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Abstract

Germanium detectors are a choice technology in fundamesgaarch. They are suitable for the
search for rare events due to their high sensitivity and lexteenergy resolution. As an ex-
ample, the GERDA (GERmanium Detector Array) experiment seagdor neutrinoless double
beta decay is described. The observation of this decay weslive the fundamental question
whether the neutrino is its own antiparticle. Especiallp@téd detector technologies and low
background rates needed to detect very rare events suchuitamoless double beta decays are
discussed.

The identification of backgrounds originating from the natgion of radiation, especiallg-
particles, is a focus of this thesis. Low background expenits face problems from-particles
due to unavoidable surface contaminations of the germauietectors. The segmentation of
detectors is used to obtain information about the specelatteristics of selected events.

The high precision test stand GALATEA was especially destyfor surface scans of germa-
nium detectors. As part of this work, GALATEA was completediaommissioned. The final
commissioning required major upgrades of the originalgteaihich are described in detail. Col-
limator studies with two commercial germanium detectoesmesented. Different collimation
levels for a3-source were investigated and crystal axis effects wereal.

The first scan with amr-source of the passivated end-plate of a special 19-folcheatgd pro-
totype detector mounted in GALATEA is described. Tdvenduced surface events were studied
and characterized. Crosstalk and mirror pulses seen in gmesdgs of the germanium detector
were analyzed.

The detector studies presented in this thesis will helpribvér improve the design of germanium
detectors for low background experiments.
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Zusammenfassung

Germaniumdetektoren eignen si¢h tlie Suche nach sehr seltenen Ereignissen, da sie aufgrund
ihrer hohen Sensitivdit und hervorragenden Energieésfing geringe Mengen von Radioak-
tivitat nachweisendnnen. Germaniumdetektoren finden daher zum Beispiel Anwenbdeim
GERDA (GERmanium Detector Array) Experiment, welches sichdar Suche nach dem neu-
trinolosen doppelten Betazerfall be&éiigt. Die Beobachtung dieses Zerfallsirde die funda-
mentale Frage beantworten, ob das Neutrino sein eigenét®ifaten ist. Die experimentelle
Voraussetzung zum Nachweis von sehr seltenen Ereignissedem neutrinolosen doppelten
Betazerfall sind niedrige Untergrundraten und speziellepagste Detektortechnologien. Das
GERDA Experiment sowie Methoden zur Untergrundminimierwagden vorgestellt.

Unvermeidbare Obe#dthenkontaminationen von Germaniumdetektoren erzeugen eugitz-
lichen intrinsischen Untergrund. Im Besonderen werden fImrenereignisse, die durch die
Wechselwirkung vora-Teilchen, entstehen im Rahmen dieser Arbeit diskutiemeBSipezielle
Segmentierung der Detektoren liefert atdiche Informationen zur Unterscheidung von Signal-
und Untergrundereignissen.

Ein eigens zur Untersuchung von Obacthenereignissen entwickelter Hochgpsionsteststand,
GALATEA, wurde im Rahmen dieser Arbeit voléstdig in Betrieb genommen. Die Inbetrieb-
nahme der Apparatur erforderte umfangreiche Umbaumal@rahmd die Implementierung zu-
satzlicher Komponenten. In der Vorbereitung wurden auchikeltorstudien an zwei kom-
merziellen Germaniumdetektoren durctiget. Das Kollimationsverhalten sowie Kristallach-
seneffekte wurden untersucht.

Die Oberfache eines speziell 19-fach segmentierten Prototyp-Betekurde erstmalig in GA-
LATEA mit einer a-Quelle abgetastet. Obexfihennahe Ereignisse wurden untersucht und
charakterisiert.

Die hier vorgestellten Detektorstudien dienen der Untgrang und Charakterisierung von Ger-
maniumdetektoren. Die daraus gewonnenen Resultatadn itzlich fur die Identifizierung
von Untergrundereignissen im GERDA Experiment sein odeegdghAnwendung in Experi-
menten finden, die Germaniumdetektoren verwenden.
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Introduction

Neutrinos play a fundamental role in the understanding ofumiverse. Neutrinos are electri-
cally neutral, weakly interacting fermions with a small maappearing in three generations in
the Standard Model. They are created in radioactive dedaftsmn processes. Neutrinos are
the only patrticles in the Standard Model that could be seddlajorana particles. A Majorana
fermion is a particle which is its own antiparticle. The otvsgion of neutrinoless double beta
decay, @33, would prove that the neutrino is its own antiparticle.

Double beta decay is a rare process in which two neutrong/desige a nucleus into two pro-
tons, two electrons and two anti-electron neutrinos. Theageccurs if ordinarny3-decay is
energetically forbidden or suppressed. If the neutrinoMagrana particle, a neutrino could be
exchanged and only the two electrons would be emitted. Blealied neutrinoless double beta
decay.

