
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5.1 Data Selection

Due to instabilities in the DAQ systems and problems with the detectors, the recorded data sets
have to be “cleaned” before they can be analysed. Therefore, an individual inspection of the
data sets from different detectors and DAQ systems has to be done.

5.1.1 CPG2

The selection of data taken with the CPG2 detector for the two measurement periods in Dort-
mund and the LNGS follows the same scheme. Both data sets have been recorded with the
PC-MCA described in section 3.1, using 30 min runs in Dortmund and 2 h runs in the LNGS.
Few runs lasted longer due to problems with the control script. From all runs, those with ex-
ceptional high count rates have been removed. The threshold of this cut has been determined
by histogramming the count rate per run and fitting a Gaussian distribution to it. Runs with a
higher count rate than the lower 90 % of the fitted Gaussian are rejected. Figure 5.1 shows the
event rates of the remaining runs of data taken in the LNGS documenting stable operation of
the detectors.
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Figure 5.1: The counting rates of the CPG2 detector running in the LNGS for each run nor-
malised to 2 h are shown for the energy intervals 100-300 keV in the left histogram and 300-
1000 keV in the right histogram.

The calibration of the detector has been done u¥ihg, °°Co, 133Ba, 137Cs,228Th and®**' Am

as gamma sources. Figure 5.2 shows the measured positions of the photo peaks as a function
of their energy in the left diagram.

The resulting functional dependence of the enefggn the channel number chn can be ex-
pressed via a linear equation:

E = (chnx m + a) x keV (5.1.2)

with the slopen = 0.9980 and the offset: = —5 for this particular calibration.

With these measurements also the energy resolution as a function of energy has been deter-
mined as shown in the right diagram in figure 5.2. The resulting energy resolution as FWHM
of the CPG2 detector during operation in the LNGS is determined as

AE b, (E) = 3.41% - E + 8.0 keV. (5.1.2)
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Figure 5.2: The calibration (left) and Gaussian widsh(right) of the CPG2 detector using

the gamma lines o?Na, °Co, 133Ba, 137Cs, ?22Th and?*' Am are shown. The width of the
fitted Gaussian distribution is given according to equation 2.1.3. The energy resolution of the
detector in FWHM is a factor 2.35 larger tharas shown in equation 2.1.4.

In figure 5.3 a comparison of the two data sets for the CPG2 detector taken in Dortmund and
in the LNGS is shown. No significant improvement in background is visible at low energies.
A slight reduction of background above 2 MeV is visible for the data taken in the LNGS. This
is a hint on the improvement in the shielding of the setup from atmospheric muons. However,
the smallness of the deviation is also a proof of the effectiveness of the active muon veto of
the Dortmund setup. The low energy background can be attributed to the nearby electronics
components which are located inside the encapsulation of the detector.
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Figure 5.3: A comparison of the CPG2 data taken in Dortmund with an active veto (red his-
togram) and in the LNGS with an active veto (black histogram) is shown for the energy regions
0 — 1 MeV and1 — 3.5 MeV. Only for the high energy region above 2 MeV a difference in the
count rate is visible due to the reduced muon flux in the LNGS. The low energy background is
dominated by radioactive contamination in the vicinity of the detector, i.e. the nearby electron-
ics components. Clearly visible is the shoulder of th&Cd beta decay and gamma lines from
the238U and?3*2Th decay chain, such as the 238.6 keV and 351.9 keV gamma lines. The back-
ground level in thé@v 343 region of '°Cd and'?°Te at 2.805 MeV and 2.529 MeV respectively

is enhanced from aboét- 10~% to 2 - 10~* events per keV, gram and day.
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5.1.2 Prototype

For the acquisition of th@ x 2 Prototype data the CAMAC DAQ has been used providing
data on an event-by-event basis which makes quality cuts more effective. However, due to
the dysfunctions of the CAMAC ADCs described in section 3.2 the full spectrum has to be
subdivided into two parts — one lower energetic part up to 600 keV and one higher energetic
part above 600 keV — and cleaned accordingly.

Due to the different thresholds of the ADCs the higher energetic data set with increased statis-
tics can only be used above 600 keV. The low energy data set has to be taken for lower energetic
analyses as the threshold is below 100 keV for all its periods.

All periods taken with the Prototype setup are named according to their starting date. The
complete data set comprises the periods described in table 5.1. For some periods, ADCs have
been taken offline because of hardware problems.

Integral Counts
Period Name Length/h  ADC1 ADC2 ADC3 ADC4

2003 09 09 286.8 11124 6131 oeoffine 4382

2003_09 23  503.0 17143 10951 8718 7820
2004 _01_30 427.5 6885 31555 7030 4680
2004_02_18  453.0 7462 31986 7523 10649
2004 04 07 501.1 4914 17018 11207 10586
2004_05_05  430.0 2453 6094 23163 7449
2004 05 27  465.7 20417 17850 6788708 8136
2004_06_16  619.9 -offine 37738 offine 11174

2004_07_14 1094.1 1975889 428902 346335 61068

Table 5.1: Statistics of the periods taken with the 2 Prototype using the CAMAC DAQ. The

ADC number corresponds to the detector number except for the periods marked witbre
detector D1 and D2 are swapped. The number of events per period corresponds to its length
in most of the cases. Some periods show a significantly enhanced number of events. This is
mainly due to either bursts produced by the detectors or by defective ADCs.

The overall stability of the data taking is shown exemplarily for detector D4 in period
2004 _07_14 in figure 5.4. The left histogram shows the number of events per 1 hour run,
in the right histogram the respective cumulation of all data files is shown. The distribution of
the number of events per hour can be well fitted by a Gaussian distribution. The cut value is
then defined as the count rate below which 90 % content of the fitted Gaussian distribution is
located. The resulting cut for this period is 34.
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Figure 5.4: The distribution of events in detector D4 per run in period 2004_07_14 is shown in
the left histogram. The right histogram shows the same data ordered by the number of events
per run. The distribution follows a Gaussian shape. Runs with count rates higher than the
single sided 90 % content of the fitted Gaussian distribution are rejected. The effective value
for this period is 34.

The threshold of ADC number 1 is rather high with a value of about 500 keV. The threshold
was chosen that high to discriminate true data events from sub threshold events generated by
the ADC module itself as shown in figure 5.5. Therefore, its data cannot be included in the
low energy data set used for th&Cd analysis reducing the total amount of data by 25%.
Nevertheless, its data is used for the analyses in the higher energy region.
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Figure 5.5:; “Waterfall” plot of ADC 1 in period 2004_01_30 showing the time of arrival and
energy of each event. The threshold of the ADC is approximately set to channel 250, where the
physical spectrum ends. A band of sub threshold events can be seen around channel 60 which
corresponds to about 84 % of all recorded events.

Usually, the detectors have been calibrated Witho and'3”Cs sources prior to and after each
period. Because of the low activity of the availabt€Th source only a few calibrations were
performed with it. Additionally, being visible in most data spectra, the 351.92 keV gamma line
of the decay of!*Pb in the??®U decay chain has been used as an intrinsic calibration line if
possible. Figure 5.6 shows an example of such an auto-calibration.
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Figure 5.6: The spectrum of detector D4 in period 2004_04_07 is shown with a fit of a Gaus-
sian distribution to the 351.92 keV gamma line’6fPb denoted by the red line. The centroid
of this peak is taken as an additional calibration point.

Because of the rather high energetic calibration lines which are used in a standard calibration
(661.66 keV for'37Cs, 1173.2keV and 1332.5keV fétCo) for the low energy data set, the
intrinsic 351.92 ke\?'“Pb gamma line has been used as a selection criterion for the periods
to be included. The calibrated spectra have been overlaid and all periods where the gamma
line is shifted by more than 10 keV are rejected. This cut is loosened to 20 keV for the high
energy data set. This way a precise calibration is assured for the low energy data set which is
important for the''*Cd analysis.

Furthermore, in order to analyse th€Cd beta spectrum for the low energy data set, a cut
on the count rate of 1 h runs of data between 100k820 keV is set to discriminate those
runs where the exponential noise dominates the count rate. Again, the cut is done by fitting a
Gaussian distribution to the number of events per run and keeping only the lower 90 % content
of the Gaussian distribution. This cut reduces the amount of data by about 57 hours. For the
high energy data set this cut is omitted as the noise level does not exceed 200 keV.

Another 6 days of measurement had to be discarded for detector D3, where the ADC suffered
from a moving lower threshold probably due to warming up effects. Here, this movement
can be documented by the comparison of the pre- and post-calibration which do not match.
However, for the total period, reduced by the time of moving threshold, the post-calibration
gives a good spectrum. In figure 5.7 the effect of the moving threshold is shown in a waterfall
plot. For this period a cut was set to include only events after62.5 - 10° s.
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Figure 5.7: Waterfall plot showing the drifting of the lower threshold for detector D3 in period
2004_07_14. The period has been cleaned from noisy runs before plotting. A cut was set to
include only events after> 62.5 - 10° s. After this point in time the behaviour of the ADC is
stable.

The linear dependence of the energy resolution as a function of energy has been checked just
before disassembling the Pertinax Prototype u$tigu, ?3Ba, " Co, 24! Am, °Co and!3"Cs
sources. For the analyses the energy resolution of the detectors has been extracted from the
calibrations between periods. An average of the energy resolution in FWHM of detectors
D1-D4 is given in equations 5.1-3%.1.6.

AB((E) = 4.37%- E +48.2keV (5.1.3)
AEy(E) = 4.58%- E + 44.4keV (5.1.4)
AE3(E) = 4.75%- E + 27.0keV (5.1.5)
AEy(E) = 5.59%- E +57.1keV (5.1.6)

To extract the efficiency of the four detectors, a relative calibration of the detectors has been
performed as described in section 4.4. For the analyses of the spectra these relative efficiencies
have to be considered. The uncertainty of the absolute efficiency of the detectors is estimated
to be about 20 %. A top-bottom asymmetry of events generated in different interaction depth
in the detector leading to different spectral shapes as described in the same section is neglected
completely. Instead a systematic error is calculated to be of 2% in the peak position.

The remaining amount of good data after applying the cuts mentioned above is shown in table
5.2. The sum of 863.23-¢d for the low energy and 2594.64 g for the high energy cuts have

to be compared to 134.5 g of data taken with the CPG2 detector in Dortmund and 24206 g
taken in the LNGS. This improvement is mainly due to the 8 times larger mass of the Prototype
detector compared with the CPG2 detector.
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Detector Low Energy/gd High Energy/g d

D1 213.62 981.44
D2 — 730.21
D3 343.45 343.45
D4 407.02 875.18
sum 964.09 2930.29

Table 5.2: Remaining statistics of the low and high energy data sets after cleaning. For the
low energy data set D2 is missing because of a too high threshold of the ADC and calibration
problems.

Nevertheless, only half of the 4781 h measurement which would correspond to a total of
5179.4¢g- d could be used. As a consequence of all these cuts which are necessary due to
the shortcomings of the aged CAMAC electronics, the installation of the new VME DAQ is
motivated.

The final spectrum of the Prototype using the high energy cuts is shown in figure 5.8. This data
set is used for most of the following analyses excepttd€d and other low energy analyses

for which the low energy data set is used.
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Figure 5.8: Total spectrum of the data taken with the Prototype in the LNGS of 2.59b kg
statistics with a binning of 10keV is shown. The background level in0thé3 region of
16Cd at 2.805MeV is about 0.4 events per keV, kg and day. The background in form of
alphas coming from the the natural decay chaind®®0 and?32Th can be clearly seen by
the clustered number of events at 5.8 MeV and 7.7 MeV. This contamination is located in the
passivation paint covering the detectors.
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5.2 Statistical Considerations

Before extracting the half lives of different decays from the before mentioned data sets, the
underlying mathematical mechanisms have to be discussed. A good introduction to the analysis
of spectra can be found in [Gil95, Le092].

