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Abstract

Since the postulation of the neutrino by Wolfgang Pauli in 1930 and its
first direct observation achieved by Clyde Cowan and Frederick Reines in
1956, neutrino physics has made great strides. Nowadays the focus is no
longer on the mere understanding of the underlying physical processes, but
precision experiments quantifying the last unknown parameters of the theory
are performed. Many experimentally observed phenomena, like the lack of
solar electron neutrinos or the dependence of the atmospheric v,-flux on the
zenith angle, are known to be caused by neutrino oscillations, the periodical
change of flavour during the propagation of the neutrinos in space. Today
the enhanced understanding of Pauli’s ”ghost particle” and its properties
provide the opportunity to use neutrinos as a new and unique probe in a
huge variety of fields, amongst them astrophysics, geophysics and cosmology.

In Chapter 1 the role of the neutrinos in the standard model of particle
physics is briefly described. The neutrino oscillation formula and experiments
having measured some of the oscillation parameters are discussed. Finally,
the focus will be on possible experiments, which are able to determine the
still unknown third mixing angle ;3.

One of these experiments, DOUBLE CHOQOZ, and its physics program is
presented in more detail in Chapter 2. DOUBLE CHOOZ uses low-energetic
electron antineutrinos from a nuclear power plant to search for neutrino oscil-
lations due to 913 on a baseline of 1050 metres. The detector concept foresees
two identical detectors, a near detector for monitoring the electron antineu-
trino flux and its spectral shape and a far detector, measuring the effects of
neutrino oscillations on this flux and its shape. The intended sensitivity of
DOUBLE CHOOZ is sin?(29;3) < 0.03 after three years of data taking.

Chapter 3 gives an overview of the detector system used for low-back-
ground gamma spectroscopy. This system consists of a germanium detector
with a relative efficiency of 150.5% and an energy resolution of 2.189 keV
at 1.33 MeV (measured with an analogue main amplifier with a shaping
time constant of 8 us). For background reduction the germanium detector
is surrounded by several active and passive shieldings, amongst them an
active muon-veto and an anti-Compton veto system. The whole detector
system is located in the underground laboratory of the Technische Universitéat
Miinchen in Garching. The balancing procedure for the anti-Compton veto,
consisting of sodium-iodide scintillation crystals with PMTs, is presented, as
well as the calibration of the plastic scintillator panels used as muon-veto.
Finally, the designed NIM-based analogue read-out electronics is described
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and compared to the newly installed digital signal processor system DSP
9660A, which replaces the analogue main amplifier and ADC. With this new
system an unrivalled energy resolution of 1.764 keV at 1.33 MeV could be
achieved.

The Monte Carlo simulation, developed for a determination of the detec-
tor efficiency, will be presented in Chapter 4. It is based on the software
package GEANT4 from CERN and includes all relevant particles and inter-
actions. Measurements with calibration sources have been done in order to
test the simulation for its accuracy. The comparison between the simulated
and the measured values showed, that the simulation is rather accurate for
gamma energies above ~200 keV, but suffers from some problems for low-
energetic gamma rays.

Chapter 5 finally focuses on the results of the low-background gamma
spectroscopy measurements. Long-term measurements without any artifi-
cial source were performed in order to determine the experimental back-
ground. Samples of the liquid scintillator LAB, the mineral oil tetradecane
and the wave-length shifters PPO and bisMSB were investigated concerning
their concentration of radioactive isotopes. These samples concern materi-
als, which are intended to be used in the DOUBLE CHOOZ experiment.
Therefore the investigation is of high importance, as radioactivity of the
detector components poses one of the most important sources of acciden-
tal background in DOUBLE CHOOZ. For the isotopes from the 238U-, the
232Th- and the 23°U-decay chains, as well as for “°K, upper limits on the mass
concentrations have been found to be in the order of 1079 g/g for all investi-
gated samples, in the case of *°K in LAB and tetradecane, as well as 23°U in
LAB even 1071° g/g. These results implicate, that both wave-length shifters
can be used for the muon veto system of the DOUBLE CHOOZ detectors
without any additional purification. Furthermore, the mass concentration
of ¥K in bisMSB allows its utilisation in the inner volumes of the detector
(neutrino target and gamma catcher). The upper limits on the mass concen-
trations obtained for the organic liquids are above the allowed concentrations
in DOUBLE CHOQZ, hence no conclusions can be given yet, whether purifi-
cation is necessary or not. Some possible updates for future measurements
are discussed, leading to an improvement of the reachable sensitivity.
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Chapter 1

Introduction: The standard
model of particle physics &
neutrino oscillations

1.1 The fundamental particles and forces

In the standard model of particle physics all the matter consists of 12 different
elementary particles [Alt05a, Hal84], which are listed in Tab. 1.1.

] 1. Generation \ 2. Generation \ 3. Generation ‘

| LEPTONS |
Ve v, |2
electron neutrino | muon neutrino | tau neutrino
e no T
electron muon tau
| QUARKS |
U c t
up quark charm quark top quark
d S b
down quark strange quark | bottom quark

Table 1.1: The 12 fundamental fermions grouped into three generations. Only
the particles from the first generation are stable, those from the second and
third generation decay with the lifetime given in Tab. 1.2.

These fundamental components of matter are the quarks, appearing in
three different colours and making up the hadronic matter, and the leptons.

1



CHAPTER 1. INTRODUCTION: THE STANDARD MODEL OF
2 PARTICLE PHYSICS & NEUTRINO OSCILLATIONS

All of them have spin % (they are fermions descibed by Fermi-Dirac statistics)
and can be grouped into three generations, also called ”families”, according
to increasing mass'. Their properties are displayed in table 1.2. The stable
matter surrounding and including ourselves is made up of particles of the
first generation?.

To each fermion there is an antifermion with same mass and lifetime but
opposite electrical charge, colour and third component of weak isospin.

Besides these fermionic fields there exist also the gauge bosons mediat-
ing the four fundamental forces, see tables 1.3 and 1.4: the electromagnetic
and the weak interaction, which can be unified to the electroweak interaction
(the so-called Glashow-Salam-Weinberg mechanism; [Ait89, Alt05a, Wei74]),
the strong interaction described by the theory of quantum chromodynamics
(QCD; cf. [Ait89, Alt05a]) and the gravitation, which is normally not re-
garded in the standard model.

While the gravitation and the weak interaction act on all types of fermi-
ons, the electromagnetic forces do not affect the uncharged neutrinos and the
strong interaction only couples to coloured particles, i.e. the quarks, not to
leptons.

Within the standard model there exists also one so far not experimentally
identified particle, the Higgs boson with spin 0, being the mediator of the
particle rest masses [Ait89, Alt05a, Sch95].

'Here and in the following & = ¢ = 1 is used. The masses are, for example, given in
units of energy.

2The situation is a bit more difficult for the neutrinos: as will be explained in chapter
1.2, the flavour eigenstates are not equal to the mass eigenstates. For massive neutrinos
only the lightest mass eigenstate is stable, the other ones decay, e.g. vs — v1 4+, where v;
denotes the mass eigenstates and 17 is assumed to be the lightest one (normal hierarchy)
[Obe92].
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1.1. The fundamental particles and forces

PROPERTIES OF THE LEPTONS AND QUARKS

particle mass life time charge .weal.< colour
isospin
Vel <22eV | >7-10°s/eV]| 0 | (1/2,41/2)] 0
e 511 keV stable -1 (1/2,-1/2) 0
VL < 0.18 MeV | > 7-107 s/eV 0 (1/2,+1/2) 0
iy 105.7 MeV 2.2 ps 1 | (y2,-1/2)| o
VrL < 182 MeV | > 7-10° s/eV 0 (1/2,41/2) 0
Tr 1777 MeV 290 fs -1 (1/2,—-1/2) 0
en 511 keV stable -1 (0,0) 0
s 105.7 MeV 2.2 s 1 (0,0) 0
TR 1777 MeV 290 fs -1 (0,0) 0
ur, ~ 5 MeV 2/3 (1/2,+1/2) | r,gb
d; ~ 7 MeV ~1/3 | (1/2,-1/2) | 1gb
e ~ 1.4 GeV 2/3 | (1/2,+1/2) | 1.gb
sp | ~ 150 MeV ~1/3 | (1/2,-1/2) | rgb
i 174 GeV /3 | (1/2,+1/2) | 1.gb
by ~ 4.5 GeV ~1/3 | (1/2,-1/2) | rgb
UR ~ 5 MeV 2/3 (0,0) r,g,b
dr ~ 7 MeV —1/3 (0,0) r,g,b
CR ~ 1.4 GeV 2/3 (0,0) r,g,b
SR ~ 150 MeV -1/3 (0,0) r,g,b
tr 174 GeV 2/3 (0,0) r,g,b
br ~ 4.5 GeV -1/3 (0,0) r,g,b

Table 1.2: Properties of the fundamental fermions. The last three columns
exhibit the generalised charges: electric charge, weak isospin as charge of
the weak interaction and colour as charge ot the strong interaction. The
weak interaction is parity violating and acts differently on lefthanded and
righthanded particles, where the lefthanded ones can be combined to doublets,
while the righthanded ones are singlets. In the standard model neutrinos are
considered as massless and appear only as lefthanded particles. The mass
limits given in this table for the different neutrino flavours are obtained in
direct (kinematic) measurements. From neutrino oscillations (see chapter
1.2) it is known, that neutrinos are massive. Therein, the boundaries on the
masses are much more stringent: for the mass eigenvalues of the neutrinos
one has m; < 2.2 eV, 9meV < my < 2.2 eV and 51 meV < mg < 2.2 eV
(in normal hierarchy). All data taken from [PDGO7].
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CHAPTER 1. INTRODUCTION: THE STANDARD MODEL OF

4 PARTICLE PHYSICS & NEUTRINO OSCILLATIONS
Inter- electro- Gravi-
. strong . weak .
action magnetic tation
Relative
strength 1 10-3 10 10-38
(at low
energies)
Range 1 fm 00 1073 fm 00
quarks all quarks, leptons Al
acts on & charged (exept vg), articles
gluons particles W=, Z° Higgs P
Gauge 8 gluons photon W, 70 eraviton
boson (8) (7)
Quantum Quantum Glashow- General
chromo- electro- Salam- ..
Theory . . . Relativity
dynamics dynamics Weinberg (GRT)
(QCD) (QED) theory (GSW)
Gauge SU(2)L®
group SU(?’)c U(DQ U(l)y -

Table 1.3: The 12 different gauge bosons of the standard model as well as the
Higgs boson and the graviton. These gauge bosons mediate the fundamental
forces, described by the above-mentioned gauge theories. Only the gravitation

could not be quantised yet as well as the graviton was not observed experi-
mentally up to now.
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1.2. Neutrino oscillations

PROPERTIES OF THE BOSONS

particle | spin mass | life time charge weak colour
[GeV] [s] isospin

photon 1 0 stable 0 (0,0) 0
ZY 1 91 2.6-107%° 0 (1,0) 0
W 1 80 3.1-107% +1 (1,41) 0

gluon 1 0 0 (0,0) rg, gr, br,

rb, bg, gb,

T — 99,

7+ gg — bb

Higgs | 0 | >114 ? 0 (3,—3) 0
graviton | 2 0 stable? 0 (0,0)? 0

Table 1.4: Properties of the gauge bosons, including the hypothetical graviton
and Higgs boson. The values for the weak isospin given for the photon and
the Z° are not quite correct, as these particles are an orthogonal mizture of

B (weak isospin (0,0)) and the Wy (weak isospin (1,0)), cf. [Ait89, Wei74].

1.2 Neutrino oscillations

1.2.1 Theoretical derivation of the oscillation formula

The three neutrinos named above (v, v,, v;) are the eigenstates of the weak
interaction, the so-called flavour eigenstates. From oscillation experiments?
it is known that these flavour eigenstates are not identical to the mass eigen-
states (v1,19,v3). The mixing between these two is described by a mix-
ing matrix, the Pontecorvo-Maki-Nakagawa-Sakata matrix (PMNS matrix)
[Akh00, AkhO6, Bil78, Bil99, Sch97]:

Ve Uel Ue2 UeS 151
v, = Ulﬂ UNQ ng 1%, (11)
Vr U’?’l UT2 U’T‘3 g

PMNS e Matrix

3see section 1.2.2 on page 8.
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CHAPTER 1. INTRODUCTION: THE STANDARD MODEL OF

6 PARTICLE PHYSICS & NEUTRINO OSCILLATIONS
Usg Usn Ugs 1 0 0 C13 0 8136_1’(s
Uﬂl ng ng = 0 Co3 593 0 1 0 X
Un Uy U 0 —s23 cCo3 —s13¢® 0 c3
C12 S12 0 e%Oq O 0
X —S19 c12 O 0 e%a2 0 (12)
0 0 1 0 0 1

The PMNS matrix contains three different mixing angles ¥;; (in eq. (1.2)
sin (¢;;) is abbreviated by s;; and cos (¥;;) by ¢;;) between the three gener-
ations and one CP violating phase 6. The two phases a; and as in the last
part of the PMNS matrix are the Majorana phases, which only occur in the
case, that neutrinos are Majorana particles [Akh00, Doi81, Sch97]. These
phases will be neglected in the following, as they do not play any role in the
neutrino oscillation formula.

The mass eigenstates are responsible for the neutrino propagation and the
flavour eigenstates for neutrino production and detection. Equation (1.1) can
be written as

Vo) = ZUai|Vi> ) (1.3)

where |v,) denotes the flavour eigenstates (o= e, u,7), ;) the mass
eigenstates (i = 1,2,3) and U,; the elements of the PMNS matrix. For an-
tineutrinos the complex conjugated matrix elements U}; have to be taken.
The time evolution of the mass eigenstates is given by the solution of the
Dirac equation:

) = e

v; (t =0)) (1.4)
Hereby E; stands for the energy of the neutrino given by

m; <K || m?2 |Di|~Ew, m2

7, ‘ ~ FE, : 1.5

i

— )72 2 Y
E; =\/p+m; =

Inserting equation (1.4) in eq. (1.3) gives the time evolution of the flavour
eigenstate:

v (1)) = 3 Uaie™ |vi (1 = 0)) (1.6)

MARTIN HOFMANN: GAMMA SPECTROSCOPY FOR DOUBLE CHOOZ



1.2. Neutrino oscillations 7

As the detection of a neutrino occurs via its weak eigenstate, one has to
calculate the transition amplitude from the flavour eigenstate v, to vg by
projecting the result for |v, (t)) (eq. (1.6)) on the flavour eigenstate (vsl:

3 3
Ao = (vplva (1)) = Y UnilUg;05¢~ P = " UnilUge" " (1.7)
=1

,j=1

To get the transition probability it is necessary to calculate |A,_z|*:

3
P(vo = vg) = |Aacpl” = ) |UaiUs " +2Re Y UniU3,Us;Ugje "5 (1.8)

i=1 §>i
with

Mt L::;t Am?i
2F 2K
where L denotes the distance between source and detector®. Here a simpli-

fication was made: equations (1.8) and (1.9) are valid under the assumption

that the different mass eigenstates have the same momentum. This assump-

tion is not completely correct (see [AkhOO] on p.22f). Correctly, eq. (1.4)

has to be written as [Giu04]

v (1)) = e Pk, (+ = 0)) . (1.10)

Using the full formalism of quantum field theory, it can be shown [Giu04],
that the approximation L=t is applicable for ultrarelativistic neutrinos. Thus
the correct phase in eq. (1.10) becomes

E? — p? m? [ S m?

- L ——L (1.11

P (v ) E; + p;i

leading to exactly the same results as the "standard” derivation.

From equation (1.8) it can be seen, that if not all Amfj are equal zero
(this implies massive neutrinos!) there exist oscillations between the different
flavour eigenstates of the neutrinos. The amplitudes of these oscillations are
given by the mixing angles 9);; (contained in the matrix elements U,;) while
the oscillation frequencies are determined by the mass square differences

2
Amg;.

4Again ¢ = 1 was used.
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CHAPTER 1. INTRODUCTION: THE STANDARD MODEL OF
8 PARTICLE PHYSICS & NEUTRINO OSCILLATIONS

1.2.2 Already known oscillation parameters and their
measurement

From various experiments two mixing angles and the absolute values of the
mass square differences are already known (table 1.5):

Oscillation value known
parameter (90% C.L.) from
. 9 10.03 solar neutrinos,
K2K
2 ’
sin” (2023) > 0.92 atmospheric neutrinos
Am3, (8.0 £0.3) - 1075 V2 KamLAND,
solar neutrinos
_ Super-Kamiokande
2 . 3,172 ;
Am3, (1.9t0 3.0) - 102 eV MINOS
sin? (2¢;3) < 0.19 CHOOZ

Table 1.5: The already known parameters characterizing neutrino oscilla-
tions, as well as the current best constraint on Y13 from the CHOOZ experi-
ment (for Am32, = 1.9-1073eV?) [Apo99]. Due to the MSW effect in the sun
[AkROO, Sch97] the sign of Am3, is known to be positive, this means mqy is
heavier than my. The sign of Am3, and the value of the CP-violating phase
d are still unknown. All data taken from [PDGO7].

e Radiochemical Experiments: The first hints for oscillations of solar
neutrinos came from radiochemical experiments [Sch97]. These experi-
ments use the electron neutrino capture on a target nucleus and obtain
information on the electron neutrino flux by counting the number of
reaction products in a certain measuring time. The first experiment,
performed by Ray Davis, was the Chlorine solar neutrino experiment
in the Homestake mine (4400 m.w.e.) [Cle98, Dav68]. It used 390 m?
of liquid tetrachloroethylene (C5Cly) as neutrino target. The essential
reaction (with an energy threshold of 814 keV) is:

MARTIN HOFMANN: GAMMA SPECTROSCOPY FOR DOUBLE CHOOZ



1.2. Neutrino oscillations 9

TCl+ v, — Ar+ e (1.12)

The three experiments SAGE (Soviet-American Gallium Experiment,
[Abadl]), GALLEX (Gallium Experiment, [Ans92]) and its successor
GNO (Gallium Neutrino Observatory, [Alt00, Alt05]) used the isotope
"'Ga, which has a rather low energy threshold of 233 keV for electron-
neutrino capture:

"Ga+4v, — "Ge+e” (1.13)

SAGE used metallic gallium, GALLEX and GNO a gallium chloride
solution as neutrino target. The produced argon and germanium nu-
clei, respectively, are afterwards extracted from the chlorine/gallium
with chemical methods. As 3"Ar and “*Ge are unstable, the number
of nuclei produced can be determined by measuring their decay using
proportional counters. All these experiments published a deficit in the
solar electron neutrino flux [Abd02, Alt05, Cle98, Ham99], which could
finally be explained by neutrino oscillations with sin?(29;5) = 0.89.
The radiochemical experiments give only weak constraints on the mass
square differences, as the neutrino flux is integrated over long measur-
ing times.

e KamLAND: The Kamioka Liquid Scintillator Anti Neutrino Detec-
tor (KamLAND, [Sue04]) is a 1 kiloton neutrino detector in the Kamio-
ka underground mine (2700 m.w.e. overburden) near Toyama, Japan.
It measured low-energy reactor antineutrinos from the surrounding nu-
clear power plants in Japan and South Korea with an average dis-
tance of 180 km. In 2002 a large neutrino deficit was found [Egu03],
most likely explained by neutrino oscillations with sin?(2¢;2) = 1 and
Am2, = 6.9-107°eV?. This helped to verify the MSW LMA solution

for solar neutrinos.

o Super-Kamiokande: KamLAND is not the only experiment in the
Kamioka mine, but also the Super-Kamiokande detector is located
there. Originally meant to search for proton decay (Kamiokande stands
for Kamioka Nucleon Decay Experiment) this 50 kiloton water Cher-
enkov detector became a very useful tool for neutrino physics [Ish04].
Since its completion in 1996 it measured mainly atmospheric neutri-
nos and solar 8B neutrinos. Due to its directional sensitivity Super-
Kamiokande was able to take a picture of the sun in "neutrino light”,
which can be seen in figure 1.1.

MARTIN HOFMANN: GAMMA SPECTROSCOPY FOR DOUBLE CHOOZ



CHAPTER 1. INTRODUCTION: THE STANDARD MODEL OF
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Figure 1.1: Picture of the sun taken by the Super-Kamiokande detector in
"neutrino light”, from [Svo99).

In a water Cherenkov detector neutrinos scatter off an electron via
neutral weak interaction or create a fast lepton (electron or muon; tau
leptons are in most cases too heavy to be produced) via charged weak
interaction. If the velocity of this lepton exceeds the speed of light in
water, it emits Cherenkov radiation detected by photomultiplier tubes.
Detectors of this type have directional sensitivity but a rather high
energy threshold.