Low background rates and especially adapted detectordémiins are needed to detect very rare
events such as neutrinoless double beta decays. The istftoglevance in this thesis [§Ge. It
decays intd®Se with a half-life of~ 1.8 10?! years via double beta decdjGe can be used as
the source of the decay of interest and as the detector. Garmaletectors are suitable for the
search for rare events due to their high sensitivity and lieeenergy resolution. Germanium
detectors are also used to search for dark matter. In thes tasdark matter particle is supposed
to create a nuclear recoil and thus a small energy depositdnile Ov3[3 has a spectral line
signature at the Q-value, @ 2 MeV for 6Ge, dark matter recoils are expected in the keV range.

The characterisation of detectors is essential for thechdar rare events. A good understand-
ing is necessary to identify background events. The segtientof detectors is used to ob-
tain additional information about event topologies. Emédibackground is created by radiation
from natural radioactivity in the material around the d&tec Intrinsic background is created
by unavoidable surface contaminations, especiallyrbgmitters. The short penetration depth
of a-particles in germanium results in energy depositionsectosthe detector surface. These
events can misleadingly be interpreted as signal evergarifof the energy is lost due to charge
collection inefficiencies close to the surface.

The GALATEA test facility was especially designed to studyface effects in germanium de-
tectors. In GALATEA, the detector and the radioactive segrare housed inside a vacuum tank.



The detector is surrounded by movable stages to scan thetaleseirface with the sources in
three dimensions.

The first goal of the work presented in this thesis was to cetend commission GALATEA.
The second goal was the characterisation of surface evegtaaiing from the interaction of
radiation, especially-particles. The technical implementation of detector atgfscans using
the test facility GALATEA is presented in detail. First ssamith ana-source of the passivated
end-plate of a special 19-fold high-purity germanium deeteare discussed. Additional colli-
mator studies with two commercial germanium detectors egsgmted, in which the collimation
level was studied with @-source. Furthermore, studies of crystal axis effects wifhsource
are shown.

The thesis is structured as follows. In chapter 1, a basicveaxe of neutrino physics and re-
search results are given. The GERDA experiment is discussgthpter 2 as an example for the
search for @3B-decay in’°Ge. A brief summary of particle interactions with matter igeg

in chapter 3. Chapter 4 summarizes the properties of germadeaiectors; surface effects are
especially addressed. The technical properties of thei@odetectors subject of this thesis are
presented in chapter 5. The simulation of electric fieldsemtanium detectors and methods of
pulse shape simulation and analysis are summarized in@ah@pChapter 7 describes the colli-
mation studies done with two commercial germanium detscifferent collimation levels and
the spectra from &°Sr source are discussed. A pulse shape analysis on event2dhty®°Sr
was performed and is presented in chapter 8. Furthermareetults of a study on crystal axis
effects with ay-source are shown in chapter 9. The technical implememtatiol upgrade of the
test facility GALATEA is described in chapter 10. Chapter 12,and 13 present the results of a
first detector surface scan withparticles. The thesis ends with a summary and outlook elnapt



Chapter 1

Neutrinophysics

In the following chapter, the properties of neutrinos, uatthg results from recent research are
briefly summarized and discussed.

1.1 Neutrinos in the Standard Model

The Standard Model, SM, describes the elementary partaidstheir interactions with each
other. Six Standard Model leptons, (Ve, U, Vyu, T, V) together with six quarks (down, up,
strange, charm, bottom and top) plus their antiparticlestze fundamental components of mat-
ter. The forces are mediated by gauge bosons (strong folgensgy g; electromagnetic force:
photon,y; weak force:W=*, Z%). The fourth fundamental interaction is the gravitatiofuate,
mediated by hypothetical gravitons.

The three neutrinos are electrically neutral and only adeweakly; in the original SM, they
were assigned a zero mass. SM neutrinos only appear asaleded particles. Three neu-
trino flavours exist: the electron-neutrimg(ve), the muon-neutriney, (V) and the tau-neutrino

vr(Vp).

Neutrinos were postulated in 1930 by Wolfgang Pauli as gadiproduced in betag-, decay
to ensure the conservation of energy, angular momentum@nd B this reaction, a neutron
decays into a proton by emitting an electron and an antit@leaeutrino:

n—p+e + Ve. (1.2)

In 1956, 26 years later, Frederick Reines, together with Clgdean ﬂ], directly observed
neutrinos and thus was able to confirm experimentally therthef Pauli. The neutrinos were
detected in the inversB-decay (see ed._1.2), in which an anti-electron neutrinotseaith a
proton to form a neutron and a positron. The anti-electranrimes originated fronf8-decays in
one of the first nuclear reactors. Nuclear reactors emit la fate of anti-electron neutrinos and
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are therefore used as neutrino sources.
Vet+ p—n+et . (1.2)

However, neutrino oscillation-experiments have showntti@aconcept of SM neutrinos must be
extended.