The radioactive decay law is given as

dN
=S = AN 5.2.7
R=— (6.2.7)

with the decay raték, also known as activity. It is proportional to the number of decay candi-
datesN. This is a differential equation which can be solved with an exponential ansatz

N(t) = Ny-e A (5.2.8)

with the initial number of decay candidat®dg. The decay constark is the reciprocal of the
slope of the exponential function which is in turn connected to the half life of the decay. The
half life is the time interval in which the number of remaining decay candidates is reduced to
half of the initial amount. This is the commonly used value for radioactive decays.

N(t) = No- (1/2)" /T2, (5.2.9)

By measuring a decay rate only a number of events per time interval can be obtained, as ra-
dioactive decay is a statistical process. The measured value is
C
R=— (5.2.10)
€At

with the number of detected coun@sin a time spamAt. The detection efficiency has to be
considered as well.
If the half life is much longer than the measuring time, the number of decay candidates is
constant per time interval. In this case the decay rate equals the measurBd Giteerwise,
the number of detected events is

Clto,t) = No - (1/2)70/T2 — (1/2)71/T12 with at = t — to. (5.2.11)

5.2.1 x2-Method to Extract an Upper Limit of Signal Events

In order to calculate half lives of decay processes the number of events attributed to this decay
has to be determined from the measured data. To accomplish this, the background and signal
model must be fitted simultaneously to the data. In some cases the background may be so high
that only an upper limit of events which may be hidden in the background can be given leading
to a lower limit on the half life of the searched process. The algorithm used to extract the upper
limits of events is based on the calculation gt for a background and signal+background
model [Kie03].

The background around the position of the peak under investigation is fitted with an exponential
function or a constant depending on the energy. For searches below 2 MeV the background can
be described by an exponential function. For searches above 2 MeV a constant background
is assumed because of the low statistics in this region. Based on this background, a Gaussian
shaped peak is then grown in addition to the background. The width of the Gaussian is given by
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the energy resolution of the detector at the corresponding energy. With this signal+background
model, they?(n) can be calculated as a function of the number of events in thepe@kis
function is used to check the null-hypothesis. The one sided 90% confidence level (C.L.)
limit can then be extracted by taking the number of events wikéfe) is increased by 1.64
according to table 5.3 with respect to the null-hypothgsis: = 0).

Probability One Sided Two Sided

Interval « Confidence /% Confidence /% k, Ax?
0.1587 84.13 68.27 1.0 1.00
0.1 90.00 80.00 1.282 1.64
0.05 95.00 90.00 1.645 2.71
0.025 97.50 95.00 1.96 3.84
0.02275 97.73 95.45 2.00 4.00
0.01 99.00 98.00 2.326 5.41
0.00621 99.38 98.75 2.5 6.25
0.005 99.50 99.00 2.576 6.64
0.00135 99.87 99.73 3.0 9.00

Table 5.3: Probability intervals and associated degrees of confidence. The one and two sided
confidence levels are shown for the probability intervalsThe k., factor is the number of
standard deviations from the centre of the Gaussian distribution. The variande défined
asvar(n) = o%(n), thusay? = k,? [Gil95].

With a measured number of events or an upper limit, the half life of an isotope can be calculated

with the following equation:

Nog-In2-¢t-¢€
n

wheren is the number of observed eventss the measuring time, is the efficiency to detect
such an event anlYj is the number of atoms in the sample. For a given masd the sample

and an isotopic abundanag, of the decaying isotope, the number of atoms can be calculated
as follows:

_ Np - M- - Aigo

N,
0 (MczT)

(5.2.13)

Here,N,4 = 6.022-10%% mol™! is Avogadro’s number anfinczr) is the weighted molar mass
of CdZnTe (CZT):

(Mezr) = Y. na(Me) = 234.5gmol . (5.2.14)
el=Cd,Zn,Te

The factor, represents the composition of element€ity 9Zng 1 Te :
NTe = 1, Ncq = 0.9, nzn, = 0.1 (5.2.15)
with their molar masses m

Mg = 112.41 gmol™, my, = 65.39gmol ™}, My = 127.6 gmol L. (5.2.16)
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The x? function obtained above can also be expressed as a function of the inverse half
life 2 ((Tl/g)—l). A joint limit of multiple spectra can then be extracted by adding the

X’ ((T1/2)‘1) functions
Ko (T1j2) ") = ZXZ(T1/2 Y (5.2.17)

and taking the half life which has an increasgdby 1.64 with respect to its minimum to get a
90 % C.L. limit.

The measured limit on the half life of a certain decay increases linearly with the measurement
time for a background free experiment. However, if background is present, then the relation is

M-t
AFE - B

T/ o ae (5.2.18)

with the abundance of the isotope under study, the efficiencyo detect the event, the mass

M of the detector, the measuring timethe background leveB and the energy resolution

AFE. This square root dependence on the measuring time comes from the fluctuations of the
background which is also growing linearly with time so that a peak has to be larger than the
statistical fluctuation of the background.

5.3 Background Reduction

Several technigues can be used to reduce background. One way is to reduce the amount of
potentially contaminated material or to replace it with cleaner alternatives. Another solution is
to increase the efficiency of the shielding system as described in section 2.4.

Yet another method is to find a way to distinguish between signal and background events.
This can be done, e.g. by measuring the pulse shape of the recorded signals and discriminating
signal from background according to the pulse shapes. However, this requires special hardware,
so-called flash ADCs which were not available to the COBRA experiment so far. Another
more simple but less effective method can be used. Some sorts of background are produced in
cascades. By analysing the timing and energies of subsequent events, events can be identified
as background and then be rejected from the data set.

The last resort is to subtract the contribution of known background from the measured spectra.
This can be done by locating radioactive isotopes in materials surrounding the detector and
subtracting a spectrum as predicted by simulations.

5.3.1 Shielding Efficiency

The overall performance of the COBRA shielding is illustrated in figure 5.9. Here, background
spectra for the CPG2 detector and the Prototype are shown taken with different shieldings and
in different locations: on the earth surface and underground in the LNGS.

The green histogram shows the spectrum taken with the CPG2 detector in Dortmund outside
its shield and veto system, the blue histogram shows the data of the Prototype in the LNGS
outside the shielding, the red histogram represents the data taken with the CPG2 detector in
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Dortmund inside the full shielding and veto system. Finally, the black histogram shows the
data of the Pertinax Prototype in the LNGS inside the lead and paraffin shield.

Comparing the green and blue histograms, the contribution of the cosmic rays above 3 MeV
becomes apparent as it is only visible for the measurement on the earth’s surface outside a
passive shielding and muon veto. A massive amount of background activity up to 2.6 MeV
remains, coming from the natural decay chains, whose isotopes are omnipresent, e.g. in the
surrounding rock and concrete. This component can be effectively shielded with a passive
lead and copper shield as shown by the red and black spectra. The black spectrum shows
another improvement in the background as the background from the natural decay chains could
be further improved by separating the preamplifier electronics from the detectors and placing
them in a clean copper casing. The remaining contribution is mainly due to alpha and beta
contamination from the passivation paint [Wil05].
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Figure 5.9: Comparison of background levels with different shieldings. The histograms show
the Prototype in the complete shield in the LNGS (black, 863.8)y the CPG2 detector in

a lead shield in the LNGS (red, 134.5d), the Prototype outside the shielding in the LNGS
(blue, 4.25¢ d) and the CPG2 detector outside the shielding and active veto system on the
earth surface in Dortmund (green, 2.3d).

By comparing the spectra from the shielded CPG2 detector in Dortmund with the Prototype
in the shielding in the LNGS, a good agreement on the data can be seen fdtGluebeta
spectrum below 300 keV considering the increased background in the CPG2 detector between
500 and 2000 keV. The improvement on the background is mainly due to the electronics com-
ponents being removed from the vicinity of the detectors and a better choice of clean materials
for the casing and mounting of the detectors.

5.3.2 Clean Materials

In figure 5.10 the improvement of background with the new Delrin holder compared to the old
Pertinax holder is shown. The new data only comprises a short measurement period compared
to the data taken with the Pertinax holder. However, a significant improvement can be seen
above the endpoint of'3Cd and 2 MeV. Thev33 region of 'Cd at 2.8 MeV is not yet
resolved sufficiently to make a decision whether an improvement can be expected or not. It is,
however, evident that the remaining background comes from the passivation paint as already
shown in figure 5.9.
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Figure 5.10: The data of a first 386.6 h measurement with the new Delrin holder shown in
red is compared to the data using the Pertinax holder shown in black.!3®é spectrum fits

well to the old and new data. Above the endpoint, an improvement in background reduction
of a factor 3 can be seen which vanishes above 2.6 MeV where the alphas and betas from the
passivation paint dominate the spectrum.

5.3.3 Cascades

The natural decay chains U, 232Th and?**>U as depicted in figure A.1 show several con-
secutive decays, where the half life of the second decay is well below 1s. As the mean event
rate for a single detector is in the order of one decay per few minutes, the probability that
another unrelated event lies between these two decays is low.

In the 238U decay chain the beta decay?tBi is followed by an alpha decay of the daughter
nucleus’'*Po with a half life ofL 64 s and an energy of 7.687 MeV. If the decay is located near
the detector, e.g. in the passivation paint or in the detector itself, the alpha can be identified by
its whole energy. By analysing the time of arrival and energy of the event before the triggering
event which must lie in an energy window around the alpha energy, the preceding decay can be
identified.

Other candidates are tH8°Rn decay with a 6.288 MeV alpha followed by the 6.778 MeV
alpha of the decay of'®Po with a half life of 145ms, or the beta decay?fBi with a Q-
value of 579 keV followed by an alpha decay of the daughter isotb#o with an energy of
7.594 MeV and a half life of 0.52s.

For the??°Rn alpha decay candidate events are shown in table 5.4. The whole data set taken
with the CAMAC DAQ has been scanned for events with an ener@gas8 + 200) keV. If the

next event in the same detector follows within 10 s, which corresponds to about 70 half lives of
the daughter nuclel’36Po, this double event has been selected as a candidate. Two candidate
events show the correct second energy of approximately 6.8 MeV. Two more double events
show a too low energetic second event which might be due to absorption effects. The other
three events can clearly not be attributed to this cascade because their energy being recorded in
the overflow bin of the ADC is much too high. Another note has to be taken that those cascades
are not seen for detectors D3 and D4 because their ADC is not buffered.
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Period Detector Energy 1/keV At Energy 2 / keV

2003_09_23 D2 6221.74 0.1674 4136.27

" D2 6289.66 0.2371 6845.38
2004_05_05 D2 6487.66 0.0311 6816.31
2004 05 27 D1 6485.7 0.0427 4832.45
2004_07_14 D1 6261.31 0.0028  15668.7

" D1 6154.82 0.0027  15668.7

" D1 6196.66 0.0028  15668.7

Table 5.4: All events with an energy af6288 + 200) keV are shown which have a subsequent
event within 10s. The first event is assumed to be from the dec&/Rh with a 6.228 MeV

alpha. With a half life of 145 ms the daughter nuclétffo should again emit an alpha with

an energy of 6.778 MeV. Two events are candidates for this cascade with an energy of approx-
imately 6.8 MeV. Two more are too low energetic which might be due to absorption effects.
The other three events are clearly not attributed to this cascade with an energy recorded in the
overflow bin of the ADC. No such cascades are seen for detectors D3 and D4.