The best fit to the Super-Kamiokande data is given by sin?(2093) = 1
and Am32, = 2.5-107%eV?>.

e K2K: Super-Kamiokande does not only measure neutrinos from natu-
ral sources but also serves as target for a neutrino beam coming from the
KEK accelerator facility in Tsubaka near Tokyo, which is 250 km away
from the Kamioka mine [Ahn06] (K2K stands for KEK to Kamioka).
The neutrino beam is an almost pure v, beam, as the neutrinos are
produced by decaying mesons:

™ —ut + v, (1.14)

These pions are produced by high-energetic protons (~ 12 GeV) inter-
acting in an aluminium target. Muons and remaining pions are finally
absorbed in a beam dump.

K2K started operation in 1999 and has since that confirmed the Super-
Kamiokande data. The best fit point within the physical region is
(Am2,, sin*(2043)) = (2.8 -1073eV?, 1.0).

MARTIN HOFMANN: GAMMA SPECTROSCOPY FOR DOUBLE CHOOZ



1.2. Neutrino oscillations 11

e SNO: In Ontario, Canada, the Sudbury Neutrino Observatory (SNO),
a 1 kiloton heavy water Cherenkov detector is arranged in a nickel mine
with a shielding of ~6000 m.w.e. [Ahm02]. The usage of heavy water
has a major advantage: Besides the elastic scattering off electrons,
neutrinos can interact with the deuterium nuclei. While the neutral
current interaction v, +d — p + n + v, is possible for all neutrino
flavours, the charged current interaction v, + d — 2p + e~ can only
occur for electron neutrinos. For this reason it is possible to measure
the whole neutrino flux coming from the sun, as well as solely the
electron neutrino flux. Thus SNO was able to finally solve the solar
neutrino problem in 2001.

e Borexino: The Borexino detector in the Gran Sasso underground
laboratory (overburden: 3500 m.w.e.) is a 300 ton liquid scintillator
detector [Ali00] with the main aim to measure the "Be-neutrino flux
from the sun with an up to now unrivalled sensitivity. Borexino started
data taking in May 2007 and recently first results on the “Be-neutrino
flux could be published [Bor(07], being consistent with the predictions
of the standard solar model and neutrino oscillations with MSW LMA
parameters: Borexino measured 4747, £ 125, counts per day and
100 tons of target mass in the relevant energy window, while one would
expect 4944 counts/day-100 t from the theory. Without any neutrino
oscillations the expectation value is 75£4 counts/day-100 t. Borexino
will be able to set further constraints on the solar neutrino oscillation
parameters in the next years.

e MINOS: Determining a very precise value of Am3, was the major
contribution to neutrino physics from the Main Injector Neutrino
Oscillation Search (MINOS) experiment [Min07]: the best fit value
is 2.38 - 1073eV?. Like K2K it also uses an accelerator as neutrino
source, in this case Fermilab’s NuMI v, beam. The MINOS detector
itself is split up into two parts: a near detector at Fermilab for beam
monitoring and a far detector in the Soudan mine underground labora-
tory in Minnesota (baseline: 735 km). Both detectors are magnetized
steel calorimeters with plastic scintillator layers for read-out.

o CHOOZ: The current best constraint for 1,3 comes from the CHOOZ
experiment, a reactor antineutrino disappearance experiment in France
[Apo03]. CHOOZ used a 5-ton gadolinium loaded liquid scintillator
target at a distance of ~1 km to the reactor cores, shielded by 17
tons of buffer liquid, an active muon-veto and low-activity sand. After
16 months of data taking no evidence for neutrino oscillations in the
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CHAPTER 1. INTRODUCTION: THE STANDARD MODEL OF
12 PARTICLE PHYSICS & NEUTRINO OSCILLATIONS

v.-disappearance mode could be found leading to exclusion values of
AmZ, > 7-107* eV? for maximum mixing and sin? (20;3) > 0.1 for
large Am3,, see fig. 1.2.

~ 1 ; Analysis A

- ]

I | R
o ! v,V
“w

90% CL Kamiokande (multi-GeV)

B4 90% CL Kamiokande (sub+multi-GeV)

10 -4 1 1 1 1 1 . I I | .
0 0.1 02 03 04 05 06 07 08 09 1

sin’(28)

Figure 1.2: FExclusion plot of the CHOOZ reactor neutrino experiment
[Apo99], including the Kamiokande allowed region for v, — v, oscillations

[Fuk94].
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1.2. Neutrino oscillations 13

1.2.3 Possible experiments to determine 93

The measurement of ;3 is quite challenging as it is very small compared
to the other two neutrino mixing angles. In the near future two ways to
determine this last missing mixing angle look promising:

o Superbeam experiments: In the so-called superbeam long base-
line experiments a very intensive neutrino or antineutrino beam from
an accelerator laboratory is used for oscillation experiments. Such a
beam mainly consists of high-energetic muon (anti)neutrinos, making
appearance experiments with electron (anti)neutrinos possible. Using
eq. (1.8) and including matter induced effects® the transition probabil-
ity P(v, — v.) is [Hub02]

Py, — v.) =~ sin®(2013) - sin®(Ua3) - sin®f
+ «a-sin(2043) - sin(6) - sin(292) -
-5in(2023) - B - sin?3 (1.15)
— a-sin(2043) - cos(9) - sin(2042) -
-sin(2093) « B - cosf - sinf3
+ a? - cos?(V93) - 8in*(2012) - °

where the abbreviations o = izgl and 3 = AT%L as well as the approx-
imations cos (th3) ~ 1 and sin (a - 3) ~ « - are used. L is again the
distance between source and detector. In the second term the plus (mi-
nus) sign is valid for antineutrinos (neutrinos). Equation (1.15) shows
clearly the interference of the oscillations between the three different

mass eigenstates of the neutrinos.

From this formula can be seen, that superbeam experiments offer the
opportunity to measure 9;3, as well as Am3,, the CP-violating phase 4,
23 and the mass hierarchy, that is the sign of Am2,. But also a great
disadvantage becomes clear: these experiments suffer from parameter
correlations and degeneracies (solutions in the parameter space discon-
nected from the best-fit region [Hub02]). Changes in one parameter can
always be compensated by changing another one in a different term of
the sum. That is why it is of great interest to obtain additional infor-
mation on 913 by another experimental method.

5The baselines of superbeam experiments are always secants through the earth.
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Planned superbeam experiments are the T2K experiment (Tokai to
Kamioka) in Japan [Oya05] and the NuMI-off-axis project (Neutrinos
at Main Injector) in the US [Kop05]. The detector for T2K is the
Super-Kamiokande water Cherenkov detector already described above.
Source of the neutrino beam is the J-PARC 50 GeV proton synchrotron
in JAEA, Tokai, which is 295 km away from the Kamioka mine. The
experiment is planned to start in 2009. It is quite similar to the K2K
project (see page 10), except for a higher beam energy (50 GeV primary
proton energy instead of 12 GeV), a higher beam intensity (planned:
two orders of magnitude larger than in K2K) and an off-axis beam
configuration, that means the beam direction is adjusted to be 2° to
3° off the direct line of sight to the Super-Kamiokande detector. The
off-axis beam provides a strong suppression of neutrinos with higher
energies, which is desirable because for neutrino energies of ~1 GeV
the first oscillation maximum appears at 300 km, corresponding nearly
exactly to the length of the baseline. Furthermore it is planned to build
a near detector at a distance of 2 km to monitor the flux, spectrum and
direction of the neutrino beam. The intended sensitivity of T2K after
five years of measurement is sin*(20,3) =~ 0.023.

The NuMI facility at Fermilab started operating in 2005 and has been
delivering an intense v, beam of variable energy (2-20 GeV) for differ-
ent neutrino detectors, among them MINOS. It is planned to build a
30 kiloton off-axis liquid scintillator detector, NOvA (NuMI Off-axis
v, Appearance experiment), in Ash River, Minnesota with a baseline
of ~810 km. This far detector will be accompanied by a smaller near
detector identical in structure for beam monitoring. Construction of
the far detector shall be finished in 2010, that of the full detector in
2011 [Nov05].

Reactor neutrino experiments: In a nuclear power plant the ele-
ments 25U and ?*Pu are used for nuclear fission by thermal neutrons.
Subsequently, fission products undergo beta decay because of their neu-
tron excess. In these decays electron antineutrinos are released. These
antineutrinos provide another possibility to measure 93, due to their
intensive flux and low energies (typically below 8 MeV) [Obe06]. The
small energies as well as short baselines guarantee the absence of mat-
ter oscillation effects. However, the low energies of antineutrinos from
nuclear power plants have a major disadvantage: As the energy is not
sufficient to produce muons or tau leptons only disappearance experi-
ments are possible.
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Expanding formula (1.8) on page 7 for low energies and short base-
lines gives us the survival probability for an electron antineutrino as a
function of the baseline L and the neutrino energy E [Bil01]:

Am32,L
P(7, — ) = 1—4-sz’n21913-00527913'5m2( TEQ )

Am%lL)

(1.16)

— cos*y3 - 5in*(2015) - sin? < 15

+  2sin%V43 - c0s*15 - sinqy -
Am3, L Am3 L Am3,L
-(cos( 5E 25 — cos %5

The second term in the first line of eq. (1.16) describes the atmospheric
driven oscillations and is the most important term of the order of 107!
for typical values of L over E for reactor neutrino experiments. The
second line in (1.16) includes the solar driven oscillations while the last
contribution is an interference term between the first two. Both the
second and the third contribution are of the order of 1073 and can be
neglected to first approximation for short baselines L.

Equation (1.16) shows the great advantage of reactor neutrino experi-
ments: to good approximation, the survival probability P(v, — 7.) is
free from parameter correlations (e.g. with ) as well as degeneracies.
Together with the absence of matter effects this provides a clean mea-
surement of ;3. Limiting factors in all reactor neutrino experiments
are the statistical and systematical uncertainties.

For the next years, several reactor neutrino experiments are planned,
among them the projects in Daya Bay and Angra. The Daya Bay
reactor complex near Hong Kong, China, has, at present, four reactor
cores with a total thermal power of 11.6 GW. The experimental concept
foresees 3 different detector sites: two near detector sites to monitor the
antineutrino flux and one far detector site (consisting of four identical
detectors) for measuring 913 (910 m.w.e. overburden). All detectors
will contain liquid scintillator, in each case 20 tons, as neutrino target.
It is intended to have the system online end of 2010 and to reach a
sensitivity of sin?(2113) < 0.01 after 3 years of data taking [Day07].

Quite similar to the Daya Bay project is the proposed antineutrino de-
tector at the Angra dos Reis nuclear reactor facility in Brazil with a
total thermal power of 6 GW on two blocks. Angra is also intended
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to have the common near and far liquid scintillator detector configu-
ration as well as an additional one-ton very near detector (50 metres
baseline) for cross checks. The far detector site will have an overbur-
den of ~ 2000 m.w.e. and will contain a 500 ton detector. Angra is
planned to start data taking in 2013 and to reach a sensitivity down to
sin?(20913) = 0.006 [Anj05].
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Chapter 2

The DOUBLE CHOOZ
Experiment

2.1 Neutrino physics with DOUBLE CHOOZ:
Signal and background

The most advanced reactor neutrino experiment' meant to measure 5 is
DOUBLE CHOOZ in the French Ardennes [And04, Ard04, Ard06, Ber04,
Obe06], see map in figure 2.1.

DOUBLE CHOOZ uses two liquid-scintillator underground detectors, one
near detector for antineutrino flux monitoring and one far detector being
sensitive on neutrino oscillations due to 3. Figure 2.2 shows the survival
probability P (v, — v.) (equation (1.16) on page 15) for an electron antineu-
trino as a function of & for three different values of Am2,, where L is the
baseline and E the neutrino energy. The arrows indicate the positions of the
two DOUBLE CHOOZ detectors.

The position of the far detector is chosen in such a manner, that the effects
coming from neutrino oscillations due to ;3 are (nearly) maximal, leading to
the best possible sensitivity. At the location of the near detector all oscillation
effects to good approximation can be neglected making a monitoring of the
total antineutrino flux from the reactor feasible, as well as the determination
of its spectral shape and time variations. The measurement of ;35 does not
only rely on the deviation of the energy-integrated flux from the 1/r* law at
the location of the far detector, but also investigates the distortions of the
antineutrino energy spectrum caused by the energy dependend oscillations.
This improves the reachable sensitivity enormously.

'For a comparison between the different experiments see [Las06].
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Figure 2.1: Map of northern France and southern Belgium. The red circle
shows the location of the Chooz reactor site, where the DOUBLE CHOOZ

experiment is being set up.

The intended sensitivity of DOUBLE CHOOZ is sin?(29;3) < 0.03 (at
90% C.L. for Am3, = 2.0-1072 eV?) after three years of data taking [Ard06],
see figure 2.3 on page 20.

In a liquid scintillator the electron antineutrinos can undergo inverse beta
decay

ve+pt —et+n (2.1)

with an energy threshold of 1.8 MeV. The reaction products, the positron
and the neutron, are used for a delayed coincidence measurement. In the de-
tector the energy deposited by the positron is the sum of its kinetic energy
Ec.+ and the energy of the gamma rays released after the annihilation with
an electron?. Thus the energy of the positron signal exceeds at least 1 MeV,

2 Annihilation in flight does not cause problems, as the detector works like a calorimeter
and measures always the total energy of an event.
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Figure 2.2: Probability for an electron antineutrino to be detected again as
electron antineutrino plotted as a function of baseline L over neutrino energy
E on a logarithmic scale. The positions of the two detectors are shown, too.
The black curve shows the survival probability for Am2, = 2.4 -1073eV?,
the blue curve for Am32, = 2.0 - 1073 eV? and the red one for Am3, = 2.7 -
107* eV2. Plotted for sin*(2013) = 0.19 (CHOOZ limit).

which can define a lower threshold for this event class and allows to ex-
clude events below this threshold. This energy deposition happens quite fast
and serves as prompt signal. A delayed coincidence signal occurs, when the
produced neutron is captured by a gadolinium nucleus in the scintillator,
releasing gamma quanta with a total energy of about 8 MeV and a mean
multiplicity of ~3-4:

n+Gd— Gd* — Gd+~v (8 MeV) (2.2)

The time interval between these two signals is of the order of 2-100 us,
while the spacing should be less than 1 metre [And04]. Using this method of
delayed coincidence provides the opportunity to greatly reduce the number
of background events.
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Figure 2.3: Intended sensitivity of the DOUBLE CHOOZ project (red curve).
At first the far detector will be set up. Roughly one and a half years later the
near detector shall be finished, diminishing the systematic uncertainties and
thus increasing the reachable sensitivity. From [Ard06].

Measuring the total energy of the positron provides the needed informa-
tion on the energy of the incoming electron antineutrino:

E;, ~ Ee+ + 511 keV + (my, — my+) (2.3)

Here the kinetic energy of the neutron was neglected, an approximation
which is valid for small neutrino energies.

The reachable sensitivity in measuring 1,3 is limited by systematical and
statistical uncertainties. While the latter can be reduced by increasing de-
tector mass and measuring time, systematical errors are the main challenge
for the detector design. Many of the uncertainties, the CHOOZ experiment
[Apo03] suffered from, can be cancelled or greatly reduced by the utilization
of the near detector, for example the uncertainty in the absolute reactor neu-
trino flux or of the cross section of the inverse beta decay. But one major
contribution to the systematical error remains: background events mimicking
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the antineutrino signal. This background can be separated into two classes,
accidental background and correlated events.

Correlated background events are caused by cosmic muons. Muons not
hitting the detector directly can produce fast neutrons in the surrounding
rock material. These neutrons are able to enter the inner parts of the detector
without being identified in the inner veto system as they are uncharged and
do not deposit energy in the liquid scintillator. Finally in the neutrino target
the neutrons can cause a proton recoil, mimicking the prompt positron signal
(when in the right energy interval), and can then be captured on gadolinium.
Such an event will be misidentified as neutrino event.

But also muons hitting the neutrino target directly and being identified
correctly by the veto system might be harmful: they can produce long-lived
unstable isotopes by spallation processes on the ?C nuclei of the liquid scin-
tillator. Some of these isotopes, like 8He, ?Li or ''Li, decay via (-n-cascades,
producing exactly the same signature as an electron antineutrino. The ma-
jor problem here is their long half-life (in the order of 100 ms or longer),
which makes it impossible to veto the whole detector for several half-lifes.
Otherwise the detector dead-time would reach 100%.

Accidental background is mainly created by beta and gamma rays from
natural radioactivity (like uranium and thorium and their daughter isotopes
in the liquid scintillator or K in the PMT glasses) with energies above
1 MeV followed by some event creating an 8 MeV signal, like slow neutrons
or high energetic gammas produced by muons. Alpha radiation does not
contribute, as its visible energy in the liquid scintillator is quenched below
1 MeV, the positron threshold [Ard04]. In contrast to the correlated back-
ground the rate of accidental events can be measured in-situ. In order to
avoid or, at least, decrease accidental background one has to carefully look
for detector materials containing as little radioactivity as possible. The aim
is to have a single event rate of less than 10 counts per second for events with
an energy > 1 MeV in the whole detector. This leads to strong limits on the
radioactivity of the detector materials, especially for the liquid scintillators.

2.2 Detector site & setup

The nuclear power station in Chooz (see fig. 2.1) has two pressurized water
reactors with a total thermal power output of 8.5 GW. At a distance of 1050
metres from the reactor cores an underground laboratory with an overburden
of about 300 m.w.e. is located, where the far detector will be set up. The
near detector shall be installed close to the reactor cores in an artificial cave
with an overburden of at least 50 m.w.e. The shielding against cosmic rays

MARTIN HOFMANN: GAMMA SPECTROSCOPY FOR DOUBLE CHOOZ



22 CHAPTER 2. THE DOUBLE CHOOZ EXPERIMENT

has to be built in such a manner, that the signal to background ratio exceeds
100. Both detectors are identical in structure, only the volumes of the inner
veto differ slightly. Figure 2.4 shows a cross section of the planned detectors:

PMT support Gamma catcher
structure

Inner veto

Buffer

Figure 2.4: Cross section of the DOUBLE CHOOZ detectors. From inside to
outside: meutrino target, gamma catcher, buffer liquid, PMT support struc-
ture, and muon-veto. This veto is referred to as inner veto, while the so-called

outer veto covering the detector on top (see text) is not shown here. From
[Ard06].
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The DOUBLE CHOOZ detectors consist of four concentric cylindrical
volumes. The innermost cylinder, the so-called neutrino target, is made of
acrylic and filled with 10.3 m? of 0.1% gadolinium loaded liquid scintillator.
It is surrounded by another acrylic vessel filled with 22.6 m? of non-loaded
scintillator providing the same light yield as the neutrino target. This volume
serves as gamma catcher for the gamma rays released after the neutron cap-
ture on gadolinium and ensures a homogeneous detector response®. These
two volumes are surrounded by a steel tube, carrying 534 photomultiplier
tubes for read-out. It is filled with 114.2 m? of a non-scintillating liquid, the
so-called buffer, in order to keep the gamma quanta from the radioactivity
in the PMTs away from the target region.

The outermost volume, 90 m? of liquid scintillator (with 78 photomulti-
pliers) for the far detector and slightly more for the near detector, is serving
as an active muon-veto (inner veto). Furthermore, the whole detector will
be covered on top with layers of gas-filled wire proportional chambers. This
outer veto system does not only provide redundancy for the inner veto, but
also allows a higher tracking resolution and can tag even those muons, which
merely pass near the detector and might produce fast neutrons.

3Homogeneous detector response means, that the visible energy after a neutron capture
on gadolinium is always the same. Without the gamma catcher this visible energy would
depend on the position of the event in the detector: for neutron events in the middle of
the neutrino target the whole 8 MeV gamma energy could be seen, while for events taking
place at the edge of the neutrino target some energy could be ”lost” due to escaping
gamma rays.
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Chapter 3

Detector setup and calibration
for low-background gamma
spectroscopy

3.1 The detector system at a glance

The low-background measurements for the DOUBLE CHOOZ experiment
are performed with a semi-conductor detector made of germanium. It is
located at the Garching underground laboratory and surrounded by several
active and passive shielding systems in order to reduce the background and
thus increase the reachable sensitivity. Fig. 3.1 shows the open detection
system, where the individual parts are marked in different colours.

The germanium detector, the gamma spectroscopy is done with, is a high-
purity detector with a relative counting efficiency! of 150.5%. It is placed
inside a 1.5 mm thick evacuated magnesium housing and operated at liquid
nitrogen temperature. This germanium detector will be described in more
detail in section 3.2.