1.2 Majorana or Dirac Neutrinos

Since the neutrino has no electric charge, the neutrino amadeaitrino states could be identical.
Therefore, it could be a Dirac or Majorana partic@a, [2].

This was first investigated with reactor neutrinos. If thetmieao is its own antiparticle, and has
a mass allowing a helicity flip, the reaction:

Vet+Nh— p+ e, (1.3)

should be observable for reactor neutrinos. This reactias searched for but never observed.
Reactor neutrinos have only been observed through the @aattim eq.[1.2. The currently
pursued approach to investigate the possible Majoranaenafihe neutrino is the study of neu-
trinoless doublg3-decay, @[[3.

1.3 OvppB-Decay

Neutrino accompanied doubBedecay, 33, is the combination of tw@-decays, i.e. two neu-
trons decay into two protons with the emission of two elatdrand two anti-electron neutrinos,
see Fig.[ 111 (left). The electrons in the neutrino acconmgzhdioubleB-decay yield a broad
energy spectrum, see Fig. 11.2. The two neutrinos carry aeyesst of the energy.

In OvB 3, the two neutrons decay into two protons and two electrotisout emitting neutrinos,
see Fig[ 1l (right). At vertex 1, an antineutrino is emittetiile at vertex 2, a neutrino is ab-
sorbed, i.e. a virtual neutrino is exchang@d [3]. This iyqssible if the neutrino has mass and
is its own antiparticle. In a pure V-A-theory (field-theacal model of the weak interaction), in
which parity is maximally violated, neutrinos are massl®gh a fixed helicity (H=-1and H =

+1 for v andv, respectively) and @B decay does not occur. A more comprehensive discussion
can be found in|]3]. In 0B 3, the lepton number is violated.



1.30vBB-Decay

VERTEX |

Figure 1.1: Left: Feynman diagrams of normal douBlelecay; right: Feynman diagram of
OvBB-decay with helicity flip; +1 and -1 denote the helicity, H,tbé neutrinos.

Double 3-decay is a second order process and will only occur in neslidith even numbers
of neutrons and protons, where the simglelecay is energetically forbidden or strongly sup-

pressed. Figure .2 shows the combined spectrum of the setrehs for the neutrino accom-
panied and neutrinoless doulfledecay. For neutrinoless doulffedecay, a line spectrum at the

Q value of the decay is expected.
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Figure 1.2: Combined spectrum of the two electrons for neoataiccompanied doubf@-decay

(dashed line) andw33-decay (vertical line at Q).

The OvB3 process has not been observed so far. Chapter 2 will focus B-@ecay and how

it can be investigated experimentally.
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1.4 Mass and Flavour Eigenstates

Neutrinos must have masses, because they oscillate. Theneeflavour eigenstatep/y),

o = e U,V, are not eigenstates of the mass operator. They are lineasications of the mass
eigenstatesy;) with masses m The flavour eigenstates are connected to the mass eigenisyat
a unitary transformation matrix, the PMNS (Pontecorvo-Mdikagawa-Sakata), U, matrix [3]:

|Vg) = ZUai|Vi> . (1.4)

The PMNS matrix specifies the probability to find a neutrinaafiven flavour in a mass eigen-
statei. U is usually written as:

1 0 0 C13 0 51367i ocp Ciz2 Si2 O gai/2 0 0
U=[0 cx %3 0 1 0 —s1» €2 O 0 é&®/2 0| , (15)
0 —S3 C3) \—s136'®@ 0 g3 0 0 1 0 0 1

where ¢; are defined asjc= cos6j and $; = sing;j and 6j are the mixing angles. The phase
Ocp is different from zero for CP-violating neutrino oscillati®. In the Majorana description,
two more phasesy; andas,, are added. The Majorana phases would influence the rateitbf-ne
noless doublg-decay.

1.5 Neutrino Mass Scale

The mass olv; is essential for the rate oMBS. The neutrino masses can be investigated in
cosmology and directly in weak decays or indirectly in nieatioscillations.

(A) Mass Constraint from Cosmology:

Neutrinos were created shortly after the big bang and arentie¢ abundant particles. The fact,
that the universe has not collapsed yet, requires the suneafdutrino masses to be less than 10
eV [@]. Model dependent calculations considering the stmgcformation in the universe yield
lower bounds ot 1 eV [4].
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(B) Flavour Masses from Weak Decays:

» Mass of the electron neutrinove, my,
The mass of the electron neutrino is experimentally coimgcaby studying the8-decay
of tritium. The mass constraints are derived from the entprfithe electron energy spec-
trum. Electron capture reactions could also be used toméatem,,. However, the best
limits come from tritium decay. The upper limit accordingttee Mainz neutrino mass
experiment is iy, < 2.8 eV 95% C.L.|ﬂ5]. A new limit is expected to be provided by the
Karlsruhe Tritium Neutrino experiment (KATRINE|[6].