The detected candidate events of #h&Bi-2'“Po cascade for ADC 2 are shown in the left
diagram in figure 5.11. The signature is an event with an energy.687 + 0.2) MeV and

a preceding event less than 1s before that event. All six events are recordest vidthms,

i.e. the minimal time between two readouts of the CAMAC ADC, which is to be expected
because of the low half life of this cascade of 184 Therefore, also no cascades were seen

for the unbuffered ADCs 3 and 4. For ADC 1 the threshold of about 600 keV was too high to
see beta events. Other events may have been rejected by the de-tailing procedure as described
in section 3.2.

The right diagram in figure 5.11 shows the 16 candidate events of'tB&2''Po cascade

which has a half life of 0.52 s. For this cascade candidate events have been seen in all detectors.
However, some ambiguity remains as with the current energy resolution the alpha energy has
an overlap with the above 7.687 MeV alpha from th&Bi-21*Po cascade.
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Figure 5.11: The left diagram shows the recorded candidate events 8ftB&-2'Po cascade
with E; the energy of the beta decay ahd the energy of the alpha (7.6&0.2) MeV. The
recorded candidate events of tHéBi-2!!Po cascade are shown in the right diagram viith
the energy of the beta decay aid the energy of the alpha (7.5240.2) MeV.
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5.3.4 Alpha decays

If a data set shows a signal of alpha contamination, then the background source must be lo-
cated close to the detector. Candidates for the Prototype setup are the detector material itself
and the passivation paint covering the detectors. As the activity of the passivation paint has
been measured with a germanium counter this background component can be simulated and
compared to the data. With this measurement the contribution of the associated gammas in the
same decay chain as the alpha decays can be estimated as well by simulating the corresponding
gamma activity.

A list of energies of all alpha particles with an emission probability >0.1 % from¥Eh and
2381 decay chains is shown in table 5.5.

232Th-Chain 238U-Chain
E.,/MeV Prob./% Mother Isotope E, /MeV Prob./% Mother Isotope
4.012 77.9 232Th 4.197 7 238y
3.954 22.1 232Th 4.147 23 238y
5.423 71.1 228Th 4.775 72.5 234y
5.340 28.2 228Th 4.723 27.5 234y
5.221 0.44  228Th 4.688 76.3 230Th
5.685 94.9 224Ra 4.621 23.4 230Th
5.449 5.1 224Ra 4.784 94.5 226Ra
6.288 99.9 220Rn 4.601 5.55 2?°Ra
5.747 0.11  ??°Rn 5.490 99.9 222Rn
6.778 100 216pg 4.987 0.98 222Rn
6.089 27.1 212Bj 6.002 100 218pg
6.050 69.6 212gj 7.687 100 2l4pg
8.785 100 212pg 5.305 99.9 210pg

Table 5.5: Alpha energies and emission probabilities for the two natural decay chifis
and?*U (taken from [Wah96)).

Using the geometry of the Prototype as described in section 4.3.2 the measured material activ-
ities given in appendix C [Lau0O4] have been simulated and compared to the high energy cut
data. Figure 5.12 shows the simulation folded with the detector’s energy resolution and the
measured data of detector D4. The left diagram shows only the contamination of the passiva-
tion paint broken down in the single componetti, 5°Co, *"Cs and the betas and alphas
from the decay chain$®U and?32Th. The summed simulated spectrum matches the data well
above 4 MeV which is a proof of the paint being the limiting factor. The right diagram shows
the additional background from the Pertinax holder which mostly contributes up to 2 MeV.
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Figure 5.12: The background contribution as simulated by [Wil05] is shown for the compo-
nents of the paint in the left diagram and for the complete Prototype simulation in the right
diagram. The data is shown exemplarily for detector D4 using the high energy data set. The
simulated events have been folded with the energy resolution of the detector. Above 4 MeV the
contribution of the paint is sufficient to account for the observed count rate in this detector.

For the activity of the detector material only upper limits could be measured by [Lau04]. How-
ever, this activity can be measured with the detectors themselves as well. As shown in figure
5.13 the spectral shape of an alpha source in the paint does not result in a Gaussian shaped
peak, but a broad distribution. The spectral shape of alphas emitted in the detector is a peak
like structure as the alpha cannot leave the crystal. Therefore, if peaks are found in the data
spectrum, these events must originate from intrinsic contamination of the detector material.
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Figure 5.13: Simulation of10° alpha particles with an energy of 8.8 MeV emitted isotropically
and homogeneously in a »n layer of passivation paint. No energy resolution has been folded
in.

In figure 5.14 the agglomeration of events above 4 MeV is attributed to peak like structures.
Taking the alpha energies from table 5.5 and applying the corresponding energy resolution on
the peaks, the number of events in the peaks can be fitted to the data. This procedure has been
done manually as the total number of events is low and a slight displacement can be seen for
D2 and D4. This is a hint to an inaccurate extrapolation of the calibration. However, for the

Ov (33 analyses of 2.805 MeV the calibration is expected to be sufficient.
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Figure 5.14: The data of detectors BAD4 are shown as a black histogram. A spectrum of

the alphas from thé&*3U and?32Th decay chains is superimposed in red and blue respectively.
The emission probabilities are taken from table 5.5 and are adjusted by hand to a total height
which matches the peak content in the data spectrum. The data spectrum has been smoothed for
better visibility as indicated by the yellow histogram. The surf®®t) and?*2Th is shown as a

dashed green line. For D2 and D4 a displacement of the theoretical alpha peaks to the measured
data is visible. This hints to an insufficient calibration for high energies above 5 MeV.

Using the number of event candidates from the manual fit and a 100 % detection efficiency for
alphas inside the crystal, the specific activity of the crystal material can be calculated. The
results are shown in table 5.6. These values are, of course, only a first approximation and need
to be verified with larger statistics.

Sample 23U /mBgkg! 232Th/mBqgkg

D1 <0.810 <0.231
D2 <1.16 <0.579
D3 <0.347 <0.463
D4 <0.347 <0.347
Cd, Zn, Te <19 <19
CdznTe <51 <60

Table 5.6: The intrinsic contamination of the detectors is shown for the four detectors of
the Prototype D D4. For comparison the activity of the detector material CdZnTe and its
components Cd, Zn and Te measured with a germanium detector by [Lau04] is given. The
significance for the latter activities of the detector material and elemental material samples is
limited by the measurement time.
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5.3.5 Characteristic Gamma Lines

The contribution of characteristic gamma lines to the total background can be extracted from
the data as well. As already mentioned, the 351.9 keV and 609.3 keV gamma lines are clearly
visible in the spectrum. These lines can be used to estimate the activity of construction materi-
als and cross check them with the measurements already described in section 2.6. However, as
gammas are penetrating their origin is not easily accessible.

Using thex? method described in section 5.2.1, the number of events from the 1460 keV
gamma line of the decay dPK can be extracted from the high energy data set. The best
fit of the gamma line is consistent with the null hypothesis. Using the number of excluded
events at a 90 % C.L. and the assumption that all contamination is located in the CdZnTe crys-
tals, a resulting activity 0£0.5 Bg/kg can be derived. This result puts an almost comparable
limit on the contamination of the detectors wittK than the measurement obtained with the
germanium detector of 0.26 Bg/kg described in appendix C.

The same analysis for the 609.3 keV gamma line yield¥d activity of 106.9 mBqg/kg for

D1, 51.38 mBqg/kg for D3 and 51.00 mBqg/kg for D4. As these values contradict the activities
measured from the alpha contamination by more than two orders of magnitude, this background
must be located outside the crystals.

5.3.6 Final Spectrum

In the previous sections techniques to identify background events have been presented. How-
ever, as the efficiency to identify these events as background is only marginal for the current
setup using the CAMAC DAQ, the spectrum shown in figure 5.8 is used as the final spectrum
for the analyses. Nevertheless, these techniques will play a crucial role in the analysis of the
data from thel x4 x 4 array.

For the search for the neutrino-less double beta decay, the two isdtd@esand2°Te are

the most promising candidates due to their higvalue and nuclear matrix as shown in table

1.1. The background level of the four detectors of the Prototype for interesting regions, i.e. the
endpoint of the double beta decays'6tCd, 3°Te and”®Zn is shown in table 5.7.

Background Level in0—* events/keV gd
Range Detector 1 Detector 2 Detector 3 Detector 4 Sum Spectrum
2.5-3.0MeV 5284035 5.03£042 1.90£0.49 2.83+0.25 5.04 +0.20
24-26MeV 648+0.61 5.50£0.70 2.21+0.83 3.40+0.44 5.89+0.34
2.7-29MeV 559+0.56 433£0.62 2.17£0.82 2.22+0.35 4.79+0.30
0.9-1.1MeV 61.06 +£1.86 51.27 +2.13 2543 +2.81 52.13+1.72 63.50+ 1.10

Table 5.7: The background rates corrected for the relative detection efficiency as described in
section 4.4 are shown ir0~* events per keV, gram and day. The selected regions correspond
to theOv 34 regions of' '°Cd (2.805 MeV),"*"Te (2.529 MeV) and®Zn (1.001 MeV).

As shown in figure 5.12, the limiting factor dominating the background up to about 8 MeV
comes from the passivation paint. Recent measurements with the new Delrin holder indicate
that this is indeed the current limit of the setup. Unfortunately, the 64 detector array described
in section 2.7 will be using detectors with the passivation paint as no alternative is yet known,
thus the half life limits obtained with this setup will only increase with the square root of the
statistics as shown in equation 5.2.18.
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5.4 The 4-fold forbidden non-unique3 spectrum of 113Cd

Beta decays are usually classified according to their spin and parity changes. The larger the
spin change of the transition the longer is its half life. In order to compare different decays, the
rate of the decay can be better expressed bytaralue, which includes the half lifeas well

as a phase space correction

Q
f :/ pE(Q — E)*F(Z,E)S(E)dE (5.4.19)

with the spectral shapg(E), the Fermi functionF'(Z, E) [Pov95]

2T ith g = 22 (5.4.20)

and the beta factg(F) = p(F)/ (E + me).
The ft value strongly depends on the degree of forbiddenness. An overview of the classifica-
tion of beta decays is shown in table 5.8.

Transition Al Aam  log ft
superallowed 0,£1 O 3.5+0.2
allowed 0,£1 O 5. 7+1.1
forbidden 0,1 +1 7.5+1.5
forbidden unique +2 +1 854+0.7
twice forbidden +2 0 12.1£1.0
twice forbidden unique +3 0 11.7+ 0.9
3-fold forbidden +3 +1 18.2+0.6
3-fold forbidden unique +4  +1 20.7 (°K)
4-fold forbidden +4 0 23.2 (13Cd),
22.5 (3In),
23.5 (°V EC),
24.3 %V B7)

Table 5.8: The scheme of the order of beta decays with their classification, the selection rules
(al, ar) [Kon66] and logft is shown [Sin98]. All three isotopes known to be instable to
4-fold forbidden non-unique beta decay are listed with their respectivétleglues.

Only three isotopes are known to be instable to 4-fold forbidden beta decay, nétwely
13Ccd and!'5In. Their half lives are abouit0'® years. FoP°V, the 3 spectrum has never been
measured, fof'°In there are two recent measurements [Pfe79, Bar04] and two measurements
in the 1960's [Bea61, Wat62] and fbl>Cd five previous measurements exist [Wat62, Gre70,
Mit88, Ale94, Dan96a].