For suppression of the background coming from Compton-scattered events
in the germanium crystal, a sodium-iodide scintillation counter shielded with
copper and aluminium and read out with 7 photomultipliers is used as anti-
Compton veto (see section 3.3). Both the germanium and the sodium-iodide
detectors are arranged within a 15 cm thick lead shielding, thus greatly re-
ducing the background from external gamma sources in the laboratory. The
innermost 5 cm of the lead are made of ultra pure lead from Poland with
a specific activity of radioactive 'Pb of less than 5 Bq/kg [Lan07]. ?'°Pb
decays into 21Bi, releasing gamma rays with an energy of 45.6 keV, as well

!The definition of the relative counting efficiency is given on page 27 in section 3.2.
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Figure 3.1: The whole detection system with opened top cover. The part
marked in red in the middle of the picture is the magnesium housing con-
taining the germanium crystal. It is enclosed by the sodium-iodide scintil-
lation counters in a copper and aluminium shielding (marked in green), the
lead shielding (blue), the PVC boz (yellow) and the active muon-veto system
(purple). On the top of the picture the dewar for the liquid nitrogen supply
can be seen (pink). To obtain an imagination of the size of the individual
parts a 50 Furocent coin was placed on the left side of the copper housing of
the anti-Compton veto system.
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as X-ray fluorescence quanta from 2°Bi (77.1 keV and 87.3 keV) due to in-
ternal conversion. Since gamma quanta of such a low energy are unable to
penetrate 5 cm of lead, it is sufficient to use the low-activity lead only on the
inside of the shielding. Thus the gammas from 2!°Pb produced in the outer
part of the shielding will not reach the germanium detector at all.

The next part outwards is a 10 mm thick plastic box made out of poly-
vinyl chloride (PVC) sealed with silicone and rubber. This box serves as a
shelter against the radioactive nobel gas radon. To blow the air and with it
the radon out of the box it is flushed before and also during operation with
the evaporating nitrogen from the dewar containing the LN2 supply for the
germanium detector. The nitrogen flux is about 166 litres gas per hour. The
process takes quite a long time (at least 48 hours) and is done before each
measurement.

Another severe background is coming from cosmic rays: While the hadro-
nic component of the cosmic radiation is absorbed by the overburden of the
underground laboratory, muons can easily penetrate into the detector and
produce a signal either directly via ionization or by creating secondary par-
ticles interacting in the germanium crystal. These muons cannot be blocked,
but using an active muon-veto system those events in the recorded spectra
can be eliminated. Therefore the whole detector system, except for the bot-
tom, is surrounded by plastic scintillator panels equipped with PMTs (see
section 3.4).

The entire construction including the read-out electronics and measuring
computer is located in the Garching underground laboratory. This lab pro-
vides an overburden of approximately six meters of soil, corresponding to 15
m.w.e. and being sufficient to nearly completely shield the hadronic compo-
nents of the cosmic radiation and to reduce the energy-integrated muon flux
by roughly a factor of three [Hen99]. Figure 3.2 shows two photographs of
the underground lab and the experiments arranged there.

3.2 The germanium detector

The HPGe detector used for the low-background gamma spectroscopy is an
”Ortec GEM” p-type detector (serial number: 35-P40627A). It is operated at
liquid nitrogen temperature (77 K) to reduce thermal noise with an operation
bias of 42000 V. The germanium detector has a relative counting efficiency
of 150.5%, which means that the probability for a gamma ray to deposit its
full energy within the germanium crystal is about one and a half times higher
than that for a sodium-iodide crystal of cylindrical shape with 3” length and
3” diameter (the convention to assign 100% efficiency to such a sodium-iodide
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Figure 3.2: Photographs of the Garching underground laboratory. On the
lefthand side, the detector system used for this diploma thesis can be seen
(in front), as well as two further germanium detectors in their shieldings
(back). The picture on the righthand side shows the insert of a 3He/*He
dilution refrigerator (back) for low-temperature experiments together with the
gas-handling system and read-out electronics. In front, a silicon counter, also
being within a lead assembly, can be seen.

counter was made for historical reasons [Kno00]).

The high counting efficiency is reached by using a large crystal with an
active volume of 618 cm? or 3275 grammes of pure germanium. The crystal
itself has a diameter of 89.5 mm and a length of 99.0 mm with an inner bore
of 8.1 mm diameter (see fig. 3.3). To protect its surface it is housed in an
evacuated magnesium cylinder, also serving as entrance window for incoming
gamma rays. The thickness of this window (1.5 mm at the frontside) leads to
a lower detection threshold of approximately 15 keV, as for gamma quanta
of an energy less than this value the penetration probability drops well below
5%.

The energy resolution obtained with this germanium detector is 2.189 keV
at 1.33 MeV (gamma line from %°Co; measured with a shaping time constant
of the analogue main amplifier of 8 us) and 955 eV at 122 keV (gamma line
from 57Co). Furthermore the detector achieves a peak-to-Compton ratio of
93.9 for 1.33 MeV gamma rays; this means the intensity of the photopeak
is more than 90 times higher than that of the corresponding Compton edge.
Calibration of the germanium detector is carried out using calibration sources
as well as gamma lines from the ambient radioactivity (e.g. the 2.6 MeV line
from 2%8T1).
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Figure 3.3: Cross section of the 150.5% germanium detector including the
housing materials. The germanium crystal is represented by the hatched area
in the middle of the figure. The rod in its center is made of copper and serves
for cooling, as it has direct contact to the liquid nitrogen supply. Around the
crystal a thin aluminium cylinder is mounted. Both parts reside within the
evacuated magnesium housing. All dimensions in mm. After [Hen99].
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Figure 3.4: Photograph of the disjointed anti-Compton veto system consisting
of sodium-iodide scintillation crystals in a copper shielding with aluminium
entrance windows. From left to right: upper half shell, lower half shell and
endcap. These parts surround the germanium detector in nearly 4w geometry,
except for a small solid angle at the backside of the germanium detector, which
stays uncovered. The crystals of the half shells have a length of 300 mm and
a diameter of 305 mm with an inner bore of 132 mm. The NaJ detector
system consists of six 27 PMTs (at the upper and lower half shell) and one
37 PMT mounted at the endcap.

3.3 Anti-Compton veto

3.3.1 General layout and working principle

As already mentioned in section 3.1, the germanium detector is enclosed
by an anti-Compton veto system composed of thallium-doped sodium-iodide
scintillation crystals. They are residing in a copper housing with 0.8 mm thick
aluminium entrance windows (see fig. 3.4) made of ultrapure aluminium.
The whole veto counter is divided into three parts, a lower and an upper half
shell and an endcap (serial numbers given in tab. 3.1).

Gamma rays, which escape the germanium detector after a Compton
scattering event, may deposit some energy in the sodium-iodide crystals (e.g.
by photoeffect or a further Compton scattering), see figure 3.5. The signal
produced by the scintillation light is afterwards converted into a logic pulse
by the signal processing electronics (section 3.5), which then serves as veto
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detector type numbering /
part serial number

upper half shell 305/2APC300/2(6)-E1

550223

lower half shell

120AC100/3-E1-LB-X
550224

endcap

Table 3.1: Serial numbers of the detector parts of the anti-Compton veto
manufactured by SCIONIX Holland.

PMT NaJ PMT
PMT NaJ Ge crystal PMT (2 Compton
wsmttering
NN
AV Ve Ve Ve ViV Ve Ve Ve
PMT NaJ PMT \/\/\/\/\Z\/\/\/\
energy deposition

Figure 3.5: Sketch of the working principle of the anti-Compton veto: after
a Compton scattering, the gamma quantum deposits some energy within the
sodium-iodide scintillation crystals, leading to a veto siganl.

signal. Due to this suppression of the Compton events especially gamma
peaks at low energies become more prominent in the spectra recorded with
the germanium detector and can thus be recognized more easily.

3.3.2 Calibration and balancing procedure

The first task in calibrating the anti-Compton veto was the detection of pos-
sible light leaks. This is of high importance as light leaks greatly increase the
dark current of the PMT and therefore elevate the lower detection threshold
leading to a worsening of the detector efficiency. The light leak detection was
done using a ?*' Am calibration source, which emits gamma rays of the ener-
gies 26.3 keV, 33.2 keV and 59.5 keV. Recording the pulse height spectrum
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of such a low-energetic gamma source provides information on the beginning
of the noise band. According to the SCIONIX data sheet this should be at
about 5 keV. Measured values for the start of the noise band are ~8 keV
for the endcap and ~15 keV for the outer parts of the detector applying a
high voltage of +750 V. These values are not perfect but adequate: gamma
quanta of lower energy are unlikely to enter the scintillation counter through
its entrance window.

During this procedure two major problems were recognized: Firstly, the
fixture of the left PMT at the lower half shell was loose-fitting, leading to
a bad contact between multiplier and scintillation crystal. This could be
solved by replacing the fixture by a new one. Secondly, two PMTs (left and
right one at the lower half shell) showed double peaks in their pulse height
spectra. As an example figure 3.6 shows 37Cs spectra (single gamma line at
662 keV) of all seven PMTs. The appearance of double peaks is problematic
as it tremendously worsens the energy resolution.

To inspect these two multipliers they were removed from the copper hous-
ing and checked for mechanical damage, but none was found. So they were
mounted again at the anti-Compton veto, but this time without using optical
compound in order to investigate whether a bad optical contact was causing
the double peaks. Finally the problem was identified as a bad electrical con-
tact in the gain (focus) potentiometers? of the PMT bases. It was solved by
turning these potentiometers several times. Figure 3.7 on page 34 shows the
influence of the potentiometer position on the peak shape in the pulse height
spectrum.

Having solved these initial problems the next step in the installation of the
anti-Compton veto system was to balance the gain of the photomultipliers by
adjusting the gain (focus) potentiometers and the applied high voltages. This
balancing serves for getting the best energy resolution possible. Furthermore,
for geometrical reasons the read-out of the seven multipliers can happen by
only one signal cable, therefore the gain of all PMTs should be fairly the
same in terms of setting one common threshold. Thereby the highest possible
detector efficiency is reached without creating too much dead-time. As the
gain of the multipliers at the endcap and the lower half shell is bigger than
that of the upper multipliers (cf. fig. 3.6), it was decided to use two different
high voltages, one for the three upper 2-inch multipliers and one for the other
four ones. The figures A.1, A.2 and A.3, which can be found in appendix A,
show the respective 37Cs-spectra of the upper and lower half shells and the

2 According to the SCIONIX data sheet these potentiometers are for gain adjustment.
However, because of the defocussing effect of the potentiometers (see fig. 3.7), they are
called ”gain (focus)” in the following.
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Figure 3.6: 37 Cs-spectra of all seven multipliers of the anti-Compton veto.
The double peaks in the spectra of the PMTs left and right at the lower half
shell can clearly be seen. All spectra were recorded with an amplification of
~3k, a high voltage of +900 V and full gain (focus) at the PMT potentiome-
ters. The measuring time was 300 seconds.
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Figure 3.7: 137 Cs-spectra of the lower-left PMT with different positions of the
gain (focus) potentiometer: Full gain, potentiometer at 90%, 15%, 50%, 25%
and lowest possible gain. High voltage: +1000 V. All spectra were recorded
over 300 seconds.
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’ Energy resolution at 662 keV ‘

ffl];cltzgeg hazz?ﬁ;z halz(;fﬁ;z endcap
4850 V 23.0% 14.6% 8.7%
4900 V 21.3% 13.7% 8.1%
4950 V 19.4% 11.2% 8.5%

Table 3.2: Energy resolution of the different anti-Compton veto parts using
the Y37 Cs-spectra shown in fig. A.1 - A.3 in appendiz A. The gain (focus)
potentiometers of all photomultipliers are set to mazimum.

endcap for different voltages.

Table 3.2 lists the energy resolution at 662 keV of the different parts of
the anti-Compton veto at three different high voltages.

The energy resolution of the endcap and the lower half shell match the
values quoted in the SCIONIX data sheet, hence at these PMTs the gain (fo-
cus) potentiometers are kept at maximum position. For the upper half shell
the balancing procedure is executed. This procedure, including all relevant
spectra, can also be found in appendix A.

The energy resolution obtained for the upper half shell after the balanc-
ing procedure was 20.6% (with +950 V). As this value has not improved
compared to that observed before balancing, a bad optical contact between
multipliers and scintillation crystal was supposed to be the reason. Conse-
quently the three PMTs were unscrewed from the copper housing and the
optical compound was removed.

Now the energy resolution even changed for the worse (24.4%). Further-
more from tab. A.2 it can be seen, that the individual gain of the PMTs
reduced, too. For these reasons the three multipliers were again removed and
then remounted, this time recontacted with optical compound. Thereafter
the balancing procedure was applied again using a high voltage of 950 V (fig.
A4 and tab. A.3).

Finally the energy resolution did not match the value from the data sheet
(8.3%) and stayed at 20.2%. However, this bad resolution is not so bother-
some as long as the sodium-iodide scintillator is only used as anti-Compton
veto in anti-coincidence mode with a threshold just above the photomulti-
plier noise. But it would become a problem, if the energy threshold has to be

MARTIN HOFMANN: GAMMA SPECTROSCOPY FOR DOUBLE CHOOZ



CHAPTER 3. DETECTOR SETUP AND CALIBRATION FOR
36 LOW-BACKGROUND GAMMA SPECTROSCOPY

600
ch. 2208 1200 ch. 2207

500

counts
o
8
counts

+980 V

0 1000 2000 3000 4000 5000 6000 7000 8000

1000 2000 3000 4000 5000 6000 7000

channels channels
lower half shell
ch. 2212
400
350
300
]
‘E 250
3200
o +850 V
150
100
50
0 1000 2000 3000 4000 5000 _ 6000 7000 8000
channels

Figure 3.8: Final 37 Cs-spectra of the three anti-Compton veto parts with
balanced gain (focus) and high voltage. The position of the photo peak (in
channels) as well as the used voltage are displayed in each picture. Recorded
over 100 seconds of measuring time.

set to a certain value or if coincidence measurements have to be made. For
example one could think of triggering on the 511 keV positron annihilation
line appearing after a pair production process. This coincidence condition
would allow to measure the single or double escape peaks of a high-energetic
gamma line nearly background-free.

The last step of the calibration process was the adjustment of the high
voltage, so that the three parts of the anti-Compton detector have approx-
imately the same gain. For the endcap and the lower half shell 850 volts
have been found to be optimal and the gain (focus) potentiometer of the 3”
PMT at the endcap was slightly adjusted to match the correct gain. The
potentiometers at the upper half shell stayed at the positions obtained in
the balancing procedure; the optimal voltage used here is 980 V. The re-
sulting 3"Cs-spectra are displayed in fig. 3.8, including the peak position in
channels.
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Figure 3.9: The fully equipped active muon-veto system consisting of 6 plas-
tic scintillator panels with photomultiplier tubes. The panels are made of a
scintillating material called BC408, which is based on polyvinyl toluene (see

fig. 8.10).

3.4 Muon-veto system

3.4.1 Overview of the setup

As already mentioned above, the detector system is equipped with an active
muon-veto system to reject events from cosmic muons. This muon-veto is
consisting of 6 plastic scintillator panels, surrounding the detector on top
and on all sides except on the bottom (fig. 3.9).

These panels are made of a scintillating plastic material called polyvinyl
toluene (see fig. 3.10) including additional fluors and are covered with a
light-tight foil. Each panel is 5 cm thick and equipped with a 3”7 PMT. Table
3.3 lists their serial numbers as well as those of the PMT bases, while fig.
3.11 shows the shape and the size of the different panels.
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=}
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Figure 3.10: The chemical structure of polyvinyl toluene [Ste07]. The brackets
with the index n indicate, that this molecule is repeated very often to form
the PVT chains. The sum formula is (CyHs-CgHy-CHs), .

Panel osition serial number /
number P PMT base number

1 side loft 43.307X29.528R2BC408/2 PG-564

02079863

9 side 43.307X29.528R2BC408/2 PG-563
right 02079859

3 front 39.370X31.496R2BC408/2 PG-562
02079860

4 back 31.496X17.717R2BC408/2 PG-567

left 02079861

back 31.496X17.717R2BC408/2 PG-568
right 02079862

43.31X35.43H2BC408 /2L P1-932

0 top 02079864

Table 3.3: Position and serial numbers of the 6 muon-veto panels manu-
factured by BICRON. The position is given as seen from the middle of the
underground lab.

MARTIN HOFMANN: GAMMA SPECTROSCOPY FOR DOUBLE CHOOZ



3.4. Muon-veto system 39

PMT
PMT

@ ¢ @

———— 500 ——

——s00——|

PMT
PMT

T 40—+ |——450—+ T

f 1 i

PMT @ T

s ——

T — [

P

f 1000 |

Figure 3.11: Schematic view of the 6 plastic scintillator panels. The sizes are
given in units of millimeters.

3.4.2 Calibration

In order to identify cosmic muons correctly with a high efficiency and with-
out generating too much dead time, the muon-veto system has to be cali-
brated. Spectra with a radioactive calibration source (**Co; gamma energies
of 1.173 MeV and 1.332 MeV) were recorded with all 6 panels. The %°Co-
source was held roughly in the middle of each panel. To record the spectra
a main amplifier (type 2010 from CANBERRA; gain: ~ 3k) and the CAN-
BERRA Genie-2000 software were used?.

The high voltage for each panel was adjusted in such a way, that the
Compton edge of ®°Co appears at nearly the same position in all spectra,
i.e. the same channel in the spectrum. The voltages found in this procedure
are given in tab. 3.4 and are used as well for the muon-veto later on during
the measurements. The ”gain” potentiometer at the PMT bases was chosen
maximal in all six cases.

The last step in calibrating the muon-veto system was the adjustment
of the focus of the PMT bases. The "focus” potentiometer was set into the

3These spectra can be seen in figure B.2 in appendix B.
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Current without
panel number Voltage radioactive

source
1 +1400 V 186 pA
2 +1400 V 187 A
3 +1380 V 183 uA
4 +1187 V 157 uA
5 +1207 V 159 pA
6 +1182 V 157 A

Table 3.4: Voltages and currents of the PMTs mounted at the plastic scintil-
lator panels.

middle position and the spectrum of the ®°Co source was recorded. Then
the potentiometer was turned slightly into one direction and the spectrum
was recorded again. Did the number of counts within the interval of +200
channels around the maximum of the Compton-edge peak increase, the focus
improved. In this case the potentiometer was turned further in the same
direction, until a maximum of the counts was reached. Did the number of
counts in the given interval however decrease, the focus deteriorated and the
next turns were therefore made in the opposite direction until again the best
focus was reached?.

After that the %°Co calibration source was removed and for each panel
a muon spectrum was recorded (amplifier gain now ~ 300). These spectra
are shown in fig. 3.12. Besides the PMT dark noise at low energies® (expo-
nential behavior) the Landau distribution [Vo0j95] of the cosmic muons can
clearly be seen. These spectra have been used later on in order to adjust the
discriminator thresholds for the muon-veto (cf. chapter 3.5).

4Again, the results of this procedure can be seen in appendix B (fig. B.3).

5The electronic noise is negligible. This was proven by recording spectra without HV
supply for the PMTs. In these spectra no noise was observable at all. Thus the dark noise
of the PMTs is the main contribution to the pedestal as seen in the spectra in fig. 3.12.
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Figure 3.12: Muon spectra of the siz plastic scintillator panels, measured over
a longer time (typically over night) in the Garching underground laboratory.
The structures at the high-energetic end of the three spectra on the lefthand
side are due to the upper threshold (”overflow”) of the ADC used and have

no physical meaning.
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3.5 Read-out electronics for signal processing

3.5.1 Analogue part of the electronics

Figure 3.13 shows the wiring diagramme of the NIM read-out electronics, as
it was developed and used for the measurements.

@
G| Ge —Ampl—=2naeg ADC%NM
| 3 Gate &
@ HV

NaJ TFA CFD

| @
GG |
HV |@ C

oin

@ T
5 o @ JGG ®
Veto—AmPI—0%h— oR
Gater T TTTTTTTTTTTTT d
Ampl a“a'°9ADC% AlM
18

Figure 3.13: Wiring diagramme of the read-out electronics. The individual
modules are tagged with a number and explained in greater detail in the fol-
lowing itemisation.

1. High voltage power supply for the germanium detector type "HVS 2”
manufactured by HALDER. Operation bias is +2000 volts.

2. Germanium detector (see section 3.2)

3. Main amplifier ”Model 2010” from CANBERRA for amplification and
shaping of the germanium signal. The power supply for the preamplifier
at the germanium detector is connected to this module, too. Used
settings for the gamma spectroscopy are (unless otherwise noted):
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10.

e coarse gain: 30

fine gain: 3.00

shaping time constant: 8 us

pole zero (P/Z): optimized with oscilloscope
base line restorer (BLR): SYM, HI

output polarity: positive

. Analogue-to-digital converter (ADC) type CANBERRA ”8713”. Un-

less otherwise noted the used settings are:

gain: 8k

peak detect: auto
e mode: PHA+

e cotncidence mode: anticoincidence

. Acquisition interface module (AIM) CANBERRA 7556 A” with the

ethernet address B87. This NIM module serves as multichannel anal-
yser and is read out by the computer.