* Mass of the muon neutrinovy, my,
The mass of the muon neutrino is experimentally constramedtudying pion decays
(rt — ptvy). The masses of the muons and pions are known [4] apdsrconstrained.
Using[ﬂthe energy-momentum conservation of the reactiqy),imlimited to m,, < 0.19
MeV [7].

* Mass of the tau neutrinovy, my,
The mass of the tau neutrino is constrained from measursnaéribe missing mass in
semihadronia decays. The current best limit isym< 18.2 MeV ﬂ'].

Table[T.1 summarizes the upper limits foy, , ; = /¥ [Ue .7 2N

vMass | Masslimit | C.L.%
electron based < 2.8eV 95
muon based | < 0.19 MeV| 90
tau based | <18.2MeV| 95

Table 1.1: Neutrino mass limits| [@ 7].

(C) Mass Differences from Oscillations:

In neutrino oscillation, neutrinos change their flavour. eTihdividual lepton number is vio-
lated and neutrinos must have mass. The observations of tiheficit in the solar neutrino flux
(Homestake experimerﬁ| [8]) and thrg deficit of the neutrinos produced by cosmic rays in the
atmosphere (Kamiokande experimdﬂt [9]) were explaineddaytrmo oscillations. A part of
the ve produced in the sun are converted into muon-neutrinos anlay to earth ¢e — vy).
The muon-neutrinos produced in the atmosphere by cosmscar@yconverted into tau neutrinos
(Vu — Vr).
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Considering the neutrino mass-eigenstate as a plane waveigénstates evolve over time ac-
cording to Schroedingers equaticﬂw [3]:

Vi) (t) =e v | (1.6)

with the energyl__[|3]:

Ei:w/p2+rqzzp+2ﬁsz+g : (1.7)

E is defined as the neutrino energy. A pure neutrino stage,at time t = 0 evolves in time into
the following state|__[13]:

v(t) =5 Uaie =) = 5 UaiUgie5'|vg) (1.8)
I 1,B

The transition amplitude can be written as [3]:

L
Ala — B;t) = zuaiugie—'T% = Ala — BiL) . (1.9)
|
The transition probability is given bﬂ[3]:
P(a = B,t) = [UaiUpi|*+2Re S Uailg UpUpgje % (1.10)
|

1>

The first term describes the mean transition probabilitylevtiie second term specifies the neu-
trino oscillation. The phase differencd,, includes the mass difference of the two neutrino
states, ttge distance L between the neutrino source and teetaleand the energy of the neu-
trino, E [3]:

dij

AN

The mass difference entersﬂsﬁ- =g — m]2 . For anti-neutrinos, the transition probability is
calculated the same way, with U replaced by its complex gatgi Equation 1.10 shows that the
Majorana phases do not affect neutrino oscillations. Tioegegneutrino-oscillation experiments
will not obtain information about the Majorana or Dirac n&twof the neutrino.
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Three neutrino mass eigenstates result in three massrgiftms,, Am3, andAmZ,. They are
determined experimentally from oscillations.

The mass splitting)\m%2 — Amé, ., is identified with the oscillation of atmospheric neutrintie
mass splittinghm3, with the evolution of solar neutrinos.

TablelI2 summarizes the latest experimentally obtainattine-oscillation parameters| [4]:

Parameter | Value
sin?(26y5) 0.857+ 0.024
Amg, (7.50+ 0.02) x 10°° eV?2
sin2(2623) > 0.95

Am3, (2.327583 x 1073 eV?
Sin?(2613) 0.098+ 0.013

Table 1.2: Neutrino mixing values| [4].

1.6 Neutrino Mass Hierarchy

From solar neutrinos, it is known tham2, is positive. The oscillations happen inside the sun
and are described by the Michejew-Smirnow-Wolfenstefaetf MSW-effect|[10]. The sign of
Amg, is so far unknown. Hence, the following neutrino mass sdesare possible:

* Normal Hierarchymy; < mp < mg ;
* Inverted Hierarchymg < my < np ;

» Degenerated Masses:<0< my ~ nmp ~ mg .

Figure[L3 illustrates the normal and the inverted hieraréts Am3, << Am2,, Am3, ~ Am3;
holds. The absolute mass scale is not known and cannot beetbéhom oscilattions. The rate

of OvB 3 would provide some information on the mass scale.



10 1. Neutrinophysics

A .
NE normal inverted
| W3 RZ
Am%l
Amd, | I
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Figure 1.3:Normal and inverted hierarchy of the neutrino masses.