H3Cd is of special interest for the COBRA experiment as it is naturally occurring with an
abundance of 12.22 % [Wah96]. Its decay téin is a1/2t — 9/2% transition with a logft

value of 23.2 [Sin98]. After an unsuccessful attempt to measure the half IHfé@# in 1962
[Wat62], the first half life determination of its decay was achieved in 1970, comparing the
count rates of an enriched sample!bfCd with a natural “blank”. This experiment resulted

in a half life of (9.3 + 1.9) - 10'5 a [Gre70]. An early approach in the late 1980s using CdTe
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semiconductor detectors extracted a half lif¢of- 12) - 1015 a [Mit88]. Other attempts have
been done in the 1990s using CdWQ he first experiment used the material as a scintillator
and measured a half life @f, , = (7.740.3) - 10" a [Dan96a]. Using CdW@as a cryogenic
bolometer resulted iff; , = (9.0 + 0.5(stat.) & 1(syst.)) - 10'° a [Ale94]. The experiments
mentioned above are listed in table 5.9.

Year Reference Detector Half Lifel0'® a
1961 [Wat62] CdO powder on Geiger counters- 1.3 + 1.9
1970 [Gre70] counter, enriched vs. natural C8.3 + 1.9

1988 [Mit88] CdTe semiconductor 4—12
1994 [Ale94] CdWQ cryogenic bolometers 9.0 + 0.5(stat.) + 1(syst.)
1996 [Dan96a] CdW@Qscintillators 7.74+0.3

Table 5.9: Past experiments measuring the 4-fold forbidden non unique beta det@gZdf

Using the given half lives the decay rate leads to about 350 events per day in*aCZmTe
detector with a mass of 6.5g. With@value of (32@:3) keV [Aud95] this decay forms the

most important background for other searches in the low energy region. This rate has to be
compared to a total activity of currently about 100 events per day for the total spectrum above
the end point of '3Cd.

The shape of a beta spectrum as a function of the electron energy is theoretically described as

N(E)=F(Z,E)-p- (E4+m,)-(Q—E)*-S(E). (5.4.21)

The Fermi function?’(Z, E) is taken from equation 5.4.20. The spectral sh&(€), however,
cannot be predicted from theory for the 4-fold non unique beta decly©fl. The common
approach is that can be modelled by a polynomial of the ord@nI — 2) in p andgq, the
momenta of the electron and neutrino respectively. Thus, we use the approach from [Dan96a]
modelling the spectral shape with a polynomiabtf order.

S(E)=p(E) +7-c1-p(E)* - q(E)>+7-¢c3-p(E)* q(E)* +c3-q(E)  (5.4.22)
The electron momentum( E) is given by
p(E) = ((B+mo)” —m?)"” (5.4.23)
and the neutrino momentugt £) by
q(E)=(Q —FE) (5.4.24)

In order to describe the measured data, the energy resolution of the apgaratus’) has to
be folded into the spectrum

N'(E) = / R(E, E')N(E)dE' (5.4.25)

The energy resolution is a Gaussian distribution with a width according to the energy values
stated in equations 5.1:%.1.6 for each detector.
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The coefficients of the spectral shape are taken from [Dan96a]

a = 1.01£0.01
¢y = 1.48+0.05
c5 = 0.68+0.21. (5.4.26)

Another set of coefficients has been measured by [Ale94]

¢ = 0.76540.095
¢y = 0.589+0.177
c3 = 2.04 +0.74. (5.4.27)

However, the coefficients have only little impact on the shape of the spectrum above 200 keV.
The largest difference is seen well below 100 keV. For comparison the two spectral shapes are
shown in figure 5.15. Additionally, the beta spectrum as suggested by [Chu99] is shown as
well as the spectral shape measured for the 4-fold forbidden ded&to{Bar04]. The latter
spectrum was adjusted to an endpoint of 320 keV and is shown because the beta d€day of

has the same selection rules'&&Cd.
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Figure 5.15: Theoretical spectra of the beta decay'6fCd. The spectra shown are from
[Ale94] (red), [Dan96a] (green)y-value-adjusted'®In [Pan05] (blue) and Table of Isotopes
(black) [Chu99, Aud95]. The dashed line shows the theoretical spectrum and the solid line the
same spectrum folded with the energy resolution of the detectors.

For the analysis of thé&3Cd spectrum, the low energy data set as defined in section 5.1.2 is
used. Before fitting the spectral shape according to the coefficients given in equation 5.4.26,
background is subtracted from the data according to

B(E) = By exp(—FE/B3) (5.4.28)

where the exponential function is intended to model the background from radioactive sources.
The exponential function is fitted to the data from 400keV to 1 MeV for each of the three
detectors as shown in figure 5.16. The estimated background is then subtracted from the data.
The contribution of the number of fitted background events to the full data is about 12.6 % for
the energy range 12810 keV.
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Figure 5.16: The background fit of detectors D1, D3, D4 and their summed spectrum is shown
in red for the exponential background from 460000 keV. The background coefficients are
B; = 13.55, B, = 432.8 for D1, B; = 15.07, By = 399.2 for D3, By = 14.29, By = 360.5

for D4 andB; = 53.50, By = 396.9 for the summed spectrum.

After the subtraction of the exponential background component, the contribution of the
351.9keV gamma line from th&*®U decay chain is estimated by counting the number of
events from 326380 keV for each detector. The photo peak and Compton continuum of this
peak is then removed by subtracting the corresponding number of events with the spectral shape
as obtained with a simulation of the 351.9 keV gamma line folded with the detector’s energy
resolution.

After background reduction, the beta spectrum from [Dan96a] folded with the energy reso-
lution of the detectors has been fitted to the individual detector spectra from312keV
considering the relative efficiency of each detector as described in section 4.4. The fitted spec-
tra for detectors D1, D3 and D4 are shown in figure 5.17 as yellow, red and green lines over
the corresponding data histograms. The fit to the summed data is shown as a blue line. The
spectral shape from [Dan96a] has been chosen, because the energy resolution of the CdWO
scintillators is about 10 %, which is comparable to the energy resolution of the detectors used
for this analysis.

In table 5.10 the fitted event rates per hour and the resulting half lives are shown. The errors
on the fitted values are statistical errors with a confidence interval of 90 %. The event rate has
been calculated for the summed spectrum of all three detectors as well.
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Detector Events/h T}/, /10% a X2 I ndf

D1 16.3:0.4 8.1+£0.2 117.2/169=0.693
D3 17.6:0.5 7.5+0.3 160.4/169=0.949
D4 13.9:0.5 9.3+0.4 318.1/169=1.882
S(D1,D3,D4) 16.8:04  82-+0.2 234.0/169=1.385

101

Table 5.10: The fitted event rates and half lives of tHéCd beta decay are shown for the three
detectors of the low energy data set and their sum spectrum. The goodness of the fit is indicated
by the reduced? values of about unity.
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Figure 5.17: The fit of the''3Cd beta spectrum according to [Dan96a] is shown for detectors
D1 (yellow), D3 (red) and D4 (green) as well as for the summed data spectrum (blue).

The systematic error of the half life has been investigated by varying the range of the back-
ground and signal fits as well as the folded energy resolution. All these variations lead to a
change of the half life of less than 1 %. The uncertainty of the amount of cadmium in the crys-
tals because of the variation of the zinc content frorlZ % leads to an error of 1.8 % in the
amount of'*Cd and therefore the measured half life. The largest unknown systematic error
stems from the yet unknown active volume of the detectors. The contribution of this uncer-
tainty may well contribute as much as 10 % to the systematic error but current investigations
[Ful05] suggest that this contribution is indeed smaller. To be conservative the 10 % error is
used, however, only as a single sided error as this uncertainty may only lower the half life.
Another problem is the low mobility of the holes which still has an impact on the detector
signal. Though almost eliminated by the CPG readout, the measured pulse height of an energy
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deposition in the detectors depends on the position of the event in the crystal. This top-bottom
asymmetry is also discussed in section 4.4.
The value of the half life of the 4-fold forbidden beta decay'dfCd can be calculated as

Ty = (8.2 + O.2(stat.)f(1):3(syst.)) 10" a. (5.4.29)

This has to be compared to the measured valué§ gf= (7.7 + 0.3) - 10'* a [Dan96a] and

Ty 2 = (9.00.5(stat.)£1(syst.))-10'° a [Ale94]. The obtained half life is in good agreement
with both measurements.

Though this analysis does not decide on the spectral shape as given by [Dan96a] and [Ale94],
with this data the shape of tH&*Cd beta spectrum as given by the Table of Isotopes [Chu99]
can be excluded.

In figure 5.18 the summed spectrum of the low energy data set is compared to the spectral
shape suggested by [Chu99, Aud95] for the beta deca}?@d. The predicted spectrum has
been folded with the mean energy resolution of the detectors and scaled to the same number of
events in the energy interval 16300 keV. As already visible by the unguided eye the predicted
spectrum does not fit the data. This is underlined by a redyéed 24.6 which is far-off the
optimal value of 1.
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Figure 5.18: Comparison of COBRA data with the “Table of Isotopes” (Tol) spectrum of the
beta decay of'3Cd [Chu99, Aud95]. The Tol spectrum is folded with the mean energy resolu-
tion and normalised to the same number of events in the interval300keV as the summed
data spectrum. The inadequacy of this model is indicatedoy/adf = 4885.7/199 = 24.6.

With the increased number of detectors in the 64 array, a statistically more significant result for
the half life will be available derived from 64 independent measurements. The study of the new
detectors and their active volume will also contribute to a decreased systematic error. Finally,
the shape of the spectrum can be measured more accurately, extracting the coefficients of the
spectral shape polynomiél( E) if the noise and ADC thresholds can be lowered further.
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5.5 The2v3~3~ Spectra

As introduced in section 1 the sum energy spectrum of the electroBsdpi decay is of
continuous form because the neutrinos carry away energy. This spread of the events over a
broad energy range makes it difficult to identify these events as signal events. There have
been many previous measurements of the half life of this decay, some of them can be found in
[Ge095, Nor87, Dan00, Dan03].

The distribution of the sum of electron energies according to equation 1.2.18 is compared to
the high and low energy data sets described in section 5.1.2 for different decays depending
on their@-value. The energy resolution and detector acceptance have not been folded on the
theoretical spectra since this is only a minor effect on the overall spectrum as already seen for
the'3Cd spectrum in figure 5.15.

Using the previously measured half life 8fCd of 7', = 2.970 - 10'° a from [Dan03] the
number of events to be seen in the COBRA detector can be derived. In figure 5.19 the data
spectrum of the Prototype is shown as a histogram with the underlying double beta spectrum
indicated by a thick line. The thinner lines mark the contribution of the double beta spectrum
if its half life was2.9 - 10'® a and2.9 - 10'” a. The dashed line illustrates the current sensitivity
limit from the COBRA data off;, > 1 - 10'7 a extracted by lowering the half life, thus
increasing the number of events in the spectrum, until the theoretical spectrum and data reach
the same level of activity over a larger range. Note that the present limit is dominated by the
background. Using simulations of the setup and inserting the activities of the used materials,
a combined fit of the simulated background and 2b@&~ 3~ spectral shape may lead to an
increased sensitivity.
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Figure 5.19: The theoretical spectrum of tRe 3~ 3~ decay of 16Cd [Tre95] is plotted against

the high energy data set of 2.6 kg d statistics. The lowest line correspofigs te: 2.9 - 10" a
[Dan03]. The lines above show how the spectrum would grow if the half life was decreased by a
factor 10 and 100. The dashed line indicates the current sensitivity of the COBRA measurement
of Ty 5 > 1-10'a.