Measuring computer. For the gamma spectroscopy measurements the
software package ” Genie-2000” from CANBERRA is used.

. High voltage supply "EHQ F020p” from ISEG for the photomultipli-

ers of the anti-Compton veto and the muon-veto system. It has 16
computer-controlled channels and is mounted in a seperate crate. The
used voltages for the muon-veto can be found in tab. 3.4 on page 40
and for the anti-Compton veto in fig. 3.8 on page 36.

. Sodium iodide scintillation counter as anti-Compton veto (section 3.3).

All seven PMTs are read out through one signal cable.

. Plastic scintillator panels (section 3.4). Here each multiplier has its

own signal cable.

Timing filter amplifier (TFA) CANBERRA 72110”. This fast amplifier
shapes the signal from the anti-Compton veto. For anticoincidence
measurements the following settings were used:

e coarse gain: 25

e fine gain: full
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11.

12.

13.

14.

15.

16.

e integration time: 20 ns

e differentiation time: 100 ns

Constant fraction discriminator (CFD) HALDER type ”2129” used
for setting a lower threshold for the anti-Compton signal. Settings

for triggering just above the PMT noise (lowest possible threshold,
~ 15 keV):

o window: full
o lower level: 0.20

e walk adjust: optimized with oscilloscope
The veto signal is taken from the TTL output in CFT-mode.

Gate generator (GG) ”GG 1300” manufactured by the electronics work-
shop of the Physik-Department of the TUM in Garching. This unit
contains two modules, one is used for the muon-veto and one for the
anti-Compton veto. The gate generator broadens the logic veto signal
to 20 ps. Furthermore, it delays the logic pulse so that it fully covers
the analogue signal from the germanium detector.

10-channel fast amplifier "Model N979” from CAEN for amplification
of the muon-veto signal without time delay. Each channel has its own
zero cancellation potentiometer, all adjusted seperately with the oscil-
loscope.

8-channel disciminator ”Model 623 BLZ” from LeCROY. At this mod-
ule an individual threshold is set for each muon panel, see tab. 3.5.
These thresholds were adjusted using a ratemeter and the muon spec-
tra shown in fig. 3.12 on page 41. The width of the output pulse was
set to 100 ns for each channel.

OR-logic from BORER & CO, "Type L320” for collecting the six logic
signals from the muon-veto. As the modules 13 through 15 operate
with negative NIM logic (-0.8 V), a CFD is installed between the OR-
logic and the gate generator for transforming the veto signal into a
positive TTL pulse (+2.0 V when terminated with 50 2).

Coincidence/Anticoincidence logic K 11007, also manufactured by the
electronics workshop of the Physik-Department of the TUM. This mod-
ule serves for gathering the two veto signals from both veto systems.
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Muon panel Discriminator

threshold
Panel 1 82.0 mV
Panel 2 97.5 mV
Panel 3 108.5 mV
Panel 4 60.5 mV
Panel 5 47.5 mV
Panel 6 31.5 mV

Table 3.5: Discriminator thresholds for the individual muon-veto panels.
These thresholds are adjusted in such a manner that the countrate above
the threshold is identical to that determined from the muon spectrum (fig.
3.12 on page 41).

Each channel can be switched either into coincidence mode or antico-
incidence mode. Most measurements are performed in anticoincidence
with both channels.

The total veto countrate is ~300 Hz, when both the muon-veto and the anti-
Compton veto are used in anticoincidence mode. Together with the veto
window of 20 us this leads to a dead-time of the whole detector system of
0.6%.

The modules marked in blue in fig. 3.13 can be used optionally to check
the analogue signal from the sodium-iodide crystals.

17. Main amplifier ”Model 2021” from CANBERRA for signal amplifica-
tion and shaping. Here some attention has to be payed to the shaping
time constant: it should not be too large in order not to overload
the input stage of the amplifier. Otherwise this would result in spec-
tra where all events are stored into a Gaussian peak around the same
channel independent of the energy of the events.

e coarse gain: 300

e fine gain: 0.3
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shaping time constant: 0.25 us

pole zero (P/Z): optimized with oscilloscope
base line restorer (BLR): SYM, AUTO

output polarity: positive

18. Like module 4.

19. Like module 5, but with the ethernet address B7C. The veto signal
produced by the muon-veto system is used in anticoincidence mode at
the gate input.

For cable connections RG58 cables (50 €2 impedance) with BNC connec-
tors are used, except for the signal cable between germanium detector and

main amplifier (RG62 BNC cable) and the interconnections between modules
13 through 15 (done with LEMO cables).

3.5.2 Digital signal processing with the DSP 9660A

In addition to the analogue read-out electronics described in section 3.5.1, a
digital signal processing unit (DSP; module type 9660A from CANBERRA)
was tested. The DSP is a combined digital amplifier and ADC. It replaced
the analogue main amplifier and the ADC used for signal processing for the
germanium detector (modules 3 and 4 in fig. 3.13), while the rest of the
electronic setup stayed the same. Within the DSP the incoming analogue
signal is at first amplified, after that directly digitised and then filtered with
a trapezoidal filter function. The rise time and the flat-top time of this filter
function are user-defined. Table 3.6 summarises the settings for the rise time
and flat-top time, as well as the respective measured values for the energy
resolution obtained for the 1.33 MeV line of a %°Co source.

The best energy resolution of 1.764 keV was obtained for a rise time of
16.8 ps and a flat-top time of 1.2 us. Therefore these settings have been
used for the measurements. This resolution is considerable better than that
achieved with the analogue main amplifier/ADC (2.189 keV). Also in long-
term measurements the energy resolution with the DSP is ~10% better.
However, it was observed, that the count rate in a given peak in the pulse
height spectrum of the digital electronics is ~3-4% less than that obtained
with the analogue part. The reason for this behaviour is up to now unknown
and will be investigated in future experiments.
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FWHM in keV

rise time [us]

flat top 12.0 | 13.6 | 15.2 | 16.8 | 184
time [us]
1.2 2.549 | 2.107 | 1.965 | 1.764 | 1.828
1.4 2.367 1.907 | 1.790 | 1.943
1.6 1.917 | 1.821 | 1.909
1.8 1.980 | 2.036
2.0 2.103
2.2 2.014
24 1.842
3.0 1.862

Table 3.6: Energy resolution obtained with the DSP 9660A for the 1.33 MeV
gamma line of ® Co. Countrate is roughly 30 Hz, measuring time 1000 sec-
onds. The different rows give the respective flat top times for digital signal
processing, the columns the rise times (both in units of ps). Attention has to
be payed, that the sum of rise time and flat top time does not exceed 20 us.
Otherwise the veto signal would be too short.
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Chapter 4

Monte-Carlo Simulation for the
determination of the detector
efficiency

4.1 The source code

In chapter 5 the analysis of the measured spectra will be completed and
the characteristic gamma lines of the different isotopes will be found. The
remaining task is the determination of the respective activities. For long-lived
isotopes, or isotopes from a natural decay chain (see appendix E), which are
in radioactive equilibrium, the activity is constant over the measuring time.
In this case, the activity of a certain isotope in a sample is given by

N
A=—-"77-— | (4.1)
t- EDet * P
where N denotes the number of counts in the corresponding peak, t the
measuring time, P the relative intensity of the gamma ray in this decay and
epet the detector efficiency. From this activity A, the mass concentration c

of the radioactive contamination can be calculated:
A-T-m
c=——— . (4.2)
Msample
Here 7 stands for the lifetime of the isotope, m its atomic mass and
Mgample is the mass of the whole sample.
The detector efficiency epe; specifies the probability, that a gamma quan-
tum deposits its whole energy within the germanium detector. Hence it
depends on two major contributions: firstly, the geometry of the whole setup
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including the solid angle covered by the germanium detector as well as the
materials surrounding the sample; and secondly, it depends on the energy of
the gamma ray, as this energy determines the cross sections for the photoef-
fect, Compton scattering and, if possible, pair production.

The determination of the detector efficiency for different geometries and
gamma energies is a crucial point for gamma spectroscopy measurements.
For this reason a Monte-Carlo simulation has been developed based on the
software package GEANT4 written in C++ [Ago03, All06, CERO7].

The structure of the source code is shown in the tree diagramme displayed
in fig.4.1.

germanium.cc I
GerRun- GerVis- GerDetector-
Action.cc Manager.cc

Construc-
| |

tion.cc
GerStepping- GerPhysics- GerStep-
Action.cc List.cc ping.cc
GerEM- GerMuon- GerGeneral— GerHadron—
Physics.cc Physics.cc Physics.cc Physics.cc

Figure 4.1: Tree diagramme of the source code of the simulation. All files are
linked into the main file called ”germanium.cc”. The file ”GerPhysicsList.cc”
is subdivided into several files, each including the physics for different kinds
of particles.

|

GerPrimary-
Generator-
Action.cc

This simulation contains the full detector geometry including the ger-
manium detector in its housing, the anti-Compton veto and the muon-veto
system (needed when simulating cosmic muons), the lead shielding and the
PVC box. A tracked gamma ray and its events can be seen in fig. 4.2.

The physics list ” GerPhysicsList.cc” contains (nearly) all kinds of parti-
cles and interactions, even those not needed directly for simulating gamma
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Figure 4.2: Simulated gamma event in the software tool kit GEANTY. The
gamma quantum, generated at the point marked with ”"x” between the germa-
nium detector (top) and the endcap of the anti-Compton veto with an energy
of 1.33 MeV, does four Compton scatterings (red arrows) within the ger-
manium crystal, then escapes and scatters three times in the sodium-iodide
counter before it is finally absorbed in the lead shielding (last red arrow).

rays or cosmic muons. Table 4.1 gives an overview of the included particles
and their interactions.

4.2 Simulated detector efficiencies versus mea-
sured values

The Monte-Carlo simulation has of course to be checked for its accuracy.
Therefore values of epe; have been simulated (in the following denoted by
gsim) and compared to detector efficiencies epe.s calculated from measure-
ments with calibration sources with known activities. Tables 4.2 and 4.3 list
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Table 4.1: Particles and interactions included in the Monte-Carlo simulation.
The columns mesons and baryons summarize all longlived hadronic particles,
while shortlived stands for baryonic resonances and quarks. For test runs the
file ”GerGeneralPhysics.cc” provides the non-physical particles ”geantino”,
having no interactions at all, and "charged geantino”, only interacting with
electromagnetic fields. The row 7scattering” includes both elastic and in-
elastic processes. The hadron physics is mainly needed for the simulation of
neutrons, created by gammas or muons and interacting within the germanium
detector.
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Simulated efficiency €gm [%]

centered on the symmetry axis
6[227%1/ 150tope 10 mm 100 mm 200 mm
26 2 Am | 18.4340.04 | 2.6440.02 | 0.80£0.01
33 2MAm | 23.7940.05 | 3.174+0.02 | 0.91+0.01
60 2HAm | 28.854+0.05 | 3.5340.02 | 1.05£0.01
81 133Ba | 28.8640.05 | 3.50+0.02 | 1.0440.01
122 TCo | 27.0840.05 | 3.2540.02 | 0.9740.01
136.4 Co | 26.2640.05 | 3.1940.02 | 0.9640.01
302 133Ba | 16.9740.04 | 2.1240.02 | 0.6740.01
356 133Ba | 15.1540.04 | 1.9240.01 | 0.6240.01
511 2Na | 12.034£0.04 | 1.56+0.01 | 0.5040.01
662 137Cs | 10.2640.03 | 1.35+0.01 | 0.4540.01
834 Mn | 8.9440.03 | 1.1940.01 | 0.3940.01
898 88y 8.54+0.03 | 1.124+0.01 | 0.3840.01
1173 0Co 7.2840.03 | 0.9940.01 | 0.33+0.01
1275 2Na | 6.8740.03 | 0.9340.01 | 0.3240.01
1332 0Co 6.67+0.03 | 0.93+0.01 | 0.3140.01
1836 8y 5.40+0.02 | 0.7540.01 | 0.26+0.01

Table 4.2: Simulated values for the detector efficiency egm for different ge-

ometries.

The gamma source is point-like and centered on the azis of the
detector system in a distance to the entrance window given above the last
three columns. The source emits the gamma rays into 4m solid angle.

the simulated efficiencies for different geometries and gamma rays of differ-
ent energies emitted by a point-like source into 47 solid angle!, once for a
symmetric setup (gamma source placed on the symmetry axis of the detec-
tor system) and once for an asymmetric configuration (source placed 2 cm
off-axis). egm and its statistical error are given by:

Esim = N + VN

e Ntotal Ntot(zl

N is the number of events in the photopeak, while N, denotes the total
number of simulated gamma quanta.

In order to perform the measurements of the detector efficiency epeas,

(4.3)

In appendix C the mathematical formalism developed for the simulation of an isotropic
source can be found.
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Simulated efficiency €gim [%]
2 cm off-axis

enerqgy ‘

(ke V] 1sotope | 100 mm 200 mm,
26 21Am | 2.5340.02 0.76+£0.01
33 2 Am | 3.0240.02 0.91£0.01
60 2 Am | 3.4340.02 1.0340.01
81 133Ba | 3.3240.02 1.0340.01
122 Co | 3.1240.02 0.98+0.01

136.4 "Co | 3.0440.02 0.94+0.01
302 133Ba | 2.0640.01 0.66+0.01
356 133Ba | 1.8840.01 0.61£0.01
511 2Na | 1.5240.01 0.50£0.01
662 B87Cs | 1.30£0.01 0.44+0.01
834 Mn | 1.1540.01 0.40+0.01
898 8Y 1.1140.01 0.37£0.01
1173 Co | 0.98£0.01 0.34+0.01
1275 2Na | 0.92+0.01 0.32+0.01
1332 Co | 0.91£0.01 0.31£0.01
1836 8Y 0.73£0.01 0.26+£0.01

Table 4.3: Simulated values for the detector efficiency €gim for different ge-
ometries. To test the influence of the geometry an asymmetric setup was
created by placing the point-like gamma source 2 cm off the axis of the de-
tector system in a distance to the entrance window given above the last two
columns. Again, the source emits the gamma rays into 4w solid angle.
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point-like calibration sources with very low and well-known activity are need-
ed. These requirements on the sources turned out to be a major problem:
typically, the activities of the calibration sources are only known to £30%
[AEAO01] and exceed some hundreds of Bequerels, leading to excessive pile-
up in the germanium detector when placed close to the entrance window.
For that reasons eventually only four calibration sources were used for the
measurements: *3Ba with a remaining activity of 2.6 kBq, *"Co (4.3 kBq),
0Co (1.6 kBq) and ®Y (3.1 Bq), see fig. 4.3. The isotopes ! Am and 37Cs
have long half-lifes (432.2 yr and 30.23 yr, respectively), whereby all sources
of this type had too much activity left to be used for the measurements.
The only ?2Na source with suitable activity was not point-like, but a liquid
solution in a glass bottle making it impossible to create the correct geometry.

Figure 4.3: Calibration sources used for measuring the detector efficiency.
From left to right: ®" Co-source, 3 Y-source, 33 Ba-source and ® Co-source.
The radioactive material is a small metallic dot in the centre of each cali-
bration source (only visible for °"Co and ®Y). The size of the ® Co-source is
nearly the same as an 1 Furo coin.

The tables 4.4 and 4.5 give the measured detector efficiencies, again for
a symmetric and an asymmetric setup.
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Measured efficiency €pmeas [%]
centered on the symmetry azis
6[227%3/ 1sotope 10 mm 100 mm 200 mm
26 21 Am - - -
33 241 Am - - -
60 2 Am - - -
81 133Ba | 4.734£1.46 | 1.0440.33 | 0.31£0.10
122 Co | 12.34£3.72 | 1.61+0.49 | 0.4840.15
136.4 "Co | 12.624£3.86 | 1.6040.50 | 0.4940.16
302 133Ba | 12.4343.80 | 1.6440.52 | 0.52£0.17
356 133Ba | 11.404:3.46 | 1.4940.46 | 0.48+0.16
511 2Na, - - -
662 137Cs - - -
834 5Mn - - -
898 8Y 5.53£1.90 | 0.8740.33 | 0.29+0.11
1173 %Co 7.1942.19 | 1.234+0.38 | 0.42+0.14
1275 2Na, - - -
1332 Co 6.68+2.03 | 1.164+0.36 | 0.39+0.13
1836 8Y 2.86+1.02 | 0.534+0.21 | 0.184+0.06

Table 4.4: Measured values for the detector efficiency €meqs for different ge-
ometries using the calibration sources mentioned above. The quoted errors
are calculated from the 1o uncertainties of the Gaussian fit to the peaks in the
measured spectra and the uncertainty of the activity of the calibration sources
of £30% [AEAO01]. The errors of the geometry or effects like pile-up are not
taken into account.
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Measured efficiency €meqs [%]
2 cm off-axis
e[zzg]y 1sotope | 100 mm 200 mm
26 24 Am - -
33 2 Am - -
60 2 Am - -
81 133Ba | 1.0140.32 0.31£0.10
122 "Co | 1.5940.49 0.47+0.15
136.4 Co | 1.63+0.51 0.48+0.15
302 133Ba | 1.5940.50 0.51£0.16
356 133Ba, | 1.4740.45 0.47+0.15
511 2Na, - -
662 137Cs - -
834 54 Mn - -
898 8y 0.69+0.27 0.25+0.10
1173 Co | 1.1940.37 0.41£0.13
1275 2Na - -
1332 0Co | 1.1340.35 0.39+0.13
1836 8y 0.49+0.20 0.15+0.06

Table 4.5: Measured values for the detector efficiency €peqs for different ge-
ometries in an asymmetric setup. Again, the quoted errors include the un-
certainty of the Gaussian fit and the uncertainty of the source activity.
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Figure 4.4: Comparison between the measured and the simulated detector effi-
ciencies for the symmetrical setup. The ratio % 18 plotted as a function
of the gamma energy. The data set in red displays the values obtained for a
source position 10 cm in front of the entrance window. The error bars are
calculated by linear error propagation from the errors given in the tables 4.2
and 4.4. Obviously, the errors are dominated by systematic errors, in this
case the uncertainty of the source activity. The uncertainty of the geometry
18 again not taken into account. For the symmetric setup with a source posi-
tion at 20 cm, as well as the two asymmetric geometries, the plots look alike.
The systematic deviation at low energies is most likely due to absorption, see
text.

Obviously, the measured values for the detector efficiency show a system-
atic deviation from the simulated ones for energies below ~200 keV. This is
displayed in fig. 4.4, where =me===in ig plotted as a function of the gamma
energy for the symmetrical setup with the gamma source at a distance of
10 ¢m to the entrance window.

These deviations might have several reasons. As already mentioned above,
the activities of the calibration sources are known only to a precision of about
+30%. It is a noticeable fact in fig. 4.4, that the measured detector efficien-
cies are smaller than the simulated ones for the 3*Ba, the °"Co and the %Y
source, while they are larger for the %°Co source. Furthermore, for gamma
energies higher than > 200 keV the values are compatible with zero, when
taking into account the uncertainty of the source activity of 30%. This in-
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dicates, that the biggest uncertainty indeed comes from the activity of the
calibration sources.

Another striking point is the energy-dependence of the detector efficiency:
while the simulation predicts the maximum of g, at an energy of about 60
to 81 keV (see tables 4.2 and 4.3), the measured maximum lies much higher,
somewhere in between the 136.4 keV line of 5"Co and the 302 keV line of *3Ba
(tables 4.4 and 4.5). This could be caused by a layer of inactive germanium on
the edge of the germanium crystal, which is not included in the simulation, as
its thickness is unknown. Such a layer mainly has an impact on the efficiency
at lower energies, while gamma rays with higher energies are more likely to
reach the inner active part of the crystal. For example, the half-thickness
for absorption in germanium is 1.9 mm for a photon energy of 100 keV, but
more than 2 cm for an energy of 1 MeV [Fir96]. Thus, neglecting the inactive
germanium layer in the simulation could explain the huge deviation of ey,
from €meas for the 81 keV gamma line of 13Ba, as seen in tabs. 4.2 through
4.5 and fig. 4.4.

Furthermore, the detector geometry used in the simulation (fig. 3.3)
might slightly deviate from the actual one, leading to a further discrepancy
between simulation and measurement: for some germanium detectors it was
observed, that the crystals are not mounted straight-lined in their housings,
but slightly tilted [Kro07]. The correct detector geometry could be deter-
mined by x-raying the germanium detector.