1.7 Neutrino Sources and Experiments

Sources are either natural or artificial. First, naturalrses are discussed. Solar neutrinos are
produced in the sun by nuclear fusion processes. Atmospheutrinos are produced by cosmic
radiation and arise from secondary decays of charged pikawm)s and muons. Atmospheric
neutrinos have higher energies than solar neutrinos. Exa@g energetic neutrinos come from
outside the solar system. Another source of neutrinos aieaetive decays in the earth; these
neutrinos are called geoneutrinos. Relic neutrinos fronbifdang are not directly observable.

Nuclear reactors are one of the artificial sources of nendriithe neutrinos are produced in large
guantities in3-decays, i.e. from decaying neutrons produced in nuclesiofigeactions. Thus
a flux of exclusively anti-electron neutrinos leaving thaater in all directions is created. Other
artificial sources are neutrino beams where pion and kaoaydesre exploited or radioactive
elements are stored in a beam line.

Experiments working in beam lines or with reactor neutrioften have one detector close to the
source and one far away. That is a good scenario to obseriiatcas.

Experiments looking for solar or atmospheric neutrinod@cated deeply underground to shield
them from cosmic radiation. They can be built into mines amuhéels or even deep underwater
orice.

Neutrino experiments like Super-Kamiokan@ [11], Bore@], SNO m;], Daya Bay|_[_1|4],
Double Chooz@S] and future neutrino experiments have tla goextract more information
about the nature of the neutrinos, like measurfag more precisely, the sign @fmz, or the
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absolute neutrino mass. One of the most important quesspmsether the neutrino is its own
anti-particle, which might help to explain the asymmetriymeEen matter and antimatter created
in the early universe. This issue is addressed through @retséor O3 by experiments like
GERDA at LNGS, which will be briefly described in the next chept
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Chapter 2
The GERDA Experiment

The high-purity germanium detectors presented in thissless) be used for rare-event searches.
In a low background environment, special detector-deskggig to distinguish between signal
and background events on an event by event basis. GEREBR(haniumDetectorArray), a low
background experiment searching for neutrinoless doudtie dbecay, was part of the motivation
for this thesis. The physics goal, the design concept of xXper@ment and a short overview of
the phase | results are presented.

2.1 Physics Goal

The aim of the GERDA experiment is to search foi3B decay in the germanium isotop&Ge
with a sensitivity ofTy , > 2- 1076 years at a 90% confidence level. The observationug[®
events would provide information on the absolute mass sifabeutrinos and indicate that the
neutrino is its own antiparticle. The observation of@B decay would point to new physics
beyond the Standard Model.

2.2 Design Concept

2.2.1 Germanium as Source and Detector

To identify the rare 033 events in the observed energy spectrum, the good enerdutiesaf
germanium detectors is ideal. GER@[E[ 17] is using geromanetectors made of material
enriched in’®Ge in order to enhance the signal to background ratio; thkgvaand is propor-
tional to the total mass and the signal to the mas8®é. Germanium has the advantage that it is
the source of the decays and the detector material at thetsameThis ensures good efficiency.
A maximum of one @3 event is expected to be seens1 kg of germaniun’®Ge per year.
Thus, even for 100 kg, only very few events are expected atrdrarly low background levels
are needed. The goal for phase Il of the GERDA experiment iskgvaund rate of 1 102
cts/(keV- kg - yr).



14 2. The GERDA Experiment

2.2.2 Background

It requires big efforts concerning the design of the expentrand its components to reach the
background level needed. There are different backgrounttibations which are minimized by
using different suppression techniques.

(A) External Background and Location:

The experiment needs good shielding from cosmic rays. Modueed neutrons from cosmic
radiation are a potential background source. Therefoee3BERDA experiment is located un-
derneath the Gran Sasso massif at a depth of 3400 meter watealent (m.w.e.).

Neutrons and photons originating from radioactive decaybe surrounding mountain can also
contribute to the external background. Against that, a aoatlon of water and liquid argon is
used as a shield.

(B) Detector and Material close to the Detector:

In order to minimize the background originating from theed¢or material itself, it is stored
underground before and after crystal and detector pragluc8urface transport is kept to a min-
imum. The unavoidable transatlantic transports were aptished deep in the bow of a ship to
minimize cosmogenic activatioﬂlS].

The usage of low background materials and the reduction ¢énmahclose to the detectors is
essential. The detectors used in GERDA are mounted in sjyedesigned holders made of only
a small amount of copper, silicone and PTFE (Teflon).

Especially designed detectors, like segmented germanaiecibrs, could help to reduce back-
grounds by a factor of up to 1@19]. However, they are not us€sERDA.