The same procedure can be repeated for the @th&r 5~ emitters in CdZnTe as well. The left
diagram in figure 5.20 shows the analogue plot to figure 5.1%fdfe. This decay, however,
has not yet been measured by real time detectors. The used half life valyg ef 10%* a has

been obtained from geochemical experiments. "B@n, 128 Te and''*Cd the low energy data
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set was used because of their lowigwalue. For the sake of clarity, only the extracted limits
of the half life sensitivities are shown.
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Figure 5.20: The theoretical spectrum of tRe 3~ 3~ decay of'39Te [Tre95] is plotted against

the high energy data set of 2.6 kg d statistics in the left diagram. The lowest line corresponds
toTy,, = 102! a [Tre02] which has been deduced from geochemical experiments and has not
yet been observed directly. The lines above indicate how the spectrum would grow if the half
life was decreased by a factor 10, 100 and 1000. The dashed line shows the current detection
limit with the COBRA measurement & ;, > 3 - 10'7 a. For the2v3~ 5~ half lives of °Zn,

128Te and!'“Cd the low energy data set of 0.86kgd statistics is used. The limits of their
half lives as extracted from the COBRA data are shown in the right diagram. The values are
Ty, > 2.5 - 10" a for Zn (dotted line), Ty, > 1.0 - 10'" a for '**Te (dashed line) and

T2 > 2.0 - 10" a for'Cd (solid line).

The half life sensitivities extracted above are compared to previously measured values in table
5.11. For most isotopes many measurements are known with slightly varying results. A com-
plete list can be found in [Tre02]. With the current data the extracted limit of the half life of
H6Cd is only two orders of magnitude lower than the previously measured spectrum.

Isotope COBRA Half Life Limit Measured Value Reference

07n >25-10%a >1.3-10%a  [Dan04]
130Te >3.0-10"7a (2.6+0.3)-102a  [Tre02]
128Te >1.0-10"a (7.2+0.3)-10**a  [Tre02]
16cd >1.0-107a 2.970%.10%a  [Dan03]
Hicd >2.0-10%a >6.0-10'"a  [Dan03]

Table 5.11: The 90% C.L. half life limits o203~ 3~ instable isotopes in CdZnTe measured
with the COBRA detector are compared with existing values. The referenced half lives for the
Te isotopes were extracted from geochemical experiments.

As can be seen from figure 5.20, the half life of the3— 3~ decay of''*Cd is dominated by

the background from the 4-fold forbidden non-unique beta decal?@fd. Figure 5.21 shows

the two energy distributions normalised to 1 event. The spectra differ below 100 keV which
is not resolvable in the current measurement and above the end point'éf @espectrum,
where the 351.9 keV gamma line of th8U decay chain is a limiting factor. If the background
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in this region can be further reduced, a more stringent limit oRthie" 3~ decay of''*Cd can
be set. Another method to improve the sensitivity is to perform a combined fit of both spectra.
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Figure 5.21: Comparison of the spectral shapes of the 4-fold forbidden non-unique beta decay

of 113Cd indicated by a dashed line using the parametric form of [Dan96a] ard the:decay

of 14Cd [Tre95] drawn with a solid line. The energy resolution of the detectors has been

omitted from the two distributions. A significant deviation in the form of the two spectra can

be seen below 100 keV and, of course, above 320 keV, the end point df @ spectrum.
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5.6 TheOvB3~ 3~ Half Lives

Defining limits on the neutrino-less double beta debay s, is easier to accomplish than
2v303, because no energy is carried away by neutrinos. Thus, the signature is a mono-energetic
line instead of a broad distribution when measuring the sum electron energy. According to
equations 5.2.12 and 5.2.13, the half life can be calculated from the number of detected events

n as
m-t ean

= — — . . 18
Tyjy = o d n 4.877-108 a (5.6.30)

—

The x? method has been used to extract the upper limits of the number of events hidden in
the data spectra. However, as the result of the peak search is assumed to be negative due to
the known half life limits, the peak region itself has not been excluded from the background

fit. A possible contribution of a peak to the background fit has been ruled out by a visual
inspection of the fitted curves. An exponential shape has been used as a background model
for all peak searches except for the decay ¥iffe and''%Cd to the ground state, where a
constant background is assumed due to the low event rate above 2 MeV. Then the number of
excluded events has been converted to half lives fob#ie 5~ decays to the ground state and
excited states for each detector. A joint limit of these single detector values has been extracted
according to equation 5.2.17. The resulting values are listed in table 5.12.

Half Life Limit/ 109 a

Isotope / Level E[keV D1 D2 D3 D4 Joint Limit
07n g.s. 1001 0.0171 0.0106  0.00200 0.0111 0.0283
128Te g.s. 868 3.07 2.38 1.24 3.73 4.58

<  443keV,2t 425 1.68  — 1.09 1.83 3.33
130Te g.s. 2529 7.70 2.53 3.85 5.56 8.13

—  536keV,2t 1993 13.0 4.45 2.27 225 113

< 1121keVv2t 1408 4.10 3.16 1.37 1.71 3.91

— 1794 keVot 735 2.87 3.08 1.22 3.06 5.25
Hicqd g.s. 534 1.46  — 0.811 4.62 4.77
H6cq g.s. 2805 0.774  0.521 0.405 1.08 1.04

— 1294 keV2™ 1511 0.476  0.348 0.293 0.324 0.504
— 1757keV0" 1048 1.41 1.44 0.177 1.91 3.61
— 2027 keV,0" 778 0.998  0.561 0.346 0.704 1.68

Table 5.12: A list of obtained 90 % C.L. half lives div3~ 3~ decay to the ground state.§.)

and excited states with the transition enefgy For the decay of'*Cd to theg.s. and'?8Te

to the 443 ke\2™ level the low energy data set has been used which does not include detector
D2. For the other decays the high energy data set has been used.

The exclusion plot with the constant background plus signal fit is shown exemplarily for the
decay of''°Cd to the ground state in figure 5.22. In table 5.13 the results of the peak search are
compared to the previously measured values with the COBRA test setup in Dortmund [Kie03]
as described in section 2.5 and the current world best limits. A reviedw8f and0v3s
decays of the year 2002 can be found in [Tre02].
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Figure 5.22: The exclusion plot for thév3~ 3~ decay of''15Cd to the ground state is shown

for each detector. The red line denotes the fitted constant background. The blue line represents
the background plus a Gaussian distribution with the width of the detector’s energy resolution
minimising thex?. The green line shows the 90 % excluded half life as specified in table 5.13.
The background fit is asymmetric around the searched peak in order to exclude the 2.614 MeV
gamma line.

Half L|fe T1/2 / a

Isotope / Level This Work [Kie03] World Best
0Zn qg.s. >2.83-10"" >1.3-10" >0.7-10™® [Dan04]
128Te g.s. >4.58-10Y >88-10% >1.1-10%% [Arn03]

< 443keV,2t >3.33-10"° >1.3-10"® >4.7-10' [Bel87]
130Te g.s. >8.13-10" >3.3-10" >1.8-10* [Arn05]

—  536keV2t >1.13-10* >18-10" >9.7-102 [Ale00]
«— 1121keV2t >3.91-10" >14-10"* >27-10*" [Bar0l]
— 1794keV0ot >525-10 >3.1-10"® >23-10' [Bar01]
Hicd g.s. >4.77-10Y >6.4-10% >2.5-10* [Dan03]
H6cd g.s. >1.04-10 >80-10"® >1.7-10® [Dan03]
< 1294keV2t >5.04-10"® >1.6-10"® >1.3-102 [Dan00]
s 1757keV0ot >361-10"Y >27-10"® >7.0-10" [Dan00]
— 2027keV0t >1.68-10" >7.0-107 >2.1-10?" [Pie94]

Table 5.13: A comparison of the 90% C.L. half lives 66~ 3~ decay to the ground state
(9.s.) and excited states obtained with the current work, the previously published values of the
COBRA experiment [Kie03] and the world best limits.
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For isotope the highegp-value,''Cd, a joint limit on thedv3~ 3~ half life of
Ty/2 > 1.04-10"a (90 % C.L.) (5.6.31)

has been reached with the current setup running in the LNGS. This is only a modest improve-
ment compared to the previously published value of the COBRA experimengofl0'® a
[Kie03]. For the second most important isotdgé&Te a half life of

Ty/2 >8.13-10"a (90 % C.L.) (5.6.32)

has been achieved. Again, this half life is only a factor 2.5 enhanced compared the the previous
value. The limiting factor of the current setup seems to be the background caused by the
passivation paint on the crystals.

From the measured half life limits a limit on the neutrino mass can be given according to
calculations for decays to the ground state from [Sta90]. In table 5.14 the resulting neutrino
mass limits are listed. The best value of 77.6 eV'f§iTe has to be compared to 0.35 eV from
6Ge [KKO1b].

Isotope 174, /10%a T, - (m,)?/aeV¥ (m,)/eV

07Zn >0.0283 9.83-10% >18600
g >4.77 5.07 - 10%° >1030
128Ta >4.58 7.77 - 10%4 >412
H6cq >1.04 4.87-10% >216
130Te >8.13 4.89 - 1023 >77.6

Table 5.14: List of obtained neutrino mass limits deduced from half life limitsOof3~ 3~
decay to the ground state using the nuclear matrix elements from [Sta90].

Although an intensive shielding of the detector setup and a selection of clean construction ma-
terials can reduce the overall background of the data, especially f5# decay an irreducible
background component remains: due to the finite energy resolution of the detect@rg;the
spectrum contributes to the number of events at the endpoint. Figure 5.23 shows the endpoint
region for'1Cd. The theoreticaly 33 spectrum is drawn as a dotted line normalised to 1
event over the whole spectrum. The solid line representitl¥ spectrum with an energy
resolution of 40 keV FWHM which corresponds to a projected energy resolution of 1.4 % for
future detectors. This spectrum has to be compared to the Gaussian distribution of events in
the Ov 3 peak with a half life chosen to be six orders of magnitude above the half life of the
2v mode, i.e. a peak content 5.

A clear distinction between the two modes is visible despite the fact that the two distributions
do overlap. The only problem discriminating the two spectra would be if the number of detected
counts is low, but this can be cured by a longer measuring time.

As CdZnTe detectors have many isotopes instable to double beta decay, also those isotopes
with a lower Q-value than others suffer from background of the other isotopes with a higher
Q-value. At the current state of the COBRA experiment, however, the dominating background
is still coming from radioactive nuclides near the detector, mostly from the passivation paint
covering 5 sides of the detectors.
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Figure 5.23: The spectrum of thev 33 decay of'1Cd [Tre95] is drawn against the 2805 keV
0v (30 peak. The half life of th@» mode is chosen to be six orders of magnitude larger than for
the2v mode. The theoretic@ls spectrum as indicated by a dotted line has been folded with an
energy resolution of 40 keV FWHM which is denoted by a solid line. Th@eak shown as a
dashed line is folded with the same energy resolution. Though both spectra do overlap a clear
distinction can be seen.
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5.7 TheOvB3T3T Half Lives

The search for thé* modes ofdr 33 decay is a more complex task. This is in part due to the
distinctive submodes, i.e. the combination®f and EC, but also due to the lowér-values
per 3T as described in equation 1.2.17. The only isotope under study which may decay via
Ovpt BT is 196Cd with aQ-value of 2771 keV. The sum energy of the two positrons is 727 keV.