The measured detector efficiencies for source positions close to the en-
trance window, particularly for 1 cm distance, suffer in addition from pile-up
due to the too high activity of the sources used (except for the 3¥Y-source
with only 3.1 Bq). Pile-up arises as sum-peaks in the recorded spectra, lead-
ing to a reduction of the measured efficiency. It can only be avoided by using
gamma sources with activities below ~1 kBq.

Minor contributions to the uncertainty of £,,..s come from the accuracy
of the positioning of the calibration source within the detector system (esti-
mated to be +1 mm), self-absorption of the gamma rays in the calibration
source (mainly relevant for small gamma energies), the efficiency of the read-
out electronics and the exactness of the Gaussian fit (done by the software
package Genie-2000) in presence of a high continuous background.

Last but not least, the physics model used in the simulation might be
inaccurate in some way: the simulation does not contain all interactions
and particles, which might occur in reality. Furthermore, the used materials
are taken from the GEANT4 database, which might contain some errors,
for example in the natural abundances of the stable isotopes of a certain
element. The total cross-sections of the different interactions for gamma

MARTIN HOFMANN: GAMMA SPECTROSCOPY FOR DOUBLE CHOOZ



CHAPTER 4. MONTE-CARLO SIMULATION FOR THE
60 DETERMINATION OF THE DETECTOR EFFICIENCY

rays are implemented only in a simplified parameterised form?. All these
effects could lead to (small) deviations of the simulated efficiencies &g, from
the measured ones, even in case the detector geometry was implemented
completely correct in the simulation.

Qualitatively correct in the simulated values is the behaviour of the de-
tector efficiency for asymmetric setups: here the simulated as well as the
measured efficiencies are a bit smaller for the off-axis configuration than for
the symmetric setup.

In summary, the simulation seems to be applicable for gamma energies
> 200 keV, but suffers from some problems for smaller energies. Most likely,
the deviations of the simulated efficiencies from the measured ones are caused
by absorption, like the inactive germanium layer at the detector surface.
However, to obtain better quantitative information on the size of the er-
rors, the measurements of the detector efficiency must be performed using
calibration sources with very well-known and lower activity.

2Thus it is possible to calculate the cross-sections using only atomic numbers, mass
numbers, densities and radiation lengths of the given materials [CER94].
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Chapter 5

Results and discussion of the
low-background gamma
spectroscopy

5.1 Ambient background activity

As already mentioned in section 3.1, great efforts have to be made in order
to keep the background, coming from various natural sources, at a low level.
Figure 5.1 shows two spectra, both recorded with the germanium detector
over a measuring time of ~230,000 seconds without any artificial source. The
curve in green was recorded without using any of the two active veto systems
(anti-Compton veto and muon-veto), but only the passive shieldings (lead
shielding, PVC-box flushed with nitrogen and the overburden of the under-
ground laboratory). Two major contributions to the natural background can
be distinguished:

e Gamma lines: The sharp gamma lines, which can be seen in the
spectrum, originate from several different sources:

— Gamma lines from 238U and ?*Th and their daughter isotopes.
These two long-lived isotopes are omnipresent in the detector
and shielding materials as well as in the surrounding laboratory.
Among them are also lines originating from radon (and its daugh-
ters), which has not yet been flushed out of the plastic box.
The high-energetic lines above ~1 MeV (mainly from ?'Bi and
208T1) originate also from sources in the laboratory and penetrate

In addition, all parts of the detector have been carefully cleaned before the first mea-
surements.

61



CHAPTER 5. RESULTS AND DISCUSSION OF THE
62 LOW-BACKGROUND GAMMA SPECTROSCOPY

through the lead shielding into the germanium detector. This was
recognised, when the lead shielding on top of the detector system
was increased from 5 cm to 15 cm, thereby decreasing the intensity
of the high-energetic lines by about 50%.

— The 1.4 MeV gamma line from the primordial isotope °K. This
potassium isotope has a natural abundance of 0.0117% and is -
amongst others - probably contained in the sodium-iodide crystals
of the anti-Compton veto.

— The 46.5 keV gamma line from 2'°Pb, contained in the lead shield-
ing.

— Gamma lines originating from excited states of different germa-
nium isotopes. These excited states are populated either by muons
or by neutrons (see also appendix D).

— The 511 keV gamma line and less prominent the 1022 keV gamma
line from positron annihilation. Positrons are created in pair-
production processes of muons or high-energetic gamma quanta.

— X-ray fluorescence lines from lead, around 75 keV, excited by
muons or gamma rays (see appendix D). These lines also ap-
pear after internal conversion, which occurs with high probability

after the decays of radioactive lead isotopes [Fir96], for example
212Ph and 2Pb.

e Continuous background:

— The Landau distribution (o< ezp {—1 (z + e™)}) mainly originat-
ing from the bremsstrahlung of the d-electrons released by cosmic
muons [Hen99].

— Compton scattering events of gamma rays depositing not the full
gamma energy within the germanium detector.

— Bremsstrahlung from electrons released in beta-decays of natural
radioactive isotopes.

The spectrum marked in blue in fig. 5.1 was recorded using both active
veto systems. Noticeable is the great reduction of the continuous background.
Most of the Compton scattering events are eliminated by the anti-Compton
veto, except for those which are scattered into the solid angle at the backside
of the germanium detector, being uncovered by the anti-Compton veto, or
those events depositing an amount of energy in the sodium-iodide scintillation
crystals, which is below the detector threshold (start of the PMT dark noise
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Figure 5.1: Two spectra, both recorded with the germanium detector over
~230,000 seconds without any artificial source. The spectrum in green was
recorded without using the active veto systems, the spectrum in blue with full
active veto. A detailed summary of the gamma lines, which can be seen, is
given in appendix D.

at about 15 keV, see section 3.3.2). The bremsstrahlung events from the
0-electrons released by cosmic muons are erased by the muon-veto system.
The main contribution to the still remaining continuous background comes
from the bremsstrahlung of the beta decay electrons [Hen99]. But not only
the continuous background is reduced, also some of the gamma lines vanish
when using the active veto sytems. Most eye-catching is the reduction of the
511 keV and the 1022 keV positron annihilation lines. From that reduction
it is possible to estimate a muon detection efficiency of the plastic scintillator
panels to > 97.7%. The X-ray fluorescence lines from lead are also greatly
reduced, when switching on the muon-veto. Last but not least all gamma
lines of excited germanium states with half-lifes shorter than ~20 us vanish,
as they are populated by muons or neutrons released in muon spallation
processes. The figures 5.2 and 5.3 show again the background spectrum with
complete identification of the most prominent remaining gamma lines.
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Figure 5.3: Low-energy part of the background spectrum shown in fig. 5.2.
The framed boxes again give the isotope with its literature value for the en-
ergy, while the numbers in green give the fitted peak positions. The energy
calibration is the same as in fig. 5.2.

Table 5.1 lists the number of counts in the background spectra, once
without the active veto systems and once with full active veto.
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energy range 0-500 500-1000 | 1000-1500 | > 1500
(ke V]
without 35.485 17.703 8.269 8.050
veto cpm cpm cpm cpm
with full 1.910 0.692 0.581 0.226
veto cpm cpm cpm cpm

Table 5.1: Number of background counts in the spectra recorded with the ger-
manium detector in units of counts per minute (cpm) for different energy
ranges. The reduction in the number of counts when using the active veto
systems is mainly due to the suppression of the continuous background orig-
wmating from cosmic muons and Compton-scattering events.

5.2 Performed measurements and results

5.2.1 Investigated samples

In the context of the low-background gamma spectroscopy for DOUBLE
CHOOQOZ several samples of organic liquids, scintillators and mineral oils, and
additional wave-length shifters were investigated. These samples are either
liquids or powders, making it necessary to use plastic containers to hold the
samples during the measurements. Therefore, first of all these containers
were measured in blank runs without any sample in order to determine their
contribution to the radioactive background. Two different types of plastic
containers were used: high-density polyethylene (short: PEHD) bottles with
a volume of 100 ml and containers made of polytetrafluoroethylene (” Teflon”,
PTFE) with a volume of 60 ml. The latter are much more expensive but are
needed, as some liquid scintillators are able to dissolve polyethylene.

In the following the results of the measurements will be presented in detail
for the liquid scintillator LAB (linear alcyl benzene), which is most likely used
in the inner veto system of the DOUBLE CHOOZ detectors (see section 2.2),
the mineral oil tetradecane, used for dilution of the liquid scintillators, the
primary wave-length shifter PPO (2,5-diphenyloxazole), and the secondary
wave-length shifter bisMSB (1,4-bis-(o-methylstyryl)-benzole). Tables 5.2 to
5.5 give more details on these four materials.

Each of these samples was measured over a measuring time of ~1,000,000
seconds (about 12 days) plus a ~48 hours time span before each measurement
for flushing the PVC-box with nitrogen. Although the dead-time of the
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detector system due to the active veto is very small (< 0.6%), the results are
corrected by this factor.

The analysis of the recorded spectra in terms of finding the gamma peaks
was done using the automatic peak-search routine implemented in the CAN-
BERRA Genie-2000 software package [GEN02]. This routine uses the second
derivative for peak identification. All peaks found, which exceed a user-
defined threshold in significance, are considered to be true gamma peaks. By
this, statistical fluctuations of the continuous background are rejected from
the list of gamma lines.

After the peak-search a Gaussian fit was applied to each identified gamma
line, using the method of non-linear least-squares fits [GEN02]. The contin-
uous background under the gamma peak is approximated by a step function
(with a step length, which depends on the steepness of the background) and
subtracted from the area of the peak. The number of counts in a given gamma
line is set equal to the area of the peak determined by this algorithm. Fur-
thermore, Genie-2000 calculates the lo-uncertainty of this peak-area, which
adds to the statistical error of the number of counts.

Tables 5.6 through 5.8 on pages 72-74 give a detailed overview over the
peaks identified in each spectrum recorded and specify the number of counts
in each peak normalised to 100,000 seconds of measuring time. The quoted
errors are the lo-uncertainties as calculated by Genie-2000. A detailed sum-
mary of the gamma lines, which are listed in these tables, is given in appendix
D.
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LAB

HC

CH,4

Linear alcyl benzene

CH, — (CHy), — CH(CsH;s) — (CHy),, — CHjy
n+m = 7-10

Sum. formula

sample mass 88.67 g

physical condition | liquid

P 550-Q
CAS number: 68890-99-3

type of product & Petresa Canada Inc. (PCI)

manufacturer 5250 Bécancour Boulevard
Bécancour (Québec) G9H 3X3, CANADA
Intended use in Liquid scintillator candidate for the

DOUBLE CHOOZ | muon-veto system (inner veto)

Table 5.2: Properties of the used LAB sample. Chemical structure, sum for-
mula and physical condition are given, as well as the mass of the investigated
sample. LAB is a candidate for the liquid scintillator in the inner veto of the

DOUBLE CHOOZ detectors.
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TETRADECANE
HC
NN NN
Sum formula CraHs
sample mass 80.77 g

physical condition | liquid

CAS number: 629-59-4
Petresa

Campo de las Naciones
Avda. del Partenén, 12
28042 Madrid, SPAIN

type of product &
manufacturer

Intended use in

DOUBLE CHOOZ Mineral oil for liquid scintillator dilution

Table 5.3: Properties of the used tetradecane sample. Chemical structure,
sum formula and physical condition are given, as well as the mass of the
investigated sample. Tetradecane is under investigation for dilution of the
liquid scintillators in DOUBLE CHOOZ in order to increase the ratio of
hydrogen atoms to carbon atoms. In this way, the number of free protons in
the detectors can be increased.
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PPO
Sad
O
2,5-Diphenylozxazole
Sum. formula CeHs — CsNOH — CgH;
sample mass 32.05 g

physical condition | dry chemical

Aldrich D210404

CAS number: 92-71-7
Sigma-Aldrich Chemie GmbH
Riedstr. 2

D-89555 Steinheim, GERMANY

type of product &
manufacturer

Intended use in

DOUBLE CHOOZ

Primary fluor (wave-length shifter)

Table 5.4: Properties of the used PPO sample. Chemical structure, sum for-
mula and physical condition are given, as well as the mass of the investigated
sample. In order to decrease self-absorption and thus increase the light-yield,
wave-length shifters (also called fluors) are added in small concentrations
to the liquid scintillators. PPO is a primary fluor, this means its absorp-
tion band overlaps with the emission band of the liquid scintillator, while its
emission band is red-shifted.
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BISMSB

1,4-bis-(o-Methylstyryl)- Benzole

Sum formula

C7H7 — C2H2 — 06H4 — CQHQ — C7H7

sample mass

2583 ¢

physical condition

dry chemical

type of product &
manufacturer

Fluka 15090

CAS number: 13280-61-0
Sigma-Aldrich Chemie GmbH
Riedstr. 2

D-89555 Steinheim, GERMANY

Intended use in
DOUBLE CHOOZ

Secondary fluor (wave-length shifter)

Table 5.5: Properties of the used bisMSB sample. Chemical structure, sum
formula and physical condition are given, as well as the mass of the investi-
gated sample. The absorption band of the secondary fluor bisMSB overlaps
with the emission band of the primary fluor PPO. Hence, it further red-shifts
the emitted light, making self-absorption in the liquid scintillator very un-

likely.
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| line energy [keV] | 465 | 66.7 | 75.0 | 924 [139.7 [ 186.2 |

without sample 41£9 | 8949 | 26£7 - 25+7 | 304£8
PEHD 26+3 | 121£6 | 15+4 - 34+4 | 2344
PTFE 29+5 | 126£8 | 6+£5H - 32+5 | 1544
LAB 28+3 | 121+£5 | 16+3 - 28+3 | 16+3
Tetradecane 2543 | 10746 | 31+£4 | 843 | 374 | 18+4
PPO 3243 | 9445 | 2043 - 3243 | 1943
bisMSB 363 | 118%E5 | 7£3 | 63 | 31£3 | 1943

| line energy [keV] | 198.4 | 238.6 | 295.2 [ 300.1 | 338.3 | 351.9 |

without sample 3548 | 5148 | 51+£7 - 21+7 | 106+8
PEHD 31+£3 | 6945 | 4943 - 1443 | 10945
PTFE 35+5 | 5046 | 48+5 - 1944 | 1017
LAB 2543 | 4944 | 4943 | 242 | 1542 | 11314
Tetradecane 30+4 | 60+4 | 53+4 - 1843 | 10445
PPO 2743 | 5544 | 3b+3 | 612 | 1442 | 102+4
bisMSB 35+3 | 4644 | 46+£3 | 5+2 | 1943 | 102+4

| line energy [keV] | 463.0 | 510.7 [ 583.1 | 609.3 | 665.5 | 727.2 |

without sample - 53+6 | 41£6 | 72+6 - -
PEHD - 164£3 | 132 | 3643 | 441 9+2
PTFE 943 943 | 2043 | 4444 | 3£3 7+3
LAB - 12+2 | 15+2 | 4243 - 12+2
Tetradecane 442 | 18+3 | 2543 | 7243 | 342 942
PPO - 1942 | 15+2 | 3743 | 541 | 13+£2
bisMSB - 1442 | 18+2 | 5043 | 641 | 1442

Table 5.6: The gamma lines found in the analysis of the different investi-
gated samples are listed here for the low-energetic part (<727.2 keV). For
each sample and each line the number of counts, which is the area under the
Gaussian fit curve applied to the respective gamma peak in the spectrum, and
the lo-uncertainty are given (rounded to integers). The token ”-” indicates,
that the gamma line is not visible in the spectrum, or, at least, below the
significance threshold.
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| line energy [keV] | 7684 | 7854 [ 794.9 [ 860.4 | 911.1 | 964.6

without sample - - - - 55+5 -
PEHD 442 441 - 3+1 53+3 1+2
PTFE 5+3 843 - 943 53+4 -
LAB 2+1 3+1 - 3+1 48+3 -
Tetradecane 6+2 1£2 52 T+2 95513 442
PPO 5E2 - - 541 48+3 -
bisMSB 5=+1 441 3+1 1+1 48+3 -

| line energy [keV] | 969.1 |1001.0 [ 1120.3 | 1238.1 | 1377.7 | 1408.0

without sample 26+4 - 30+4 9+3 1344 542
PEHD 2143 441 1442 942 1342 641
PTFE 2444 - 2043 942 1243 -

LAB 2742 3+1 1842 T+1 10£2 441
Tetradecane 2143 3x1 3513 - 11+£2 641
PPO 2942 - 1942 | 11+£2 | 1242 611
bisMSB 21+2 441 24+2 | 10£2 | 1142 3+1

| line energy [keV] | 1460.8 | 1495.9 [ 1509.2 | 1587.9 | 1620.6 | 1630.6

without sample 364+9 - - 62 - -
PEHD 361+7 | 4+1 441 9+1 241 441

PTFE 369+11 - 3+1 1142 - -
LAB 33446 2+1 3+1 441 441 3+1
Tetradecane 32446 - 611 611 2+1 441
PPO 34246 241 3+1 1141 1+1 3+1
bisMSB 35146 3+1 2+1 541 441 441

Table 5.7: The gamma lines found in the analysis of the different investigated
samples are listed here for the medium-energetic part (768.4 keV < E <
1630.6 keV). For each sample and each line the number of counts, which is
the area under the Gaussian fit curve applied to the respective gamma peak
in the spectrum, and the lo-uncertainty are given (rounded to integers). The
token 7-” indicates, that the gamma line is not visible in the spectrum, or, at
least, below the significance threshold.
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| line energy [keV] | 1661.3 | 1729.6 | 1764.5 | 18474 |

without sample - 9+2 64+4 | 6£2
PEHD 2+1 8+1 53+3 T+1
PTFE - 10£2 | 5444 6+1
LAB 1+1 8+1 50+2 5=+1
Tetradecane - 8+1 4942 6+1
PPO - 7+1 46+2 8+1
bisMSB 2+1 1141 | 5142 61

| line energy [keV] | 21185 | 2204.2 | 2447.8 | 2614.5 |

without sample - 13£2 - 69+4
PEHD 4+1 1642 6+1 5243
PTFE 641 1542 541 53+4
LAB 441 1641 4+1 4242
Tetradecane 5x1 1241 3x1 6213
PPO 5+1 16+1 4+1 50+2
bisMSB 5+1 1841 4+1 51+£2

Table 5.8: The gamma lines found in the analysis of the different investi-
gated samples are listed here for the high-energetic part (=1661.8 keV). For
each sample and each line the number of counts, which is the area under the
Gaussian fit curve applied to the respective gamma peak in the spectrum, and
the 1o-uncertainty are given (rounded to integers). The token ”-” indicates,
that the gamma line is not visible in the spectrum, or, at least, below the
significance threshold.
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5.2.2 Calculation of radioactivities

From the number of counts in a given peak, the activity of the corresponding
gamma line can be calculated using eq. (4.1). In the case of the measured
samples, the number of counts in a certain peak is very often compatible with
or even below the number of counts in the corresponding peak in the blank
run within the 1o error bars. To calculate an upper limit for the number
of counts coming from the sample in the respective gamma line in this case,
a special method is applied: a Gaussian error distribution curve P(x) is
set up around the difference in the counts within a peak between the runs
with sample and without sample. Thereby, its root mean square deviation
is computed from the lo-uncertainties of the peak-areas via quadratic error
propagation (see fig. 5.4):

P(z) = ﬁexp{—%} (5.1)

with

0= \/O—gample + O—E?lank (52>

and

p: counts in the peak with sample minus counts in the peak without
sample

x: difference in counts
Osample: Uncertainty of the peak-area with sample

Oplank: Uncertainty of the peak-area in the blank run

Now, the upper limit Ny for the number of counts, originating from the
sample itself, can be calculated for a confidence level of 90% by integrating
eq. (5.1) [PDGI0]:

]}SP(x) -dx |
=09 (5.3)
OfP(x) -dx

This is again displayed in fig. 5.4. The limit Ny is chosen in such a
manner, that the blue shaded area covers 90% of the total area under the
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N

-10 -5 0 5 10
Difference in counts

Figure 5.4: Gaussian error distribution curve for determining the upper limit
of the number of counts originating from the sample. The bell-shaped curve
s centered around the difference in counts within a peak between the runs
with sample and without sample (red line), in this case taken to be negative.
The area shaded in blue covers 90% of the area under the error curve in the
physically allowed region. Its upper limit gives the maximal number of counts

from the sample for 90% C.L. [PDG90].

Gaussian error distribution curve in the physically allowed region (between
0 and o).

A great advantage of this method is, that it passes continuously into the
method normally applied to Gaussian distributed values for the calculation
of upper limits for a given confidence level, when the difference in counts p
goes to zero.