(C) Detector Surface:

During the manufacturing process, germanium detectorsxgetsed to air and they undergo dif-
ferent chemical and mechanical treatments. This unavbidantaminates the detectors to some
level. The resulting decays of radioactive isotopes cbutei to the total background°Pb, dis-
tributed on the surface and inside the partially inactivdasie layer of a germanium detector,
depositsa-particles while it is decaying. Aa-particle looses: 2.4 MeV when passing: 10
pm of germanium@O]. If the inactive or “dead” layer has thght" thickness & 10 - 15um),
the energy observed in the active detector is reduced #dm MeV to 2 MeV, [20]. This could
fake a neutrinoless double beta event. Therefore, the stsiyrface events with dedicated de-
tector designs is essential. This is done with the high piacitest facility GALATEA, presented
in this thesis, see chapters 10, 11, 12 and 13.
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2.2.3 Location and Setup

The GERDA experiment is located in Hall A of the Laboratori Maali del Gran Sasso, LNGS,
in Italy, see FigL’ZJ1 . LNGS is currently the biggest undeugd lab worldwide. It is run by the
italian national institute for nuclear physics, INFN (listo Nazionale di Fisica Nucleare).

Gerda Expenment

Figure 2.1: Location of the GERDA experiment in the undergblab LNGS, adapted from
I

The experiment is located 1400 m below the Gran Sasso megsdh acts as a natural shield
against cosmic rays. The rock reduces the muon flux by abaaEsof magnitude with respect
to the surface.

Fig. [2.2 shows an artist’s view of the GERDA setup. The GERDAIg&bnsists of a liquid
argon tank surrounded by a water tank with a clean room, diaes0 (ISO 1464-1), on top.
The detectors are placed inside the liquid argon and theynatsted via a lock system on the
top. A muon veto made out of scintillator panels is providedtap of the clean room. The
stainless steel water tank with a diameter of d = 10 m and aheigh = 9 m is filled with 580
m? ultrapure water. The water is used as a shield against meuémod photons originating from
radioactive decays in the surrounding rock. The water alt®as a muon veto. Highly relativis-
tic muons from cosmic radiation passing the water procﬁ)berenkov light, which is detected
by photomultipliers mounted inside the water tank.



16 2. The GERDA Experiment

strings — T

7,

cryostat

with liquid argon

‘ 1 )
‘; | v
| » |
detector array N | k'
(enhanced) internal copper g
’ | shielding o
. |\ /A
" ~

stainless steel tank -
with ultrapure water

Figure 2.2: Artistic view of the GERDA Experiment, adapte@hfriﬂ].

The inner stainless steel tank (d =4 m, h = 6 m) is filled with &igh-purity liquid argon. Lig-
uid argon shields the detectors and also cools them. The sedl of this steel tank is covered
with sheets of ultra-pure copper to reduce the amount of ganalys coming from the stainless
steel.

The detector holders are lowered down in strings. They alek Ihestainless steel chains and
placed in the middle of the argon tank. The strings supperdigtectors and provide housings
for the read-out cables. The strings are accessible thraugtk system via a glove box inside
the clean room.

The calibration of the detectors is done regularly usidéf@h source. The calibration source is
placed at different levels to illuminate in turn all detasto

2.3 GERDA Phases and First Results

2.3.1 Phasel

The GERDA experiment was designed to run in two phases; it wagsoged in 200@2]. The
construction work for Phase | was completed in 2010. In May®2@he commissioning phase
began and in November 2010, GERDA started with data taking.

Phase | had a 3-string assembly (see Hig.] 2.3) and used &istfed enriched germanium
detectors from the old Heidelberg-Moscow experim @ &hd the IGEX [nternational
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GermaniumEXperiment) QG]. In addition, a natural germanium deteegtas in use. All
Phase | detectors were standard p-type closed-end coaxmbgium detectors. The total active
mass of the detectors was about 14 kg. An energy resolutidrbddeV at theQgg value of'%Ge
was achieveclﬁ?].

Figure 2.3:GERDA strings with Phase | detectors (on the Iéﬂ [27] and a mini-shromth@right) with
a 60um Cu foil jacket for shielding [28].

The background level achieved in Phase | (@6*3%) - 102 cts/(keV- kg - yr) [27]. This was
evaluated in the energy region around @gs value + 100 keV, where the small energy band
between 2019 keV and 2059 keV was excluded from the evatualiois background level is an
improvement of one order of magnitude compared to the HagigtMoscow and IGEX experi-
ments.