For any3™ 3T or 37EC decay the emitted positrons annihilate at rest after having deposited
their kinetic energy. This produces two 511 keV gammas pointing in opposite directions. The
efficiency to detect the full energy of each of these gammas in one detector is only about 7%.
However, the efficiency to leave the detector without depositing energy is 79%. Thus it is
advantageous to search for a peak at the reduced energy of the transition.

For the EC modes, the K-shell enerfy is emitted in photons from the daughter nucleus. This
energy is 49keV, 30keV and 17 keV for Cd, Te and Zn respectively. The efficiency for a full
absorption of the 49 keV photon in the detector crystal is 96.5 % so that(fe8aEC decay

the total energy to be searchedijs— 2 - 511 keV+FEx. A complete list of the experimental
signals of the disting8™ modes is shown in table 5.15.

Decay Mode Signature Energy

OvpT AT 2et Q — 4m,

Oyﬁ+ﬁ+75 2et, e Q —4me — E,,
OvBTEC et Vi Q—2m.+ Fx
OVﬁJrEny €+!’YK1PW Q_2me+EK_E’yg
2VECEC 2’7[( 2EK

2vECECy, 27k, e 2FE K + E’YZ

OvECEC Yrads 27K Q
OVECEC’W Yrads 2VK» Ve 2Ek + E’yg

Table 5.15: The experimental signature of the differgit-modes of double beta decay are
shown with their full energy. The decay to excited states is indicated by an additional gamma

Ye-

Using the shown energy signatures and the corresponding detection efficiencies, limits on the
half lives of theOr3*3+tand 0v3+TEC decays to the ground state and excited states of the
daughter nucleus can be calculated. In table 5.16 the results of the search are summarised and
compared to the previous measurement of the COBRA experiment [Kie03] and the world best
limits.

No limits on2vEC EC decays could be calculated because of a too high threshold. The highest
signature would be for cadmium with an energy of 98 keV. For the two isotd}i€ and

108Cd only a joint limit could be given fo2vEC EC decay anyway, because the K-shell energy

is the same. Nevertheless, for theEC EC decay of’Cd to the first and second excited level

of the daughter nucleus at 512keV and 1171 keV and the first excited level of the daughter
nucleus of'?°Te at 1134 keV limits on the half life could be set.
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Half Life T, / a
Isotope /Level Mode E/keV  This Work [Kie03] World Best
06cd g5, Ovptpt 727 >7.0-10"" >1.5-10"" >2.2-10" [Dan96b]
512keV,2t Ov3tp* 215 >75-10"% >74.10% > 1.6-10%¢Bel99]

g.s. OBtEC 1798 >1.6-10® >38-10'" > 3.7-10% [Bel99]
512keV,2t OvGTEC 1286 >9.4-107 >22.107 > 2.6-10% [Bel99]
1134 keV0t Ov3+EC 664 >4.4-10'7 >75-10"6 >1.1-10% [Bel99]

512keV,2t OvECEC 610 >5.0-10'¢ >8.3-10'" > 3.5-10'® [Bar96]

1134keV0t OVECEC 1232 > 4.6-10'6 — > 6.2-10'8 [Bar96]
20Te  g¢.s. OvpTEC 730 >9.3-106 >2.2.10' [Kie03]
1171keV2t OVECEC 1231 >6.1-10% > 8.4-10% [Kie03]

6iZzn  g¢.s. OWBTEC 602 >26-10"" >28-10' > 2.3.10"*[Nor85]

Table 5.16: A comparison of the half lives dfv 37 31 decay to the ground statg.§.) and ex-

cited states obtained with the current work and the previously published values of the COBRA
experiment and the world best limits. Values are quoted at a confidence level of 90 %, unless
marked with & in which case the confidence level is only 68 %. Amdicates a combined

limit on theOr and2v modes.

For most of the decay modes improved half life limits could be set compared to the previous
publication of the COBRA experiment [Kie03]. For tlieEC EC decays to excited states,
however, only lower limits could be set, because the energy threshold of the Prototype detectors
is higher than for the CPG2 detector. Therefore, the two K-shell gammas plus the de-excitation
gamma had to be detected, which has a lower efficiency than only the two K-shell gammas and
no energy deposition of the de-excitation gamma which was the signal searched for in [Kie03].
Nevertheless, for thev 3+t EC decay of?°Te a world best limit could be obtained.
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5.8 Other Rare Decays

In addition to the studies @& and0» double beta decays and the 4-fold forbidden non-unique
beta decay of'3Cd, other rare decays may be searched for in the present data. Two of these
decays are the radiative electron decay and the deca?@fl to neutrals as shown in the
following two sections.

The Radiative Electron Decay

As already mentioned, a half life limit on the decay of the electron can be calculated. The
process under study is the radiative electron decay

e” — Uy (5.8.33)

which is a charge non-conserving process (CNC) [Pra03]. The current limit is $gf.as-

6.6 - 1026 a (90 % C.L.) [Bac02] which is also a lower limit of the total half life of the electron
[Eid04]. As the neutrino and the gamma are emitted back-to-back, the signal would be a single
gamma withE = %me = 255.5keV. However, as the electrons under study are bound in
the CdZnTe sample, their binding energy must be subtracted [Bal93]. The binding energies
for the K-shells are 26.7 keV, 9.7 keV and 31.8keV for Cd, Zn and Te, respectively, however,
only two electrons per atom are in the K-shell. To simplify the analysis these electrons may
be rejected. The binding energy for the L- and M-shells is well below 5 keV which has to be
compared to the energy resolution of the detectors of about 30 keV for the signal energy. Thus,
the correction for the L- and M-shells may be neglected as a first approximation.

Hence, the mean number of electrons under study fgpZd, 1 Te is 94.2 per compound. This
number is about a factor 500 larger than the numbé#&fe nuclei which is the most common
isotope in CdZnTe with a relative abundance of 16.9%. This means an increased sensitivity
of this process compared to double beta decays. Due to the Doppler shift a broadening of
the photo peak has to be expected as well. However, again this effect may be neglected in
comparison to the finite energy resolution of the detectors.

The main background of this decay comes from the shoulder of'#@d beta decay which
dominates the count rate. The excluded number of events obtained witR thethod using

an exponential background model corresponds to a half life limit of

Tyjo >1.3-10"a (90% C.L.) (5.8.34)

which is still about six orders of magnitude smaller than the result of [Bac02]. Better limits
may be obtained if the background frot¥Cd can be further reduced, e.g. by enriching the
detector material in'5Cd.

The Neutral Decay of'13Cd

The charge non-conserving decay of a nucleus into its daughter nucleus and only neutrals is a
possible scenario as well. The involved reaction can be described as

n—p+ve+ . (5.8.35)
One candidate isotope for this decayi$Cd:
H3cd — M3™In 4 neutrals. (5.8.36)
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In figure 5.24 the energy levels of the involved nuclei are given. In this process the signal is
the decay ot '3Cd without emission of an electron but with a 391.7 keV gamma resulting from
the internal transition (IT) of the excited3™In nucleus. This process is only energetically
allowed if no electron is emitted in the final state.

\
‘. CNC Decay
\Q=439.3keV

511keV
\\
\
\
\1/2” 391.7keV
120y -
113 EC
Cd Q=71.7keV
IT
Q=320keV
9/2* 0.0keV
|n1 13

Figure 5.24: The scheme of thé'3Cd CNC decay is shown including the involved energy
levels. The branching ratio of electron capture (EC})'éfIn is < 0.0036 %.

The current limit of the COBRA experiment for this process is
Ty/p > 1.47-10"%a (90% C.L.) (5.8.37)

which is an improvement of about a factor 10 compared to the previously measured half life
limit of T, » > 1.4-10'®a (90 % C.L.) [Roy83]. However, for the decay'dfCd into neutrals

only a rather modest half life limit has been measured so far. More stringent limits were
obtained for other isotopes likeé Ga with a measured half life limit dty, > 2.4 - 10%° a

(68% C.L.) [Nor96].
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Chapter 6

Summary

The COBRA experiment is approaching a new step in its evolution. In the beginning, the
project started with investigations using commercial detectors. From the attained knowledge a
2 x 2 array of detectors was constructed which can be scaled up to at least 16 detectors. This
detector array was installed at the Laboratori Nazionali del Gran Sasso, Italy, in a complex
shielding which has been designed and built from scratch as well. The data taken with this
setup has been presented and analysed in this work. Based on this knowledge the design of a
4 x4 x 4 detector array has been recently started which attracted more collaborators.

Currently the 64 detector array as described in section 2.7 is in the phase of construction using
a detector holder based on the 2 array mentioned in chapter 2.6. Other groups are working

on improving the shielding system or investigating the use of pixelated detectors for future
upgrades.

6.1 Conclusions

A new VME data acquisition system including a custom built ADC has been developed during
this thesis. It has been shown in this work that the new system is working well and will

be scalable to 64 channels. The custom built VME ADC has undergone a vast number of
debugging and stability tests and is currently proving its reliability in real data taking in the
LNGS. It replaces the CAMAC system curing the problems of its aged electronic components
and offering enough readout channels for4hel x 4 detector array.

Nevertheless, as already stated valuable data has been recorded using the CAMAC data acqui-
sition system. With this data different analyses of rare decays have been performed.

With three of the four detectors of tRe2 array the value of the half life of the 4-fold forbidden

beta decay of'3Cd has been measured, resulting in a mean of

T1/5("*Cd, B7) = (8.2 0.2(stat.) 03 (syst.) ) - 10" a (90% C.L.) (6.1.1)

using the spectral shape of the spectrum as measured by [Dan96a].

This outcome is consistent with the previously measured valués,ef= (7.7 +0.3) - 10 a
[Dan96a] andly, = (9.0 + 0.5(stat.) & 1.0(syst.)) - 10'° a [Ale94]. However, this mea-
surement does not solve the slight discrepancy of both half lives. Also the shape of the beta
spectrum could not be analysed because of the low energy noise obliterating the spectral shape

115
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below its maximum. Nevertheless, the shape of the spectrum as specified by the “Table of
Isotopes” [Chu99, Aud95] can be excluded.

The main interest of the COBRA experiment lies in the measurement of double beta decays.
For the2v 3~ 3~ decay of'15Cd the current sensitivity is at a level of

Ty 5("'%Cd, 2v8737) > 1-10"7a(90% C.L.) (6.1.2)

which is less than three orders lower than the known valug; of = 2.9 - 10'Y a [Dan03].
Therefore, for the detection @i/~ 3~ decays the background has to be lowered. However, as
most of the background can be attributed to the passivation paint on the detectors a significantly
improved sensitivity is to be expected if the paint can be avoided.

Improved limits on thév 35 decay half lives compared to a previous publication [Kie03] have
been achieved as well. For the most important isotdp&ad and'3°Te which have the highest
@-values a limit of 90% C.L. of thérv 3~ 3~ decay has been set of

Ty /(M°Cd, 0vB~37) > 1.04-10"a, (6.1.3)
Ty /o("0Te, v~ 7)) > 8.13-10Ya. (6.1.4)

For the first time of the COBRA experiment a half life limit 102° years has been measured:
Ty /2(**'Te, 03~ B~ — 536keV (0" — 2¥)) > 1.13-10*a (90% C.L.). (6.1.5)

The half life limit of the decay of3°Te to the ground state leads to an upper limit of the
neutrino mass of

(m,) < T7.6eV (6.1.6)

using the nuclear matrix elements from [Sta90] and assuming the pararpetensd (n) of

the right handed weak current to be zero. This value has to be compared to the currently best
limit of 0.35 eV from"Ge [KKO01b].