In the case of gamma lines, which do not appear in the measured spectra
because of lack of intensity (this is, for example, the case for the isotopes
of the 2%U-decay chain, which show up neither in the blank runs nor in the
spectra recorded with a sample), the same method is applied. Here, as input
the number of counts of the continuous background in an interval £1 FWHM
(linearly interpolated from neighbouring peaks) around the position of the
expected peak is taken. The square-root of this number of counts is taken as
uncertainty.
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For many radioactive isotopes the de-excitation after an alpha- or beta-
decay takes place via gamma cascades, this means multiple gamma quanta
are emitted (nearly) at once. If one of these gamma quanta deposits its en-
ergy in the germanium detector, while another one creates a signal in the
anti-Compton veto system, this leads to a veto signal, erasing the event
from the spectrum recorded with the germanium detector. Therefore, some
attention has to be paid to the question, which lines can be used for the
determination of the activity of a certain isotope. Suitable lines should come
from a transition from an excited state E; directly into the ground state Eq
of the daughter isotope, not being followed by further gamma rays. Further-
more, the excited state E;, the gamma line is originating from, should not
be populated (or at least only very little) from states with higher energies,
again to avoid a veto. In an ideal situation, the probability for E; to be
directly populated after the decay of the mother isotope is quite high. Thus
the intensity of the corresponding gamma line is high, making it easier to
detect. Appendix F shows the schemes of three different isotopes as exam-
ples: 2'2Pb, where any effects of gamma cascades can be neglected, 214Bi,
where only some high-energetic gamma lines are suitable and 2°8TI, having
no adequate transition.

In detail, the following gamma lines from the three different decay chains
(see appendix E) satisfy these requirements:

e Th-232 decay chain: 969.1 keV, 911.1 keV, 1587.9 keV (all three
appearing in the decay of 28Ac), 84.4 keV (**®Th), 238.6 keV (*'2Pb),
727.2 keV and 1620.6 keV (both from ?'?Bi)

e U-235 decay chain: 205.3 keV (*°U), 84.2 keV (*3'Th), 330.1 keV
(31Pa), 286.1 keV and 334.4 keV (both from ?*"Th), 269.6 keV (**3Ra),
401.8 keV and 271.2 keV (both from *'Rn), 831.8 keV (*''Pb)

e U-238 decay chain: 92.4 keV and 92.8 keV (both from ?3*Th),
1001.0 keV (**'Pa), 186.2 (**°Ra), 351.9 keV and 295.2 keV (both from
214Ph). 2447.8 keV, 2204.2 keV, 2118.5 keV, 1847.4 keV and 1764.5 keV
(all five from 2MBi), 46.5 keV (*1°Pb)

All other gamma lines are either part of a gamma cascade or hidden
behind a much more prominent line of another isotope. Furthermore, some
isotopes cannot be used for an analysis, as they do not emit gamma rays at
all after their decay, or the intensity of the gamma rays is very low due to a
high probability for internal conversion (see appendix E).

From the suitable gamma lines the respective activities of the isotopes in
the sample can be calculated using eq. (4.1). To obtain information on the
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investigated materials independent from the mass of the used sample Mgample,
the results are given as activity per mass unit:

A N,
Msample t- EDet P Msample

(5.4)

Again, Ny denotes the number of counts in the gamma peak coming from
the sample, t the measuring time, P the relative intensity of the gamma line
and epe; the detector efficiency.

In case, that the limit of the activity for one isotope can be calculated
from different gamma lines, the quoted values are the weighted averages of
the results obtained for the single lines [Bev69]:

w-(S2) (54) o9

Herein A; denote the activities of the single gamma lines, o; their errors
and n the number of lines used for the analysis of this isotope. The error of
(A) is given by

(5.6)

The advantage of the weighted average is, that it gives more weight to
smaller values (in case the relative errors for all values are always the same
or quite the same) and thus the most stringent upper limit of all the single
gamma lines has the biggest impact on the combined result.

Tables 5.9 through 5.14 on pages 80-85 display the results obtained for
the investigated samples, as well as the results for the used plastic containers
using eq. (5.4) for 90% C.L. The quoted limit on the activity for the whole
decay chain is in each case again the weighted average of the activities of the
different isotopes contained in these chains. This approach requires radioac-
tive equilibrium within the decay chains, which is assumed to be existent.
All results are given in the format activity per mass unit (in units of Bq/kg)
and as a mass concentration (given in g/g) (see eq. 4.2).

The quoted uncertainties of the activity were calculated by linear error
propagation from the uncertainties of the measuring time t (Genie-2000 de-
termines the measuring time with an accuracy of 0.01 seconds), the detector
efficiency epe;, the sample mass Mgymple (measured with an accuracy of 0.01
grammes) and the relative gamma intensity P (errors taken from [Fir96],
normally in the range of 1-10%):
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AA At Acpy  AMyppe AP
A t €Det Msample P

The detector efficiency epe; and its uncertainty were determined as fol-
lows: first of all, the weighted average of % and its uncertainty were
calculated analogously to equations (5.5) and (5.6), using the values given
in tables 4.2 through 4.5 on pages 53-57. As already explained in chapter
4.2, the simulation is only applicable for energies above > 200 keV. That
is why only the two lines from Y (898 keV and 1836 keV), the two lines
from °Co (1173 keV and 1332 keV) and the two high-energetic lines from
133Ba (302 keV and 356 keV) were used for this calculation. Furthermore,
in order to avoid systematic effects from pile-up, the series of measurements
performed for a position of the calibration sources 1 c¢cm in front of the en-
trance window of the germanium detector was discarded. The result of this
calculation is

(5.7)

<u> = —0.0129 & 0.0755 . (5.8)

Emeas

Thereafter, cg, was determined for each sample and each gamma energy
with the Monte-Carlo simulation, using the correct geometry (the gamma
rays are started at a randomly chosen point within the sample volume with
a randomly created direction of flight) and accurate properties of the sample
materials. This value was afterwards inserted into the weighted average for
% given in eq. (5.8). Solving this equation for e,,e.s gave the detector
efficiency epe; and its uncertainty (~8%) used later on for the analysis of the
gamma spectra of the investigated samples. Due to this procedure, the error
of epey was now asymmetric, leading eventually to asymmetric errors of the
calculated activities.

Because of the systematic deviation of the simulated detector efficiencies
from the measured ones (see fig. 4.4) for low energies, the analysis presented
here was done only for gamma lines, whose energy exceeds 186.2 keV (line
from ?2Ra). The other lines, being also suitable for an analysis, with an en-
ergy less than this value (see itemisation on page 77) should also be analysed
after an improvement of the Monte-Carlo simulation for consistency checks.
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RESULTS FOR THE PLASTIC CONTAINERS (90% C.L.) |
1sotope PEHD PTFFE
K-40 < 3.19%%;39 Bq/kg < 2.18378;732 Bq/kg
287, < 0.537%0031 Ba/ke < 0.287%05ts Ba/ke
< 6491095107 g/g < 34710301072 g/g
212p1, < 0'45%J—;§:8§g Bq/kg < 0'1021;98:8(1)(8) Bq/kg
< 8.79%06 107 g/g < 2125535107 g/g
21235 < 17%2%:3 Bq/kg < 074‘5?:8?3 Bq/kg
< 3.19%53, - 107 g/g < 1.37550 - 107 g/g
Th-232 < 0.5471002" Bq/kg < 0.1557000° Bq/kg
chain < 1.357007. 1077 g/g < 3.8270%2 . 108 g/g
23, < 7.87;98;23 Bq/kg < 4.191t58;§2 Bq/kg
< 3107521072 g/g < 165731072 g/g
226R 5 < 1-75;?% Ba/kg < 0-61311;8:8? Ba/kg
ipy | < 0443'85 Ba/kg < 0175561 Bakg
< 365755 - 1072 g/g < 1447° 107 g/g
g < 0.630*8817 Ba/ke < 04143 Ba/ke
< 3.861033 - 107 g/g < 2.53%5715 - 107 g/g
U-238 < 0.5367) 03 Ba/kg < 0.2317071; Ba/kg
chain < 4.30°07% 108 g/g < 1.86700: - 1078 g/g

Table 5.9: Limits on the activities (given in Bq/kg as well as in g/g) of the used
plastic containers for the different isotopes from the 232 Th- and the 238 U-decay
chain, as well as for “°K. All values are calculated with the method described in
the main text. In the case, that several gamma lines were used for the calculation
of the activity of one isotope, the quoted value is the weighted average of the single
activities. The limits given for the whole decay chains are again the weighted
averages of the activities of the single isotopes.
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RESULTS FOR THE PLASTIC CONTAINERS (90% C.L.)

isotope

PEHD

PTFE

235U

< 0.135%5017 Ba/kg
< 1.69%915 - 107 g/g

< 79.6753-107% Bq/kg
< 9.94709% . 1070 g/g

231Pa

< 0.55470 0% Ba/kg
< 317421078 g/g

< 0.339700% Ba/kg
< 19470501078 g/g

227Th

< 0.52270 00 Ba/kg
< 4597038107 g/g

< 0.289700%8 Bq/kg
< 2547051070 g/g

223Ra

< 60.575% - 1073 Bq/ke
< 31.9737.107% g/g

< 41.373% - 1073 Bq/ke
< 21.8%35.1072 g/g

219Rn

< 88.11155 - 1072 Bq/ke
< 1831033107 g/g

< 61.2775-107° Bq/kg
< 1277015 -107% g/g

211Pb

< 0.321700% Ba/kg
< 0.35170058 . 1072 g/g

< 0.1531901% Ba/kg
< 0.16770018- 1072 g/g

U-235
chain

< 90.272.107° Bq/kg
<1133 107 g/

< 61.4731.107° Bq/kg
< 7.67105107 g/g

Table 5.10: Limits on the activities (given in Bq/kg as well as in q/q) of the
used plastic containers for the different isotopes from the 23° U-decay chain.
All values are calculated with the method described in the main text. In the
case, that several gamma lines were used for the calculation of the activity of
one isotope, the quoted value is the weighted average of the single activities.
The limits given for the whole decay chains are again the weighted averages
of the activities of the single isotopes.
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RESULTS FOR THE ORGANIC LiQuips (90% C.L.) |
1sotope LAB Tetradecane
K40 < 0.158%45:3 Ba/kg < 0.14205)5 Ba/kg
< 6.1075- 107" g/g < 5.48707- 107" g/g
284 < 44.53630-3 910—3 Bq/kg < 87.83630'710—3 Bq/kg
< 0.538%)0as - 107 g/g < 1.06%0 06 - 1072 g/g
212y, < 8.841“8%201-510*3 Bq/kg < 16.5ﬂ6§0-2 910*3 Bq/kg
< 0.17270 015 - 1072 g/g < 0.32170 058 - 1072 g /g
. < 0.233'481 Ba/ke < 0.183'481 Ba/ke
< 043010053 - 1072 g/g < 0.33870055 - 107! g/g
Th-232 < 11.270%.107° Bq/kg | < 23.0773-107° Bq/kg
chain < 2.767020.107° g/g < 5.66703-107° g/g
234p,, < 0-56?—;18:832 Bq/kg < 0-86531;18:85[1) Bq/kg
< 2.23%075 - 1077 g/g < 3425055 107% g/g
226R 5 < 0'10%2518(1);) Bq/kg < 0-17%)1;;&812 Bq/kg
< 2.761555- 107 g/g < 4.647535- 1077 g/g
24py, < 49.8t§;238- 10-3 Bq/kg < 37.33;53- 10-3 Bq/kg
< 410758107 g/g < 3077551072 g/g
g < 0.139°8567 Ba/kg < 01318557 Ba/kg
< 85.1143.107% g/g < 80.2%32.107% g/g
U-238 < 70.1752- 107 Bq/kg < 54.1735.107* Bq/kg
chain < 5.637037-107° g/g < 4.34752 .10 g/g

Table 5.11: Limits on the activities (given in Bq/kg as well as in g/g) of the
investigated oranic liquids for the different isotopes from the 232 Th- and the *3® U-
decay chain, as well as for *°K. All values are calculated with the method described
in the main text. In the case, that several gamma lines were used for the calculation
of the activity of one isotope, the quoted value is the weighted average of the single
activities. The limits given for the whole decay chains are again the weighted
averages of the activities of the single isotopes.
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RESULTS FOR THE ORGANIC L1QuiDps (90% C.L.)

isotope LAB Tetradecane
2357 <89.37%1 - 107 Bq/kg < 0.5437001 Ba/ke
< 11243191079 g/g < 6.781981 . 107 g/g
_— < 0.539'455 Ba/ke < 2.26'6% Ba/kg
< 3.087547. 10713 g/g < 12.9722. 107 g/g
227, < 0.404%0:67 Ba/ke < 2377044 Ba/kg
< 35575691071 g/g <20.8730-107Y g/g
23R4 < 22.83;124- 103 Bq/kg < 0.24%3;832 Bq/kg
< 12.07}3-1072t g/g < 131751072 g/g
29y < 44'@%31{)10_3 Bq/kg < 0.3322&8;% Bq/kg
< 9.14%175; - 1070 g/g < 7.04%579 - 107 g/g
211p}, < 016%%8;:98% Bq/kg < 0-4570%85]:88451? Baq/kg
< 0.180%0,016 - 107! g/g < 0.500%0,051 - 107! g/g
U-235 < 34.9722.107° Bq/kg < 0.357700% Bq/kg
chain < 4.36752 .10 g/g < 4.46703 107 g/g

Table 5.12: Limits on the activities (given in Bq/kg as well as in g/g) of the
investigated organic liquids (the scintillator LAB and the mineral oil tetrade-
cane) for the different isotopes from the 23 U-decay chain. All values are
calculated with the method described in the main text. In the case, that sev-
eral gamma lines were used for the calculation of the activity of one isotope,

the quoted value is the weighted average of the single activities.

The lim-

its given for the whole decay chains are again the weighted averages of the
activities of the single isotopes.

MARTIN HOFMANN: GAMMA SPECTROSCOPY FOR DOUBLE CHOOZ



CHAPTER 5. RESULTS AND DISCUSSION OF THE

84 LOW-BACKGROUND GAMMA SPECTROSCOPY
| RESULTS FOR THE WAVELENGTH SHIFTERS (90% C.L.) |
tsotope PPO bisMSB
K-40 < 0.5460f28682é Bq/kg < 0.912;385823 Bq/kg
< 2117537 -107° g/g < 3.5275% 107 g/g
28 5 < 105™% - 1072 Bq/ke < 15073° 1073 Bq/kg
< 1271015 1072 g/g < 1811013107 g/g
212y, < 26.9757-107° Bq/kg < 25.072.1073 Bq/kg
< 0523100071072 g/g < 0.4861005% - 107! g/g
212; < 0.647%003 Ba/ke < 1037007 Ba/kg
< 1197991072 g/g < 1907013 - 107 g/g
Th-232 < 33.773%.107° Bq/kg < 31.3721.107° Bq/kg
chain < 8.30M0°7-107° g/g < 7711032107 g/g
244p < L53°414 Ba/ke < 291631 Bq/ke
< 6.027032-107% g/g <11.4%55-1072 g/g
268 < 0.3417955 Bq/kg < 045027553 Bay/ke
< 9.317957 - 1071 g/g <123%5-107% g/g
24py, < 52.5t§;§0- 10-3 Bq/kg < 87.9t§;5§4- 10-3 Bq/kg
< 4337581072 g/g < 7247521072 g/g
. < 02054613 Bakg < 0458"643% Ba/kg
< 1.2579%8. 1072 g/g < 28010151072 g/g
U-238 < 67.1731-107° Bq/kg < 0.118%7 0. Ba/kg
chain < 5.397037 .10 g/g < 9.487015 .10 g/g

Table 5.13: Limits on the activities (given in Bq/kg as well as in g/g) of the
investigated wavelength shifters for the different isotopes from the 232 Th- and the
238 U-decay chain, as well as for *°K. All values are calculated with the method
described in the main text. In the case, that several gamma lines were used for the
calculation of the activity of one isotope, the quoted value is the weighted average
of the single activities. The limits given for the whole decay chains are again the
weighted averages of the activities of the single isotopes.
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| RESULTS FOR THE WAVELENGTH SHIFTERS (90% C.L.)

isotope PPO bisMSB
2357 < 0.1987951 Ba/ks < 0.690%9 55 Ba/ke
< 247751077 g/g < 8.62% g9 - 107" g/g
231p, < 0.831%0175 Ba/ke < L775035 Ba/kg
< 475757810713 g/g < 1015451078 g/g
227, < 0-67?%0):%% Bq/kg < 1-29;5% Bq/kg
< 5.947116.10=19 g /o < 11.3724.10719 g/g
2R, < 81.2f§;§0~ 103 Bq/kg < 0.132%3;8}3 Bq/kg
< 428732107 g/g < 69.6757-107% g/g
295y, < 011475517 Ba/kg < 018679557 Ba/kg
< 237703 -107% g/g < 3.867031-107% g/g
wpy, | <SOSR Baks | < 0363907 Be/ke
< 0.373%005 - 107! g/g < 0.39710057 - 107! g/g
U-235 < 0.1220t035885 Bq/kg < 0.1950t185;8}§ Bq/kg
chain < 1.527)02-107% g/g < 2.44701,-107% g/g

Table 5.14: Limits on the activities (given in Bq/kg as well as in q/q) of the
investigated wavelength shifters (fluors) for the different isotopes from the
25 U-decay chain. All values are calculated with the method described in the
main text. In the case, that several gamma lines were used for the calculation
of the activity of one isotope, the quoted value is the weighted average of the
single activities. The limits given for the whole decay chains are again the
weighted averages of the activities of the single isotopes.
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The results obtained for the investigated samples for the decay chains of
232Th, 238U and #°U, as well as “°K, are summarized in tab. 5.15.

UPPER LIMITS ON THE MASS CONCENTRATION
N 107% ¢/c
’ H LAB ‘ Tetradecane ‘ PPO ‘ bisMSB ‘

WK |1 0.610 0.548 2.11 3.52
232Th || 2.76 5.66 8.30 7.71
28U || 5.63 4.34 5.39 9.48
235U | 0.436 4.46 1.52 2.44

Table 5.15: Summary of the final results of the low-background gamma spec-
troscopy for the investigated samples LAB, tetradecane, PPO and bisMSB.
All values for the mass concentrations are given in units of 10~° gramme per
gramme. Error bars are given in tables 5.11 through 5.14.

As the different materials listed above are produced in chemical processes,
and as all isotopes of a certain element have the same chemical properties,
the isotopes should be present with their natural abundances in the samples
investigated. Therefore, the limits on the mass concentrations of two isotopes
238U and 2%°U should, in principle, be combined to a single activity for the
element uranium. This combined activity can be calculated by weighting
the single activities with the natural abundances of the respective isotopes.
However, the natural abundance of #*®U is 99.27% [Fir96]. For this reason
the combined activity for uranium is completely dominated by the limits
obtained for #*¥U. Hence, the limit for the activity of uranium is (nearly)
equal to the limit for the activity of 23®U. Even minor deviations from the
natural abundances, however, would not affect this result.

5.3 Discussion of the results

5.3.1 General discussion of the results

Some points of the final results presented in tables 5.9 through 5.14 should
be emphasized:

First of all, for all investigated samples (LAB, tetradecane, PPO and
bisMSB, as well as the plastic containers) only upper limits on the activities
and mass concentrations of certain isotopes were obtained, which means that
none of the quoted isotopes are contained in large amounts in the samples.
Besides the gamma lines already observed in the blank runs, no further peaks
were recognized in the recorded spectra, giving strong limits for the mass
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concentrations of any radionuclide. These limits depend on the half-life of the
particular radioisotope and are in general of the order of the limit obtained
for 23°U or even better, as from the isotopes from this decay chain no gamma
peaks were recognized.

The fact, that only upper bounds for the activities were obtained, makes
it impossible to decide, whether radioactive equilibrium is existent in the
decay chains or not. In principle, this equilibrium could be broken at a
particular isotope with a long half-life (e.g. 2**U in the decay chain of 238U).
However, for the presented results radioactive equilibrium was assumed.

In general, the upper bounds on the activities per mass unit for different
isotopes in the same sample vary in the range of one order of magnitude.
This is due to the branching ratio P of the respective gamma line(s). For a
particular line, high branchings lead to better upper limits, as can be seen
from eq. (5.4). For lines, which cannot be seen in the spectra recorded with
sample as well as in the blank run, the limit on the activity is inversely
proportional to the branching P: in this case, the limit obtained for the
number of counts Ny coming from the sample is nearly constant over the
whole energy range, as the continuous background is very flat. For lines,
which appear in both spectra, but are comparable in intensity, the limit on
the activity is inversely proportional to v/P. Here the upper limit for the
number of counts Ny originating from the sample depends on the statistical
errors of the number of counts N within the corresponding gamma peaks (see
equations (5.1) through (5.3)), which are v/'N. As N is proportional to P, one
gets for the activity A o< vVVP/P = 1/ /P.