Fig. [2.4 shows the first energy spectra taken with the Phastettbrs. The plot shows the
spectrum taken with enriched (red) and non-enriched (lde&ctors. The spectrum from the
detectors with natural material was normalized “to matahdkposure” of the enriched detec-

tors, [27]. GERDA has recently published their first limit ongB of Tlo/"2 > 2.1-107° yr (90%

C.L.) [29]. This is the best limit on @B in 78Ge so far achieved. It excludes previous claims
made by a part of the Heidelberg-Moscow collaboration [30].
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Figure 2.4: First energy spectra taken with enriched dets¢ted) and non-enriched detectors
(blue). The green band marks the interval 2012-2059 keVthe region of interest for\g33
search?].

2.3.2 Phase ll

New detectors made of enriched material were built for Pliagéhe goal is to reach a back-
ground level of 1& cts/(kgkeV-yr) with an exposure of 100 kgr. The new detectors are so
called "Broad Energy Germanium Detectors” (BEGe) with a poontact design. Several de-
tector types were under discussion for GERDA Phase Il. Orectiwttype was the segmented
n-type detector developed at the Max-Planck-Instifmtfhysik @LEIZ] However, the produc-
tion of n-type crystals from enriched germanium was tedhiaot feasible.

It is intended to have detectors with a total mass=@5 kg of ‘°Ge for Phase II. The detectors
were produced and tested in 2013. Data taking for Phasexpisated to start in 2014.



Chapter 3

Interaction of Particles with Matter

In order to understand the events in a germanium detectisregsential to understand the in-
teractions of the different kinds of radiation with germamivery well. Particles interact with
matter due to different processes, depending on the migbeoierties of the absorber material
and the characteristics of the incoming particle. The foilhg chapter gives a short overview of
the various interaction processes of particles with maggecially germanium, relevant for this
thesis.

3.1 Interaction of Charged Particles

If charged particles travel through matter, they electrgnadically interact with the shell elec-
trons of the atoms and lose their energy mainly through ation. The particles can also interact
with an atomic nucleus, but only if their kinetic energy issdhenough. Since the energy transfer
to an electron per interaction is only a few eV, a large nunatbecattering processes are needed
to fully transfer the energﬂkS]. The energy-loss per usrigth for all particles but electrons is
guantum mechanically fully described by the Bethe-Blochmrialia @]:

dE o 5 ZQP 2Mey?V2 Tax ) C
& —27TN/_\I‘emeC Kﬁ |n |—2 ZB 6 22 y (31)

where:

Na = Avogadro Constani¢ 6.022- 10?2 mol™1)
re = classical electron radius«(2.81-107°m) ,
mMe = electron rest mass«(0.51 MeV) ,

p = density of matter ,

Z = atomic number ,

A = mass number ,
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g = charge of incoming particle ,

B = v/(l:, v = velocity of incident particle ,

y= i

Tmax = maximum energy transfer in a single collision ,
| = mean excitation energy ,

0 = density correction ,

C = atomic shell correction .

The energy loss in matter described by the Bethe-Bloch formoés not depend on the mass
of the particle. However, it depends on the square of thegehaf the incoming particle. Thus,
particles withq > 2 lose their energy much quicker than singly charged pasgicl'he quantum
mechanicaansatz underlying the Bethe-Bloch formalism cannot be used to desdche ioniza-
tion caused by electrons because it does not work for idanticoming and target particles.

3.1.1 Electrons

Electrons -particles) and positrons interact with matter due to iatian and bremsstrahlung.
If their kinetic energy is not too high, they are constanthakging their direction as they are
scattered within the material. The “free” electrons pragtuby ionization can further ionize
other atoms (secondary ionization). In semiconductorsafied electron-hole pairs are created.

lonization is the dominating process at low energies, wadget@emsstrahlung effects are more
important at higher energies. For materials with> 13, the critical energy, &, at which
ionization and bremsstrahlungs effects contribute eq,u'al@]:

550 MeV
Borit = ——— , ESS ~ 17.2 MeV . (3.2)
For an electron energycFof a couple of MeV, the realm of this thesis, ionization doates. An
electron with E ~ 1 MeV typically deposits its energy in a sphere with a raditiess than one
millimeter inside germanium.

3.1.2 Alpha-Particles

Of particular interest here, ame-particles,q = 2. As they ionize very strongly due to tlug-
dependence in efl._3.1, they have little penetration poweair] a-particles are already stopped
after~ 10 cm. In germanium, the average penetration deptti-phrticles with an energy of
5-10 MeV is only some tenth gim.



3.2 Interaction of Photons with Matter 21

3.2 Interaction of Photons with Matter

Gamma energy spectra taken with germanium detectors shaxp gihoton peaks at specific
energies and a continuous Compton spectrum. These feat@rekia to different processes
according to which incoming photons interact with the dietematerial.