Although the highest half life limits are not yet competitive with other experiments, for the
0vBTEC decay of ?°Te to the ground state a half life of

Ty /2(**'Te, 0vBTEC) > 9.3-10'%a(90% C.L.) (6.1.7)

was obtained which surpasses the most stringent limit ever measured for this decay mode of
Ty o > 2.2- 10 a [Kie03].

In addition to the analysis of double beta decays a search for other processes, e.g. charge non-
conserving processes (CNC) can be performed. For the radiative decay of the electron a lower
limit of the half live was measured as

Tijp(e” > vey) > 1.3-10%a(90% C.L.) (6.1.8)

which is about six orders of magnitude lower than the current best limfi{ gf > 6.6 - 10% a
[Bac02]. Another CNC process is the decay BiCd to 13 In and only neutral particles. For
this decay even a world best limit of

Ty /2(*"*Cd — "¥™In + neutrals) > 1.47-10"%a (90% C.L.) (6.1.9)
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was achieved, which is an improvement of one order of magnitude to the previous measurement
of Ty » > 1.4- 10" a (90 % C.L.) [Roy83].

In addition to the constructional activities on the Prototype and its readout system extensive
simulations have been performed using the Monte Carlo program “POISON” presented in
chapter 4. This program has been developed as part of the activities carried out for this thesis
and is now used in the collaboration as the default simulation tool. Therefore, it helped in
designing thel x 4 x 4 array as well as in understanding the sources of radioactive background
in the current Prototype detector. The background observed in the measured spectra could be
identified as originating from the passivation paint. Background from other sources has been
identified and reduced by exchanging the critical materials. The new detector holder based on
the clean material Delrin is currently in use and shows a reduced background contribution.

6.2 Outlook

It can be expected that with the 64 array new physics results can be achieved, such as a precision
measurement of thé3Cd 4-fold forbidden beta decay. This measurement will not only involve

the half life of the decay but also the spectral shape of the energy distribution.

The prospect of the detector array is to show the power of coincidences in order to reject
background. However, only modest improvements are expected if not considering coincidences
as the passivation paint is the dominant background source. Still, the augmented detector mass
and the clean Delrin holder will contribute to improve the limits of double beta decays.

The next step of the COBRA experiment is therefore to remove the passivation paint. Other
topics are an increase of the detector mass to several kilograms or the use of pixelated detectors
to further improve background rejection.

Data measured with the CAMAC data acquisition suffered not only from hardware malfunc-
tion, but had a rather high threshold of at least 80 keV. Measurements with the CPG2 detector
using the PC-MCA based data acquisition system showed that the threshold of the detectors can
be lowered further. First data taken with the new VME based DAQ confirms a lower threshold

of about 20 keV for the Prototype detector as well. However, not enough statistics has been
gathered yet to carry out an analysis of rare decays. This improved threshold opens a window
to the detection of double electron capture processes and the single electron captiife.of

The latter decay was investigated with the commercial detector mentioned above, however,
only achieving an upper limit df’ , > 3.2 - 106 a [Mue03] due to the noise of the detector.

The Q-value of the second forbidden unique electron captur&dfe is (53.3 + 0.2) keV
[Aud95]. There are two positive evidences for this decay mode, but they show a discrepancy
by six orders of magnitude in half life. The two values &re24 + 0.10) - 10*3 years [Wat62]

and (2.4 + 0.9) - 10'Y years [Ale96]. The higher evidence has been recently withdrawn by
repeating the experiment [Ale03]. There was indeed a signal at the expected energy, however,
this signal is now attributed to neutron activation'8fTe producing 2! Te and'?'™Te. As the

thermal neutron flux in the location of this experiment is significantly reduced, this activation

is thought to have taken place before the measurement when the detectors have been stored on
earth surface. The new measurement revealed a lower limit of the half life of electron capture
from the K-shell of 7}, > 5-10'%a which corresponds t@;,, > 9.2 - 10'%a using the
predicted K EC branching ratio.

This same background may well account for the signal measured by [Wat62]. Another problem
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is associated with the fact that the observations relied on the outside detection of K X-rays
following the de-excitation ot?3Sh. This line is at 26.1keV, very close to the Te K X-ray
line at 27.3 keV which might be excited by other processes like cosmic rays and radioactive
background.

The advantage of the COBRA experiment for the detection of this decay is that it also features
the source-detector principle and has a sophisticated neutron shield. It will also be possible
to discriminate the background K X-rays from the signal thanks to the good energy resolution
of the detectors. Yet, with the first measurement from [Mue03] already the usually quoted half
life limit of 7' ), > 10'3 a [Chu99] can be improved by three orders of magnitude.

Another prospect of the COBRA experiment may be the real time detection of solar neutrinos
[Zub03]. To accomplish this, the mass of the detector surely has to be extended to several tons.
The investigated neutrinos originate from the decay B¢ in the sun as a mono-energetic
862 keV neutrino line as shown in figure 6.1. As a detection process a coincidence of the
inverse beta decay process with a following beta decay

vet+ (A, Z) — (A Z+1)gs +e (6.2.10)
(A, Z+1) — (A Z+2) +e +7 (6.2.11)

is searched for. Thus the signature is a mono-energetic electron of the neutrino capture with an
energy ofE, = E,,—(Ey— E;) and a following high energetic beta in the same detector crystal.
This process is possible for two of the fide 5~ emitters in CdzZnTe?Zn (£, = 207 keV)

and 16Cd (E. = 368keV). For 13°Te this process is not possible because of the angular
momentunbt of the daughter nucleus®l. Here, the transition to the firdt"™ excited state of

130Te at 43.25keV is possible. The signal to be expected is

ve+ (A, Z) — (A Z+1) +e (6.2.12)
(A, Z+1)* — (A Z+1)gs +7 (6.2.13)

This process has a threshold of the neutrino energy of 494 keV.
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Figure 6.1: Neutrino flux from the sun at the distance of the earth, including electron capture
in the CNO cycle [For04]. The pp chain is shown in grey and the CNO cycle is shown in black.
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Natural Decay Chains
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Figure A.1: Natural decay chain 68U [Wah96]. Alpha decays are denoted by down going
arrows, beta decays by arrows pointing to the right side. The main decay channel is marked
with thick arrows. The half lives to the right indicate only the values for the alpha decays as
they dominate the decay chain.
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Technical Drawings

B.1 Delrin Holder
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Figure B.1: Technical drawing of the Delrin holder with the dimensioning of the components.
The holder is designed to host 16 detectors. Using the same holders, a 3-dimensional array of
detectors can be built by stacking the layers.
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Appendix C

Material Contaminations

C.1 Detector Material

CdZnTe Passivation Paint

Zn Cd Te

Contaminant Activity / mBg kg!
232Th chain
228Ra <47 1100 100 <8 <4 <7
228Th <60 730+ 70 <8 <4 <7
2381 chain
226Ra <51 210Gt 100 <8 <4 <7
234Th <210 1106300 <150 <200 <240
235U chain <4 170k 30 <5 <4 <5
40K <260 6900+ 800 <55 <24 <51
137Cs 40+ 8 <15 <2 <1 <2
60Co <19 <60 <3 <2 <4

Table C.1: The activities of the detector components are listed as measured by [Lau04]. The
CdznTe measurement is from non-functional detector material without passivation paint, the
elemental analysis from metallic pieces of the raw materials Cd, Te and Zn provided by the
manufacturer. Thé3"Cs activity of the CdZnTe crystal which is well above the limits of
the raw components is supposed to originate from improper handling of the crystal prior to
measuring. The passivation paint has been kindly provided by the manufacturer as well.
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C.2 Construction Material

Copper Pertinax (brown/white) Delrin
Contaminant Activity / mBgkg!
232Th chain
228Ra <21 297 18+ 3 <5
228Th <2.3 327 15+ 3 <5

238 chain
226Ra <25 170:t10 66+ 4 <5
24Th <100 250+110 <92 n/a
2351 chain <1.4 12+ 3 2+1 <3
40K <11 330+40 340+30 <31
137Cs <0.9 650:40 19+2 3+1
60Co <0.6 <4 <2 <2

Table C.2: The activities of the construction materials in the vicinity of the detectors are listed
as measured by [Lau04]. The measured copper is the same material as the brick in which
the Prototype resides. The ground plate of the Pertinax holder is made from brown Pertinax,
whereas the top plate is made from copper coated white Pertinax.



Appendix D

Data Acquisition

D.1 Command

Sets

D.1.1 CAMAC Command Set

Command Action Answer
HELLO check if server answers "YESMASTER"
QUIT exit server "GOODBYE"
HISTO/ Histogramming Functions
... LIST return a list of available histograms bit pattern of available his-
tograms
... GET/#1 return content of histogram #1 8192 integers
... CLEAR/#1 clear content of histogram #1 ID of cleared histogram
CALIB/ Calibration Functions
... START start writing out events into one single file
may be used for calibrations
... STOP stop writing out data to calibration file
SLOW/ Slow Control Functions
... READOUT Issue a readout of the slow control system nothing
... GET report the number of events recorded since start of the DAQ integer
... UPTIME report the time in seconds since start of the DAQ unsigned long int
... RELAIS/
...... SET/#1 switch on socket #1 bit pattern of active sockets
...... RESET/#1 switch off socket #1 bit pattern of active sockets
...... GET/H#1 get status of sockets without switching bit pattern of active sockets
... HVGET/#1 get current value of high voltage channel #1 integer
... HVSET/#1/#2 set current value of high voltage channel #1 integer
... HVADJUST/#1/#2 fix internal value of high voltage control
... GETPREAMP/#1 get potentiometer setting of preamplifier channel #1 value of the potentiometer
... SETPREAMP/#1/#2/#3/#4 set the four potentiometers in the preamplifier to values #1 - #4
DAQ/ Data Acquisition Control Functions
.. RUNNO get the number of the current DAQ output file 6 integers: year, month, day,
hour, minute, second
... STOP/#1 deactivate ADC#1, stop writing of events to disk if #1<0 bit pattern of active ADCs
... CONT/#1 activate ADC#1, start writing of events to disk if #1<0 bit pattern of active ADCs
... LIST show available channels bit pattern of available ADCs
... ACTIVE show active channels bit pattern of active ADCs
TDS/ Oscilloscope Control
... RUN reset trigger 1 if successful
... READ read out stored waveform 1 if successful
... WHEN/#1/#2 channel #1, threshold #2
.. PUT#1/<string> send string to the oscilloscope answer string

Table D.1: Commands to control the CAMAC DAQ server.
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D.1.2 VME Command Set
Command Action Answer
HELLO check if server answers "YESMASTER"
QUIT exit server "GOODBYE"
HISTO/ Histogramming Functions
..LIST return a list of available histograms bit pattern of available
histograms
...GET/H#1 return content of histogram #1 16384 integers
...CLEAR/#1 clear content of histogram #1 ID of cleared histogram
CALIB/ Calibration Functions
...START start writing out events into one single file
may be used for calibrations
...STOP stop writing out data to calibration file
SLOW/ Slow Control Functions
...DEBUG[/#1] Change/check debug level (verbosity) of DAQ current debug level
...GETCLEARCAP report length of peak clear signal lengtiven
...CLEARCAP[/#1] perform a peak clear of peak holder length inus
if specified, the length of the peak clear signal is set tpg1
(range 0-1023)
...AUTOCLEARCAP[/#1] initiate automatic peak clear every #1 s, or disabfe (f lengthins
if no parameter is specified the current time interval is returned
...CLEARTIMER reset timer on all VME boards 0