The respective mass concentrations vary over a wide range. The reason
for this is the wide range of different half-lifes (see appendix E), which are
specifying the mass concentrations (eq. (4.2)).

Comparing the results obtained for a particular isotope for the different
samples shows mainly the influence of the sample mass: the bigger this mass,
the better the upper limit on the activity. However, there are two deviations
from this observation: in the spectrum recorded without any artificial source
(i.e. blank run) as well as in the spectrum of the tetradecane sample the
continuous background was increased (see below). The limits for the mass
concentrations of radionuclides from the ?**U-decay chain are computed from
the continuous background, as no gamma lines are visible from this chain.
Therefore, the upper bounds calculated for the plastic containers for these
radionuclides are rather stringent, as in this case the low continuous back-
ground in the spectra recorded with the containers is compared to the high
one in the blank run. For tetradecane, the situation is inverted: the high
continuous background in the tetradecane spectrum is compared to the low
one observed with the plastic containers, resulting in worse limits for the
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same decay chain for tetradecane. However, for tetradecane also no gamma
peaks originating from the 23*U-decay chain were observed, so upper limits
on the respective activities are given also in this case.

The increased continuous background might have several reasons. As was
discussed in section 5.1, the three main contributions here are the brems-
strahlung emitted by fast electrons released by cosmic muons, the Compton-
scattering events and the bremsstrahlung of electrons emitted in beta decays.
Normally, the first two of these contributions are suppressed by the active
veto systems; in case of a malfunction of the veto-electronics this could lead to
an increased continuous background. However, the electronics and the veto
systems were checked after the measurement and everything was found to
be alright. For the measurement performed with tetradecane, the increased
background could also be due to an elevated beta activity of the sample.
Another possible reason could be an air-leak in the PVC-box or the dewar
for the liquid nitrogen supply, leading to a relatively high amount of radon,
and thus a high ambient activity in the detector system. Nevertheless, an
elevated radon concentration should also increase the number of counts in
the gamma peaks of the daughter nuclides of radon, as well as an increased
beta activity should show up in some subsequent gamma lines. Both effects
however were not observed (see tables 5.6-5.8). Clarifying this point is one
of the remaining tasks for future measurements.

Another interesting observation is the correlation between the number of
counts in the photopeak of “°K at 1460.8 keV and the density of the sample:
the higher the density of the sample, the smaller the count rate (see tab. 5.7).
This might be accidental, but could also be an indication for absorption or
scattering of these gamma rays in the sample. This could happen, if the
gamma rays originate from a source residing on the side of the sample, which
is opposite to the germanium detector. Therefore, possible **K-sources are
the sodium-iodide crystal of the endcap and the PMTs of the anti-Compton
veto. Again, this point should be further investigated in future experiments
and/or by a Monte-Carlo simulation.

5.3.2 Consequences for the DOUBLE CHOOZ exper-
iment

As already explained in section 1.2.3, the limiting factor for the achievable
sensitivity for all reactor neutrino experiments (including DOUBLE CHOOZ)
are the statistical and systematical uncertainties. A main contribution to
the systematical uncertainties comes from the intrinsic background of the
detector. Therefore it has to be kept as low as possible. In the case of
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DOUBLE CHOOZ the accidental background rate has to be less than 1%
of the neutrino signal [Ard06], which is translating into the following limits
(see table 5.16) for the concentrations of radioactive elements in the different

detector liquids [Ard04, Ard06]:

. 4llowed upper ) e o Th
limits for the mass /e /el /el
concentrations &/8 &/8 &/8
neutrino target ~ 510713 ~ 1071 ~ 10713
gamma catcher ~ 510713 ~ 1071 ~ 1071
buffer - ~ 10712 ~ 10712
inner veto - ~ 10710 ~ 10710

Table 5.16: Allowed mass concentrations for the radioactive isotopes for the
different detector liquids in DOUBLE CHOOZ [Ard04, Ard06]. The values
are calculated in such a way, that the rate of beta and gamma decays in the
neutrino target and gamma catcher is about 1 Hz. The column for uranium
contains the combined activity of the 22 U- and the ** U-decay chains, both
weighted with the natural abundance. The limits for uranium and thorium
are stricter than those for potassium, because in the subsequent decay chains
several beta and gamma emissions with an energy above ~1 MeV (the positron
annihilation threshold) take place [Fir96]. Alpha decays can be neglected, as
the wvisible energy of alpha particles is quenched well below 1 MeV [Ard04)].
The allowed concentrations for the buffer liquid and the inner veto are less
stringent?.

The limits quoted in table 5.11 on page 82 for the liquid scintillator LAB
(6.10-1071% g/g for 19K, 2.76 - 1072 g/g for 232Th and 5.63-107° g/g for 238U)
and the mineral oil tetradecane (5.48-1071° g/g for “°K, 5.66 - 10~9 for *Th
and 4.34 - 107 g/g for 38U) are several orders of magnitude larger® than
the concentrations allowed for the neutrino target, the gamma catcher and

2Just for comparison: The Borexino experiment reached a mass concentration of ura-
nium in the scintillator below 10717 g/g! This was achieved by several purification stages
(destillation, water extraction and silicagel-chromatography) [Obe07].

3In principle, one should consider the combined limit from 2*®*U and 235U, as these
two isotopes have the same chemical properties. This combined limit is calculated by
weighting the single limits with the natural abundances of the isotopes. But as the natural
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the buffer liquid in the DOUBLE CHOOZ detectors. Hence, for these parts
of the detector no conclusion can be given, whether a purification is needed
or not. In general, it is difficult to reach limits below ~ 107! g/g¢ with
gamma spectroscopy in underground laboratories [Ard06], therefore other
counting methods will have to be used for the target scintillator (for example
neutron activation analysis). However, the maximum mass concentrations
allowed for the inner veto of DOUBLE CHOOZ can in principle be tested in
a gamma spectroscopy measurement, as was shown with the limit obtained
for the mass concentration of 23U for LAB (4.36 - 107! g/g). LAB will
not be used in pure form in the inner veto, but diluted with some mineral
oil (e.g. tetradecane), leading to increased allowed concentrations for the
radionuclides (for example increased by a factor of 2.5 for a mixture of 40%
LAB and 60% mineral oil).

To make a final conclusion on the scintillator for the inner veto, the sen-
sitivity of the measurements has to be further increased. Regarding eq. (5.4)
for the calculation of the activity, or the upper limit on the activity, shows
three possibilities for an improvement of the obtained results: Increasing the
mass Mgample Of the measured sample, increasing the measuring time t, and/or
decreasing the number of background counts N all lead to a more stringent
upper limit for the activity per mass unit, and thereby the mass concentra-
tion, of a certain isotope in the investigated sample. The relative gamma
intensity P and the detector efficiency epe; cannot be changed, however.

Increasing the sample mass is probably the easiest possibility. As it can
be seen from tables 5.9 through 5.14 on pages 80-85, the best upper limits
are achieved for the organic liquids LAB and tetradecane, simply for the
reason, that these two samples had the biggest mass. The sample volume of
the detector system used would in principle allow bigger sample masses, but
specially shaped containers would have to be manufactured. This could be
part of an upgrade for future measurements.

Decreasing the number of counts in a certain peak can only be achieved
by reducing the intrinsic background of the detector. The optimal solution
would be, that there are no gamma peaks visible in the background spectrum
(as it is the case for the gamma lines from the ?*U-decay chain, leading to
good constraints for the mass concentrations, see again tables 5.9 through
5.14), combined with a very tiny continuous background. Future studies are
planned on this point, for example an improved cleaning of the whole detector
system or an additional supply for nitrogen flushing through the PVC-box
to expel the radon more efficiently.

abundance of 238U is 99.27%, the combined limit is nearly equal to the limit obtained for
the 23%U-decay chain.
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Longer measuring times mainly improve the statistics, leading to decreas-
ing uncertainties of the measured values, and thus to stronger upper bounds
for the number of counts emitted by the sample itself. Nevertheless, the
impact of the measuring time on the achieved sensitivity is again limited by
the intrinsic background: in the presence of background, the errors decrease
only proportional to the square-root of the measuring time. Hence, measur-
ing times considerably longer than 1,000,000 seconds do not make very much
sense.

The situation is quite different for the wavelength-shifters bisMSB and
PPO, as these are only used in very small concentrations in the liquid scin-
tillators (intended values in DOUBLE CHOOZ [Ard06]: 6 g/1 for PPO and
20 mg/1 for bisMSB). Due to this dilution the allowed concentrations for
these two materials are much higher, see table 5.17.

Comparing these allowed concentrations with the measured limits given
in tab. 5.13 shows, that both wave-length shifters can be used for the inner
veto of the DOUBLE CHOOZ detectors without any purification. Further-
more, the mass concentration of K in bisMSB (< 3.52:107% g/g) is also
far below the allowed concentration in the neutrino target and the gamma
catcher, while the measured limits for U (< 9.48-107? g/g) and #*Th
(< 7.71-107% g/g) are roughly a factor of 2 above the allowed limits. Improv-
ing the results by a factor 2 or more can simply be reached in a repeated
measurement of bisMSB just by using a bigger amount of material (e.g. 100
grammes instead of 25 grammes). The upper bounds obtained for potas-
sium, uranium and thorium for PPO are, however, two orders of magnitude
too large compared with the required ones for the neutrino target and the
gamma catcher in DOUBLE CHOOZ. Thus, again no conclusion can be given
yet, whether PPO is suitable without any purification for the inner detector
volumes or not.
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. Allowed upper ) e U Th
limits for the mass e/g] /gl e/g]
concentrations &/8 &/8 &/&
| PPO |
neutrino target ~ 71071 ~ 1071 ~ 1071
gamma catcher ~ 71071 ~ 1071 ~ 1071
mner veto - ~ 1078 ~ 1078
BISMSB
neutrino target ~ 21078 ~4-107% | ~4-107°
gamma catcher ~ 21078 ~4-107% | ~4-107°
inner veto - ~4-107% | ~4-10°°

Table 5.17: Allowed mass concentrations for the radioactive isotopes for the
wave-length shifters PPO and bisMSB. The values are calculated from the
values given in tab. 5.16 assuming a concentration of PPO of 6 g/l and of
bisMSB of 20 mg/l in the liquid scintillator. The limits given here are valid in
the case, that the liquid scintillators themselves do not contain any radioactive
1sotopes. Otherwise care has to be taken, that the combined activity of the
scintillator and the wave-length shifters dissolved in it does not exceed the
limits given in tab. 5.16. This does not apply for the buffer liquid, since it
does not contain wave-length shifters at all.
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Chapter 6

Conclusion & Outlook

In the last decade neutrino physics has made tremendous progress. Neutrino
oscillations are known to be the cause for a huge variety of experimentally
observed phenomena, like the lack of electron neutrinos originating from the
sun, the dependence of the atmospheric muon-neutrino flux on the zenith an-
gle or the appearance of neutrinos of the "wrong” flavour in accelerator neu-
trino beams. In the case, that neutrinos are Dirac particles, the theory of neu-
trino oscillations has six free parameters [Akh00, Akh06, Bil78, Bil99, Sch97],
the three mixing angles 112, 113 and 53, which determine the amplitudes of
the oscillations, the two mass-squared differences, determining the oscillation
frequencies, and one CP-violating phase §. While the two mass-squared dif-
ferences Am3; = (8.04£0.3)-107° eV? and Am3, = (1.9 t0 3.0)- 1073 eV?, as
well as sin?(2015) = 0.867003 and sin?(2153) > 0.92, are known to a high pre-
cision from various experiments, the last mixing angle v/13 and the phase J are
still unknown. For Majorana neutrinos two additional phases appear within
the PMNS-matrix, also being unknown at present [Akh00, Doi81, Sch97].
However, several further fundamental properties of the neutrino need to be
investigated in forthcoming experiments: the absolute mass scale and the
hierarchy of the mass eigenvalues of the neutrinos are unknown, as well as
whether neutrinos are Dirac or Majorana particles (the latter would imply,
that neutrinos are their own anti-particles). All of these issues are either cur-
rently investigated or will be addressed by experiments in the near future.
One of these experiments is the DOUBLE CHOOZ reactor neutrino pro-
ject in France [And04, Ard04, Ard06, Ber04, Obe06]. DOUBLE CHOOZ
uses two identical liquid-scintillator detectors, each with a neutrino target
volume of 10.3 m3. The near detector is meant for flux monitoring, while
the far detector is sensitive on effects from neutrino oscillations due to t3
on a baseline of 1050 metres. The intended sensitivity of DOUBLE CHOOZ
is sin?(2¢13) < 0.03 after three years of data taking [Ard06]. In case, DOU-
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BLE CHOOZ does not measure a certain value for 113, but can give only
an improved upper limit on its value, this would be trend-setting for the
next generation of neutrino beam experiments, as these will only be able to
measure the CP-violating phase ¢, if sin?(293) 2 0.01 [Ber04].

In order to perform such a high-precision liquid-scintillator experiment,
the intrinsic background of the detectors has to be very low. In this respect,
an important issue is the concentration of radioactive isotopes within the
materials used. Low-background gamma spectroscopy provides the possibil-
ity to measure these concentrations directly. Therefore, a detector system
has been set up in the underground laboratory of the Technische Universitat
Miinchen in Garching (overburden: 15 m.w.e.), consisting of a germanium
detector surrounded by several passive and active shielding systems for back-
ground reduction. The germanium detector has a relative counting efficiency
of 150.5% and reaches an energy resolution of 1.764 keV at 1.33 MeV. It is
enclosed by an anti-Compton veto, consisting of sodium-iodide scintillation
crystals, which are read out by photomultipliers. This veto system serves for
suppressing the Compton-scattering events in the germanium detector, lead-
ing to an improved peak-to-background ratio, especially for low-energetic
gamma peaks. Its seven multipliers have been balanced, using their gain
potentiometers and separate high voltage supplies. Both detectors are sur-
rounded by a 15 cm thick lead-shielding, partly built from ultra pure lead
(activity of 2°Pb less than 5 Bq/kg [Lan07]), and a plastic box, which is
flushed during operation with nitrogen to expel the radioactive nobel gas
radon. Plastic scintillator panels around the plastic box serve as active muon-
veto. These panels were also calibrated in terms of having a high detection
probability for muons and simultaneously a low dead-time.

Before starting the actual measurements, blank runs have been performed
in terms of determining the intrinsic background of the detector system, as
well as the radioactivity of the used sample holders. All remaining gamma
lines in the background were identified. For the DOUBLE CHOOZ detectors,
four different samples were investigated: the liquid scintillator LAB, the
mineral oil tetradecane and the wave-length shifters PPO and bisMSB. In
the recorded spectra of all samples only gamma lines showed up, which were
already observed in the corresponding background spectra. Furthermore,
the intensities of the respective gamma lines were compatible within the
error bars, leading to strong upper limits on the concentration of radioactive
isotopes in the investigated materials, see table 6.1.

These limits on the mass concentrations of the radionuclides obtained for
the different samples imply, that both wave-length shifters can be used with-
out any additional purification in the inner veto of the DOUBLE CHOOZ de-
tectors [Ard04, Ard06]. The other limits, which can be given so far, are above
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UPPER LIMITS ON THE MASS CONCENTRATION
N 107% ¢/ca
’ H LAB \ Tetradecane \ PPO \ bisMSB ‘
0K 0.610 0.548 2.11 3.52
Z2Th || 2.76 5.66 8.30 7.71
28y 5.63 4.34 5.39 9.48
257U 1] 0.436 4.46 1.52 2.44

Table 6.1: Summary of the final results of the low-background gamma spec-
troscopy for the investigated samples LAB, tetradecane, PPO and bisMSB.
All values for the mass concentrations are given in units of 10~° gramme per
gramme. Error bars are given in tables 5.11 through 5.14 in chapter 5.2.2.

the allowed concentrations for DOUBLE CHOOZ. Before further conclusions
can be drawn, improvements concerning the sensitivity of the measurements
are necessary. This can be achieved by further reducing the intrinsic back-
ground of the detector system and the usage of larger sample masses.

In addition, another mode of measurement is intended in the future: us-
ing the anti-Compton veto in coincidence mode provides the opportunity of
triggering on a certain gamma line in a gamma cascade appearing after a
radioactive decay or triggering on a gamma event within the germanium de-
tector (for example the 511 keV escape line from positron annihilation after
a pair production process), thus being able to determine the activity of a
given single isotope nearly background-free.

Furthermore, the activity of certain isotopes can enormously be increased
by neutron activation analysis, making it possible to reach sensitivities down
to 1077 g/g, as was shown by R. v. Hentig in his Ph.D. thesis [Hen99].
The activation with neutrons could be performed at the Forschungsreaktor
Minchen FRM II, residing on the campus of the Technische Universitat
Miinchen.

The possibility of using a second germanium detector instead of the end-
cap of the anti-Compton veto (see fig. 6.1) is under investigation, too. This
would lead not only to a mere doubling of the solid angle covered by the
germanium detector(s), and thus a doubling of the detector efficiency, but
would also allow to perform coincidence measurements with two germanium
detectors and thus would lead to an unrivalled sensitivity of the detector sys-
tem. Certain gamma lines, being part of the characteristic gamma cascade of
selected isotopes, could be measured nearly completely free of any intrinsic
background of the detector system.

For the determination of the efficiency of the germanium detector, a
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NaJ
Ge o Ge
NaJJ

Figure 6.1: Future detector system consisting of two identical germanium
detectors put face-to-face, enclosed by a cylindrically shaped anti-Compton
veto. The position of the sample is marked with a red circle.

Monte-Carlo simulation based on the software kit GEANT4 was written.
A comparison of simulated detector efficiencies with those obtained with ra-
dioactive calibration sources showed, that the simulation is quite good for
gamma energies above ~200 keV, but has a systematic deviation for lower
gamma energies. For that reason, gamma lines below this threshold were dis-
carded in the calculation of the radioactivities of the investigated samples.
These lines will also be analysed after an improvement of the Monte-Carlo
simulation. Furthermore, the analysis will be extended to gamma lines from
gamma cascades, after the detector efficiency of the combined detector sys-
tem, consisting of germanium detector and anti-Compton veto, has been
determined for this situation, again using the Monte-Carlo simulation tech-
nique. Calibration sources emitting coincident gamma rays will be used for
a comparison between measurement and simulation.

Besides the improvement of the detector sensitivity and the amelioration
of the Monte-Carlo simulation, the most important task for the near future
is the measurement of further samples for the DOUBLE CHOOQOZ detectors.
Not only components of the detector liquids (like different mineral oils or
wave-length shifters) have to be investigated with respect to their contribu-
tion of radioactive isotopes, but also samples from the intended tanks and
reinforcing structures, the level monitoring and the filling system and, last
but not least, the photomultipliers themselves have to be measured. Keeping
the accidental background in all detector parts as low as possible is one of the
main challanges of DOUBLE CHOQOZ, an experiment meant to determine
the last unknown mixing angle 9,3 with an up to now unrivalled sensitivity.
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Hence, DOUBLE CHOQOZ will be trend-setting for the next generation of
neutrino experiments.
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CHAPTER 6. CONCLUSION & OUTLOOK
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Appendix A

Balancing of the anti-Compton
veto

The figures A.1 - A.3 show the 37Cs-spectra of the different parts (upper and
lower half shell, as well as the endcap) of the anti-Compton veto system for
different applied high voltages (850 V, 900 V and 950 V). From these spectra
the energy resolutions given in table 3.2 in section 3.3.2 were determined.

The balancing procedure for the upper half shell was done with a high
voltage of 950 V. This voltage was applied to all three multipliers and the
respective 137Cs-spectra were recorded (with full gain (focus) at the PMT
potentiometer). Afterwards the gain of the two multipliers with the highest
amplification was reduced stepwise until it matched the gain of the multiplier
with the lowest amplification. Table A.1 lists the channels for the 662 keV
peak from 37Cs in the pulse height spectra before and after adjustment of
the gain for the three upper photomultipliers.

This procedure was repeated twice: Once without optical compound (tab.
A.2) and the second time after recontacting with optical compound (tab. A.3

and fig. A.4).
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100 APPENDIX A. BALANCING OF THE ANTI-COMPTON VETO
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Figure A.1: 37Cs-spectra of the different parts of the anti-Compton veto
with an applied high voltage of 850 V. Mesuring time for each spectrum.:
100 seconds.

MARTIN HOFMANN: GAMMA SPECTROSCOPY FOR DOUBLE CHOOZ



101

80

I(

6

50

40

counts

4000 5000 6000 7000 800 1000 2000 3000 4000 5000 6000 7000 800
channels channels

1000 2000 3000

300

250

200

counts

150

100

50

% 1000 2000 3000 4000 5000 6000 7000 800
channels

Figure A.2: 37 Cs-spectra of the different parts of the anti-Compton wveto
with an applied high voltage of 900 V. Mesuring time for each spectrum:
100 seconds.
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Figure A.3: 37Cs-spectra of the different parts of the anti-Compton veto
with an applied high voltage of 950 V. Mesuring time for each spectrum.:
100 seconds.
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Peak position in channels at 662 keV
PMT ba?cez]:czeng bal(;]ZZ'ﬂng
left 375 293
middle 496 313
right 308 308

Table A.1: Position of the 37 Cs peak for the three multipliers in the upper half
shell before and after adjustment of the gain (focus) potentiometer. Voltage
feed 950 V.

Peak position in channels at 662 keV

PMT balzzj;oczeng bal?z]:tli;n g
left 243 178
middle 269 157
right 204 204

Table A.2: Position of the 137 Cs peak for the three multipliers in the upper half
shell before and after adjustment of the gain (focus) potentiometer without
optical compound. Voltage feed 950 V.
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APPENDIX A. BALANCING OF THE ANTI-COMPTON VETO

’ Peak position in channels at 662 keV ‘

PMT ba?ZJ:LOCZiLg balccbbjzigng
left 380 338
middle 497 322
right 328 328

Table A.3: Position of the 3" Cs peak for the three multipliers in the up-
per half shell before and after adjustment of the gain (focus) potentiometer;
recontacted with optical compound. Voltage feed 950 V.
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200
200
Lo Lo Ly Lo v Ly sl |
% 1000 2000 3000 4000 5000 6000 7000 800 % 1000 2000 3000 4000 5000 6000 7000 800
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‘ entire upper half shell
1000 900
800
800 700
%) 0 600
T 600 €
= = 500
o o
o © 400
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300
200 200
100,
% " 1000 2000 3000 4000 5000 6000 7000 800 % 1000 2000 3000 4000 5000 6000 7000 800
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Figure A.4: 37 Cs-spectra of the three upper PMTs after gain (focus) adjust-
ment recontacted with optical compound, as well as the new sum spectrum.
Recorded over 100 seconds with a high voltage of 950 V.
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Appendix B

Calibration of the muon-veto
system

To find the most suitable high voltage, first of all different positive high
voltages were applied to panel 1 and spectra using the °Co-source were
recorded (fig. B.1).

1400 volts seemed to be most suitable (compromise between amplification
and dark noise). Hence 1400 V were applied to all 6 panels and again ®Co-
spectra were recorded (fig. B.2).

After that, the high voltages were adjusted in such a way, that the am-
plification of all 6 panels is roughly the same and the focus was optimised
(as described in section 3.4.2). The results are shown in fig. B.3.
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APPENDIX B. CALIBRATION OF THE MUON-VETO SYSTEM
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Figure B.1: ®°Co spectra of panel 1 for different high voltages recorded over

100 seconds measuring time.

MARTIN HOFMANN: GAMMA SPECTROSCOPY FOR DOUBLE CHOOZ



107

3000
2500
9 2000
c
=
O 1500,
(]
1000
500/
. ) | | | bl 1]
0 1000 2000 3000 4000 5000 6000 7000 8000 3000 4000 5000 6000 7000 8000
channels channels
Panel 4
800
3500
3000
” 2500/ "
T T
= 2000 s
8 ]
1500
1000
500 100
0 " | | | s | |
0 1000 2000 3000 4000 5000 6000 7000 8000 0 1000 3000 4000 5000 6000 7000 8000
channels channels

1400

1200

1000

counts

counts
o
2
o

2000 3000 4000 5000 6000 7000 8000 2000 3000 4000 5000 6000 7000 8000
channels channels

Figure B.2: The ®°Co spectra of the 6 different panels all recorded for a HV
of 1400 V over 100 seconds. The peak, that can be seen is the Compton edge
of the two gamma lines of °°Co at roughly 1 MeV. Due to the relatively bad
energy resolution of the plastic scintillator the two Compton edges can not
be resolved.
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APPENDIX B. CALIBRATION OF THE MUON-VETO SYSTEM
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justment of the high voltage and optimising the focus potentiometer of the
PMT bases. These spectra were recorded over 100 seconds measuring time.
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Appendix C

Simulation of an isotropic
source

The simulation of a source emitting gamma rays (or other particles) isotrop-
ically into 47 solid angle was performed as follows: Two random numbers ¢
and ¢ were chosen from the intervals [—1,1] and [0, 27], respectively. Sub-
sequently the x, y and z-components of the directional vector of the particle
were computed by

x = sin(arccos(V)) - cos(p)
y = sin(arccos(?)) - sin(yp) (C.1)

= cos (arccos(V)) =1

Figure C.1 shows the results of this computation.
The ansatz

r = sin(¥) - cos(p)
= sin(¥9) - sin(p) (C.2)
z = cos (V)
with randomly chosen ¢ € [0, 7] and ¢ € [0, 27| does not give isotropically

distributed particle vectors, as the poles of the unit sphere are favoured, see

fig. C.2.
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110 APPENDIX C. SIMULATION OF AN ISOTROPIC SOURCE

Entries 1000000
RMS x 0.5772
1 RMSy 0.5775

] RMSz 0.5774

Figure C.1: Three-dimensional plot of the directional vectors of the particles
of one million randomly created events according to the correct method given
by eq. (C.1). The root mean square values (RMS) given in the upper right
corner of the picture show, that the x, y and z-components are equally dis-
tributed, i.e. the particle emission happens isotropically. For particle vectors,
which are normalized to one, the expectation value for RMS is \/ig ~ 0.57735.
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Entries 1000000
RMS x 0.5001

17 RMSy 0.5002

1 \ RMSz 0.7069
0.5—
0
-0.57
A

Figure C.2: Three-dimensional plot of the directional vectors of the parti-
cles of one million randomly created events according to eq. (C.2), which,
however, is a wrong ansatz. The x, y and z-components are not equally dis-
tributed, in particular, the z-component is too large. Therefore the poles of
the unit sphere are over-represented, what can clearly be seen in the picture
as well as from the RMS values given in the box in the upper right corner.
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Appendix D

Gamma lines

This appendix lists the most important gamma lines of the natural back-
ground as seen in the germanium detector. This includes primordial isotopes
as well as cosmogenic and anthropogenic elements. For the excited states
(marked with an asterisk) of the different germanium isotopes also the half-
life is given. Those states with lifetimes shorter than ~ 20 us cannot be seen
in the spectra with active muon-veto as their energy deposition in the germa-
nium crystal lies within the veto window. These excited states are produced
either by muons directly (indicated by a ”x” in the column ”production”)
or by neutrons originating from spallation processes of cosmic muons in the
lead in the shielding. In the column ”production”, also the decay chain is
given for radioactive isotopes from such a chain (cf. also appendix E for
all gamma energies appearing in these decay chains). All data taken from
[Fir96, Led78], [GEN02a] and [Hen99].

energy . .
ke V] from production half-life
46.5 210p, 2, 2104 primordial, 2*®U-chain

“Ge(n, ) Ge",
66.7 BGe* BGe(n,n")Ge’, 0.49 s
"Ge(n,2n)BGe*,

BGe(n,n")Ge’,

08.8 PGe! "Ge(n,2n)™Ge*,

1.74 ns

72.8 Pb Ko radiation, u
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114 APPENDIX D. GAMMA LINES
[(Z; 6‘7;]9 Y from production half-life
75.0 Pb Ku1 radiation, p
84.5 Pb Kps radiation, p
84.9 Pb Kpa; radiation, u
87.3 Pb Kz radiation, u
139.7 BGe! :;Eggz ;1;1%@ AT.Ts
159.7 Ge* Ge(n,v)"Ge* 52.9 s
186.2 226Ra % 222Rp | primordial, 23¥U-chain
198.4 Ge* Zggigz ’2%17?(‘;6 20.4 ms
238.6 212pp, 2 21235 primordial, Th-chain
295.2 214pp, 2, 214p; primordial, ?*U-chain
338.3 228 A 9, 228}, | primordial, Th-chain
351.9 214py, A5 2143; | primordial, 2*¥U-chain
510.7 208 2, 208y, primordial, Th-chain
511.0 et pair production, 5%, u
562.9 6Ge* 6Ge(n,n)Ge*, u 18.2 ps
583.1 208 2, 208y, primordial, Th-chain
595.9 Ge Zgggz Z?)?fféfe . 12.35 ps
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[ek’n(;e‘%gy from production half-life
609.3 214y 2 214pg primordial, 2**U-chain

661.7 1370 2, 137mp, | anthropogenic

691.6 2Ge" zgggz ;3)772%6 ; 444.2 s
727.2 21233 £, 212p, primordial, Th-chain

834.1 2Ge* 28222 g;?;:féfe } 3.35 ps
860.4 208 2, 208py, primordial, Th-chain

911.1 228 7 P, 228y primordial, Th-chain

969.1 228 7 P, 228, primordial, Th-chain

1039.3 0Ge* 0Ge(n,n)0Ge*, u 1.3 ps
1120.3 214p; 25 2up primordial, **U-chain

1173.2 600 2 60N anthropogenic

1204.2 TAGe* ZSEEZ Z);:%ee p 4.9 ps
1215.4 0Ge* NGe(n,n)0Ge*, u 3.7 ns
1238.1 21433 £, 214pg primordial, **U-chain

1332.5 60 25 60N anthropogenic

1377.7 21433 £, 214pg primordial, **U-chain

1401.5 21433 £, 214p, primordial, **U-chain
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116 APPENDIX D. GAMMA LINES
energy . .
ke V’ from production half-life
1408.0 214 2 214p, primordial, **U-chain
1460.8 0K PLEC 40 Ar | primordial

BGe(n,v)™Ge*
74 * ) )
1463.8 Ge " Ge(n, n')AGe*, 1 1.7 ps
2Ge(n,n')2Ge*
72 * ) )
1464.1 Ge Ge(n, 20)2Ce”, 4.5 ps
1509.2 21431 2 214pg primordial, ?**U-chain
1587.9 228 A P 228 | primordial, Th-chain
1661.3 21431 2 214pg primordial, ?**U-chain
2Ge(n, n')™2Ge*
72 * ) )
1728.4 Ge BGe(n, 2n)2Ge", 1.5 ps
1729.6 2141 2 214p, primordial, 2**U-chain
1764.5 214 2 214p, primordial, **U-chain
1847.4 214 2 214p, primordial, ?**U-chain
2118.5 214 2 214p, primordial, 2**U-chain
2204.2 214 2 214p, primordial, ?**U-chain
2447.8 214 2 214p, primordial, ?**U-chain
2614.5 208 £, 208p1, primordial, Th-chain

Table D.1: Energy and origin of the gamma lines
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Appendix E

Decay chains

On the following pages the three natural decay chains including their branch-
ings are shown. Numbers in red give the energies of the gamma rays released
after each decay (in keV) and the relative intensity of the respective line.
The colouring of the isotopes is the same as used in the Karlsruhe Nuclide
Chart: yellow stands for a-decay, blue for ™ -decay, green for spontaneous
fission and black for stable isotopes. For each isotope also the half-life is
given (small number in the box). All data taken from [Fir96, Led78|.
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Rn 220
sf
147+ 10 5565
[a:] [
63.8 (0.3%) noy
Ra228 Po 216
575a 0.15s
5 o
noy 90 (21%) | 4095 (2.1%) noy
933 (3.5%) | 463  (4.4%)
Ae 228 129.1 (2.8%) | 794.9 (4.6%) Ph 212
209.3 (4.4%) | 9111 (27.7%) osan | 743 (9.6%)
Gl 2702 (3.6%) | 9646 (5.204) 771 (17.5%)
oy 3276 (32%) | 969.1 (16.6%) g 272 (6.3%)
o 6N 3383 (11.4%)] 14959 (0.9%) 89.8 (1.8%)
(<0.1%)  (100%) 1587.9 (3.7%) 938 6 (43 3%)
Fr224 Th 22 1630.6 (1.6%) Bi2124| 200.1(3.4%)
33m 19132 60.6 m
7272 (6.6%)
- 39.9 (1.1%) // N 7854 (1.1%)
o N /34 4 (1 6%) Gy oy \IE206 (15%)
Ra224 T1208 Po 212
I664d 3053 m 03 ps
le —
241 (3.9%) 2774 (58MIN_ 6 % oy
5107 (22.6%)
Rn 220 583.1 (35.8%)
s 860.4 (12.4%)
2614.5 (99.2%)

Figure E.1: The decay chain of Th-232 including all gamma lines (energy in
keV) and their relative intensities. The tag "no v” means that either there is
no gamma emission at all or the relative intensity is so low, that the gamma
line can be neglected in comparison to the other lines of the whole chain.
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Po 215
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ne-y / N\ LG Y
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8 o 1y
404.8 (3.8%)

427.1(14%) | Bi211
831.8 (2.8%)

217Tm

T8 (1.2%w
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A 237 330.1(1.3%)

4.77Tm 21.773a
jilelyy T =, D10
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Fr 223 Th227
218m 18724
50.2 (8.5%
e N o/ 0% E2 10/3 7563 (6.8%4)
10.004%) (99.996%) g5 (160 | 2861 (LEW)
At219 Ral23 835 (280 | 2999 2.0%)
04 (14vy | 3044 (LOW)
09m 11434 2106(1.10/0) 320 8 (2.8%)
. . (1]
noq ) 236 (11204 2044 (1.070)
i}
(7o) o G a0 41 o0y 269 6 (14%)
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L e Rn219| 1543 (5794|4455 (1.5%)
T7m 396s
g\ o271 2 (10.8%) (5008 (34.0%)
401.8 (6.6%) B0 (2,29
Po 215 204.8 (1.29%)
234 6 (3.4%)
1.78 ms

Figure E.2: The decay chain of U-235 including all gamma lines (energy in
keV) and their relative intensities. The tag "no ~v” means that either there is
no gamma emission at all or the relative intensity is so low, that the gamma

line can be neglected in comparison to

the other lines of the whole chain.
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o Po 218
45* 19? 205 m
(3 [
45.5 (0.3%) no y
Th 234 Pb 214
2414 268 m
- g6 (242 (7.5
£3.3 (4.9%
8 92452 ?0/3 B 771 (10796 | 295.2 (19.285)
928 (2 7% 87.2 (3.794) |351.9 (37.2%)
o 89.8(1.006) |785.9 (1.1%
Pa 234 Bi2l4 (1.0%) (1.1%)
670|047 (15.5%) | 569.3 (10.4%) 199 m
—og4 (25.1%)|733 (8.5%4)
£ 111 (26%) |883.2(12.0%) a0y g N ()
131.3 (20.0%) 946 (20.0%) 70.020%) (99?8%)

1527 (7.00) |949  (7.8%)

D06.9 (6.5%) | 1001 (0.6 |TL210 Po214
of 13m 164 ps
no -y § no
Th 230 Pb 210
75 *10% 223a
g?? 0.37% e N2 817
O fo.001%)  (1600)
Ra 22 Hg 206 Bi2lo
1600 a 815m 5013d
o & o
(<0.001%) AN
186.2 (3.3%) ooy oy b v
Rn 222 T1 206 Po 210
18254 42m 138.384d
o g o
ney 13y 110 ¥
Po 218
305m

Figure E.3: The decay chain of U-238 including all gamma lines (energy in
keV) and their relative intensities. The tag "no ~y” means that either there is
no gamma emaission at all or the relative intensity is so low, that the gamma
line can be neglected in comparison to the other lines of the whole chain. The
various gamma rays appearing in the decay of *'*Bi to >**Po (marked in the
picture with ”(*)”) are listed in table E.1.
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Gamma energy Relative
keV]| intensity
609.3 46.3%
665.5 1.3%
768.4 5.0%
806.2 1.2%
934.1 3.2%
1120.3 15.1%
1155.2 1.7%
1238.1 5.9%
1281.0 1.5%
1377.7 4.1%
1385.3 0.8%
1401.5 1.4%
1408.0 2.5%
1509.2 2.2%
1661.3 1.1%
1729.6 3.0%
1764.5 15.8%
1847.4 2.1%
2118.5 1.2%
2204.2 5.0%
2447.8 1.6%

Table E.1: Gamma lines appearing in the decay of ***Bi to *'*Po and their
relative intensities.
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Appendix F

Decay schemes of selected
isotopes

This appendix shows the decay schemes or parts of the decay schemes of three
selected isotopes, 2'2Pb, 21“Bi and ?°*T]1. The gamma transitions marked in
red are used for the calculation of the activities of the respective radionu-
clides, see itemisation on page 77 in chapter 5.2.2. The transitions marked
in blue indicate the gamma cascades, i.e., the population of low-energetic
excited states by gamma transitions from high-energetic excited states. For
each transition the energy of the gamma line is given, as well as the relative
intensity. The arrows on the lefthand side of the decay schemes point to the
energy levels of the daughter nuclide, which are directly populated after the
decay of the mother isotope, including the branching ratio. The energy of
each excited state is given on the righthand side of the decay schemes. All
data taken from [Fir96].
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~ &
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N ~ ©
212 &
Pb AA A I
N ) &N S S ~
w9 © NSNS e
5.99 ¥y & L A A S
: & & S 4152keV
-
@ N X
5N
N 0N N
82.5% ' 3 933.6 keV
~
115.2 keV
12.3%

212Bi

Figure F.1: Decay scheme of the 3~ -decay of *'2Pb into ' Bi. For the 238.6
keV line of this isotope all effects from gamma cascades can be neglected, as
the relative intensity of the 176.7 keV line is very low. The gamma transition
with an energy of 238.6 keV comes from an excited state of *'2Bi, which
is highly populated in the decay of >'2Pb, and goes directly to the ground
state of 22Bi, not being followed by further gamma quanta. The 415.2 keV
gamma line is not used for an analysis, as its total intensity is far below 1%
(5.2% from the branching ratio of the population times 4.2% from the relative
intensity).
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Figure F.2: Simplified decay scheme of the 3~ -decay of **Bi into ?'*Po. Not
all excited states of this very complex scheme are shown; therefore the sum of
the single branching ratios deviates in some cases from 100%. The two high-
energetic transitions with gamma energies of 2447.8 keV and 2204.2 keV
fulfill the requirements stated in chapter 5.2.2, i.e., they go directly to the
ground state of 2'*Po and are not populated from states with higher energy.
The population of the state at 1377.7 keV from high-energetic excited (also
from many states not shown here) is not negligible. Therefore, this gamma
line was excluded from the analysis. The state at 609.3 keV is not populated
directly in the decay of **Bi and only part of gamma cascades, excluding this
line too.
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Figure F.3: Simplified decay scheme of the B~ -decay of 2°® Tl into 2°°Pb.
Again, not all excited states of the daughter isotope are shown. All excited
states, populated directly in the decay of 2°® Tl, have no direct transition into
the ground state of 2°® Pb, but first of all the state at 2614.5 keV is populated.
Thus, all gamma lines are followed by 2614.5 keV gamma quanta, which re-
sults in the fact, that the requirements given in chapter 5.2.2 (i.e. particularly
direct transitions to the ground state of the daughter isotope) are not met.
208 T] has no suitable gamma line for an analysis as decribed in the main text.

MARTIN HOFMANN: GAMMA SPECTROSCOPY FOR DOUBLE CHOOZ



Appendix G

Glossar

ADC Analogue-to-digital converter

AIM Acquisition interface module
bisMSB 1,4-bis-(o-Methylstyryl)-Benzole
BLR Base line restorer

BNC Bayonet Neill Concelman (Bayonet Navy Connector)
CAS Chemical Abstracts Service

CFD Constant fraction discriminator
CFT Constant fraction trigger

C.L. Confidence level

CcP Charge and parity conjugation
cpm counts per minute

DSP Digital signal processor
FWHM Full width at half maximum
GG Gate generator

GRT General relativity
GSW Glashow-Salam-Weinberg mechanism
HPGe High purity germanium

HV High voltage

LAB Linear alcyl benzene

LMA Large mixing angle

LN2 Liquid nitrogen

MSW Mikheyev-Smirnov-Wolfenstein effect

m.w.e. Metres of water equivalent; 1 m.w.e. = 100 g/cm?
NIM Nuclear instrumentation module

P/Z Pole zero

PC Personal computer

PEHD  Polyethylene high-density
PHA+  Pulse height aquisition
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128 APPENDIX G. GLOSSAR

PMNS  Pontecorvo-Maki-Nakagawa-Sakata matrix
PMT Photomultiplier tube

PPO 2,5-Diphenyloxazole

PTFE  Polytetrafluoroethylene (Teflon)

PVC Polyvinyl chloride

PVT Polyvinyl toluene

QCD Quantum chromodynamics
QED Quantum electrodynamics
RMS Root mean square

TFA Timing filter amplifier
TTL Transistor-transistor logic
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