...DEADTIME/#1

...GETDEADTIME
...THRESHOLD/#1/#2
...GETTHRESHOLD/#1

...AMPLIFICATION/#1/#2
...GETAMPLIFICATION/#1
...DBOWRITE/M#1/#2/#3]...

set rise time protection of all VME boards to g##d (range new value
0—-1023)
report rise time protection of all VME boards
set threshold of channel #1 to #2
report threshold of channel #1
set amplification of channel #1 to #2
report amplification of channel #1
write the 7-bit data words #2, #3, ... to COBRA-DB9 port #1

current valugsn

...READADC/#1 read value of slow control ADC channel #1 value of the ADC
LTITL
...... SET/#1 activate the bits of bit pattern #1 of the TTL-DB9
...... RESET/#1 deactivate the bits of bit pattern #1 of the TTL-DB9
...... FLASH/#1 flash the bits of bit pattern #1 of the TTL-DB9
..SERIAL/
...... SEND/<string> send <string> to serial port answer string of the de-
vice
DAQ/ Data Acquisition Control Functions
...RUNNO get the number of the current DAQ output file 6 integers: year, month,
day, hour, minute, second
...NMOD report number of ADC modules registered to the DAQ number of modules
...STOP/#1 deactivate ADC#1, bit pattern of active ADCs
stop writing of events to disk if #1<0
...CONTH#1 activate ADC#1, bit pattern of active ADCs
start writing of events to disk if #1<0
..ACTIVE show active channels bit pattern of active ADCs
... TRIG/#1 do a software conversion start of ADC number #1 module number #1

Table D.2: Commands to control the VME DAQ server. Optional arguments are given in

square bracketq {”
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D.2 Flow Chart
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Figure D.1: Flow chart of the CAMAC DAQ server software. Rounded boxes indicate actions,
squares represent conditional branches.
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D.3 Data Files

D.3.1 CAMAC Data File

STARTdag_2003_09_23 15_00_00.dat/34929200
3:34929204.111065:150:-1
3:34929248.530249:27:-1
1:34929252.615764:23:-1
4:34929258.393073:187:-1

[.]
2:34932718.756965:167:-1
END3600

Figure D.2: Extract of a sample CAMAC DAQ data file illustrating the data format. Each
file contains a header stating the filename and starting time in Unix time-format and a footer
stating the running time of the data file in seconds. Each other line represents one event with
a colon () separated list of items: the number of the ADC, the system time at readout, the
ADC value and a flag reporting the status of the veto. Its value ‘-1’ denotes an inactive veto,
‘0’ is no coincident veto and ‘1’ stands for coincident veto.

D.3.2 VME Data File

STARTdag_2005_03_22_09_00_00.dat/1111482000

1 4 1063343366 1111482053.931555 49 35 0 529 0 -22316 -26124 -27724
1 4 1075203827 1111482147.861565 59 38 0 321 0 -22220 -26108 -27644
1 4 1086191038 1111482234.881566 47 52 0 257 0 -22300 -26172 -27676
1 0 1108995473 1111482415.491554 282 42 0 30 0 -22252 -26140 -27628
1 1 1117419068 1111482482.201565 449 34 0 12 0 -22204 -26124 -27500
1 2 1120159048 1111482503.901554 23 426 0 26 0 -22236 -26092 -27660
1 4 1120389828 1111482505.731566 21 51 0 596 0 -22220 -26076 -27644
]

1 1 1470853400 1111485281.371565 393 47 0 20 0 -22220 -26060 -27580
1 1 1509671927 1111485588.801565 229 40 0 8 0 -22188 -26028 -27484
END3600

Figure D.3: Extract of a sample VME DAQ data file illustrating the data format. The header
and footer are the same as for the CAMAC data file shown in figure D.2. Each event line
contains a white space separated list of items: the module number of the ADC, the ADC
channel with the highest value in this module, the internal timer value, the system time at
the readout in Unix time, the four values of the ADC channels, the 14 bit TTL signal and
three values of the slow control IP module ADC representing temperatures taken at the time of
readout.
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D.4 Transition Box
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Figure D.4: The transition box for the slow control IP modules attached to the VME con-
troller is shown on the left side. On the top right side the pin assignment of the COBRA-DB9
connector used for power supply and steering of the COBRA preamplifiers and shapers is
schematically displayed. The bottom right schematic shows the pin assignment of the TTL-

DB9 connector which is currently unused.
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D.5 VME-ADC

-4
:
¢
s
;

Figure D.5: Second version of the VME ADC. The analogue parts are separated from the
digital part on a mezzanine board depicted in figure D.6. The digital parts include a TTL input
register, internal timer, event buffer and VME bus control. The ADC chip is also located on
this main board.

sssssee
o
H 9 4

Figure D.6: VME ADC mezzanine board. The board contains the analogue parts — input
amplifier, peak hold and threshold discriminator — of the four channels of the VME ADC.
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Monte Carlo

E.1 POISON Input Files

# set up viewer

Ivis/scenel/create

/vislopen DAWNFILE
Ivislviewer/set/viewpointThetaPhi 25 60 deg
# set up track display
/tracking/storeTrajectory 1
Ivis/scene/endOfEventAction accumulate
Ivis/scene/add/trajectories

# set up generator

/setup/outfile sample2.dat
/setup/generator KielGen
/setup/location 5

/kielgen/mode 12

/run/fbeamOn 2000

Figure E.1: Sample sequence script for POISON generating 2000d beta events in the
central detector of ax 3 x 3 array of 1cm® CdZnTe detectors.
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E.2 POISON Output Files

* *
* POISON Version 0.9.2 (2005-01-14) *

* *
* COBRA Monte Carlo Suite *

* * * * * *

Parsing geometry file...

* * * * * * *

Geant4 version $Name: geant4-06-02-patch-01 $  (27-July-2004)
Copyright : Geant4 Collaboration
Reference : NIM A 506 (2003), 250-303
WWW : http://cern.ch/geant4

Constructor()...
Materials...

phot: Total cross sections from Sandia parametrisation.
Construct...
Detector Parameters:
cdte_dimx = 10mm, cdte_dimy = 10mm, cdte_dimz = 10mm.
gap_len = 2.5mm, gap_top = 3mm, tray_width = 5mm.
paint_th = Omm.
Creating Exp.Hall with 23cm x 17cm x 18.4cm
Creating a shielding:
Lead shielding with walls, x=1cm, y=1lcm, z=lcm.
Copper shielding with walls, x=1cm, y=1cm, z=1cm.
Building 3x3x3 Array of CdznTe with 1cm x lcm x lcm
Building stack of 3 excavations with dimensions x: 7.5cm, y: 4.5cm, z: 1.4cm.
Adding Omm of paint to crystals
Visualization Manager instantiating...
Visualization Manager initialising...
Registering graphics systems...

You have successfully chosen to use the following graphics systems.
Current available graphics systems are:
ASClITree (ATree)
DAWNFILE (DAWNFILE)
GAGTree (GAGTree)
G4HepRepFile (HepRepFile)
G4HepRep (HepRepXML)
RayTracer (RayTracer)
VRMLIFILE (VRMLI1FILE)
VRML2FILE (VRML2FILE)
OpenGLImmediateX (OGLIX)
OpenGLStoredX (OGLSX)
OpenGLImmediateXm (OGLIXm)
OpenGLStoredXm (OGLSXm)
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Idle> # set up viewer

Idle> Idle> 1 DAWNFILE scene handlers extanct.

WARNING: objects with visibility flag set to "false” will not be drawn!
"Ivis/viewer/set/culling global false" to Draw such objects.
Also see other "/vis/viewer/set" commands.

Idle> Idle> Idle> G4Scene::AddWorldIfEmpty: The scene was empty,
"world" has been added.

File g4_00.prim is generated.

dawn g4_00.prim

Idle> # set up track display

Idle> Idle> Idle> Idle> # set up generator
Idle>

Idle>

Idle> Location 5) in central Detector

Idle> Mode 12) Cd113 beta

ldle>
compt: Total cross sections from a parametrisation. Good description from 10 KeV
to (100/Z) GeV.

Scattered gamma energy according Klein-Nishina.

PhysicsTables from 1 keV to 100 GeV in 80 bins.

conv: Total cross sections from a parametrisation. Good description from 1.5 MeV
to 100 GeV for all Z.

e+e- energies according Bethe-Heitler

PhysicsTables from 1.022 MeV to 100 GeV in 100 bins.

msc:  Model variant of multiple scattering for e-
Lambda tables from 100 eV to 100 TeV in 120 bins.
Boundary algorithm is active with facrange= 0.199

eloni: tables are built for e-
dE/dx and range tables from 100 eV to 100 TeV in 120 bins.
Lambda tables from threshold to 100 TeV in 120 bins.
Step function: finalRange(mm)= 1, dRoverRange= 1, integral: 1
Delta cross sections from Moller+Bhabha, good description from 1 KeV to 100 GeV.

eBrem: tables are built for e-
dE/dx and range tables from 100 eV to 100 TeV in 120 bins.
Lambda tables from threshold to 100 TeV in 120 bins.
Total cross sections from a parametrisation based on the EEDL data library.
Good description from 1 KeV to 100 GeV, log scale extrapolation above 100 GeV.

eloni: tables are built for e+
dE/dx and range tables from 100 eV to 100 TeV in 120 bins.
Lambda tables from threshold to 100 TeV in 120 bins.
Step function: finalRange(mm)= 1, dRoverRange= 1, integral: 1
Delta cross sections from Moller+Bhabha, good description from 1 KeV to 100 GeV.

eBrem: tables are built for e+
dE/dx and range tables from 100 eV to 100 TeV in 120 bins.
Lambda tables from threshold to 100 TeV in 120 bins.
Total cross sections from a parametrisation based on the EEDL data library.
Good description from 1 KeV to 100 GeV, log scale extrapolation above 100 GeV.
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annihil:  Total cross section from Heilter formula(annihilation into 2 photons).
gamma energies sampled according Heitler
PhysicsTables from 10 keV to 10 TeV in 100 bins.

### All dEdx and Range tables are built #####

hloni: tables are built for proton

dE/dx and range tables from 100 eV to 100 TeV in 120 bins.

Lambda tables from threshold to 100 TeV in 120 bins.

Step function: finalRange(mm)= 1, dRoverRange= 0.2, integral: 1

Bether-Bloch model for Escaled > 2 MeV, parametrisation of Bragg peak below,
Integral mode 1

msc:  Model variant of multiple scattering for proton
Lambda tables from 100 eV to 100 TeV in 120 bins.
Boundary algorithm is active with facrange= 0.199

File g4_0l.prim is generated.
dawn g4 _01.prim

Idle> Idle> Graphics systems deleted.
Visualization Manager deleting...
Exiting POISON cleanly.

Figure E.2: Sample output from POISON using the script from figure E.1 fBixa& x 3 array
of 1cm?® CdZnTe detectors.

000O0O0O0OOO0GOOOOOOO 00000000O0O0OOOO0 138.735 (keV) 138.735
10000000000000223604 0000000000000 223.604 (keV) 223.604
20000000000000O0 00000000O0OOO O 110.457 (keV) 110.457

0000OO0OOOOOOOOO 00000000O0OGOO 0 209.815 (keV) 209.815
1998 0000 00000000067.7068 000000000000 0 67.7068 (keV) 67.7068
0000OO0OOOOOOOOO 0000000O0OOOO O 187.499 (keV) 187.499

Figure E.3: Sample data file from POISON using the script from figure E.1 foxax 3 array
of 1 cn? CdZnTe detectors.
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