» Photoeffect
A photon transfers its energy completely to a shell electtba semiconductor or any
metal and thus separates the electron from its atomic nsiClhe ejected electron has the
energy, k-, equal to that of the photon, Ereduced by the electron binding energy; E

Ec = E, — Eg . (3.3)

If Ey is too low, the electron is not ejected from the atom but extit~or E, < 100 keV
and high nuclear charge-numbers, Z, of the material, theéogiffect is the dominating
process.

» Compton Scattering
If the photon is not absorbed, it can be scattered off thereleand the energy is only par-
tially transferred. At a scattering angl,, of 6. = 180, i.e. the photon is back-scattered,
the maximum energy transfer occurs. For a givghd@&sharp edge in the spectrum, the
so called Compton edge, is observed. At lower energies, thep@oncontinuum forms a
plateau, corresponding td & 6. < 180°. Compton scattering dominates for energies of
100 keVS Ey < 1 MeV. The scattered particles carry modified energi@sa,rﬁj E_,and
momenta,fi’y and@,_. Energy and momentum conservation demand:

Ey+ Ee = E, +E, (3.4)

e

By + Pe = Py + P - (3.5)

The wavelength of the incoming photoh, is

hc
A= E_v (3.6)

From eq[3.4 and 3.5, the wavelength of the scattered phatpoan be calculated as:

h
A=A+ @(l—cosec) : (3.7)
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* Pair Production
At higher energies, {£> 2 me, the pair production process sets in. It occurs in inteoasti
of photons with the strong electric field of an atomic nuclelise electron and positron
lose their kinetic energy through ionization. The positeamihilates with an electron in

the material, once it is stopped.



Chapter 4

Germanium Detectors

Semiconductor detectors are used for radiation and paretection. Due to their excellent
energy resolution and high sensitivity, they are used inreetyaof physics applications. Semi-
conductor detectors already have a long history but theieldpment is still ongoing. The
precise characterization of the detectors is essentia¢gmarch applications and further detector
development.

Although silicon detectors are nowadays used in a wide rahgpplications, germanium detec-
tors are needed in applications like low background expamisy high frequency technologies
and nuclear medicine, because of their better energy tesoknd larger volume. Silicon detec-
tors are often used to detect short range particles,digarticles and low energy photons. For
the detection of photons in the MeV realm, detectors witgdacrystal volumes are needed.

In the following chapter, general characteristics of semdictors are introduced and fundamen-
tal properties of germanium detectors as well as their teahapplication are briefly discussed.
In particular, the working principle and main propertiecoéxial and especially segmented ger-
manium detectors are discussed.

4.1 Semiconductors in General

Due to their intrinsic conductivity, semiconductors canseen as conductors and insulators at
the same time. Their conductivity is temperature depenaediincreases with temperature.

4.1.1 Crystal Structure

Semiconductors can have different crystal structuregcdpiland germanium both crystalize into
the diamond-cube crystal structure, which only containstemt bonds. The crystal structure
has a face-centered cubic Bravais lattice which can be destAas an assembly of two face-
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centered cubic lattices, which are interleaved and shified/4 of the space-diagonal against
each other. The crystal axes are defined in the following @1& [

» <100> crystal axes: 2 atoms per unit cell;

* <110> crystal axes: 4 atoms per unit cell; the atoms have the ladjssnce to each
other;

» <111> crystal axes: 2 atoms per unit cell; the atoms are placeddsest. In this direc-
tion, the crystal grows the sIoweE[35].

4.1.2 Band Structure

The properties of semiconductors can be explained with tieggg-band model: this model
explains quantum-mechanically the behaviour of the enstates of electrons inside an ideal
mono-crystal.

Electrons in a solid-state body have a long interactioneaigergy levels which are created by
the superposition of orbitals of neighbouring atoms arg wiwse and can be seen as a contin-
uum, the so called valence band. This is by definition thedsgbnergy level which is occupied
permanently. The next higher energy level is defined as thdwion band. The difference in
energy between the valence band and the conducting bankeid band-gap. Depending on the
crystal, the bands of the energy levels overlap (conductorare separated (insulators).

Compared to insulators, semiconductors have a smaller gapdavhich decreases with increas-
ing temperature. Germanium has a band gap of about 0.73 e¥/kat 8

4.1.3 Impurities

The actual conductivity is determined by impurities in teendconductor. Depending on the im-
purities inserted into the material, semiconductors aassified as n- or p-type. Germanium, as
well as silicon, has four valence electrons. Impuritiedwliree valence electrons, like boron, act
as acceptors as they can receive an electron from the bubcialathey create p-type material.
Impurities like arsenic or phosphorus, can release anreleend therefore work like donors,
creating n-type material. However, the impurities havedartiegrated into the crystal lattice;
the integration process is sometimes called activation.

4.1.4 The p-n Junction

By bringing together n- and p-type material, a boundary l&s/&armed, through which electrons
and holes diffuse as long as the emerging field created betithealonators and acceptors coun-
teracts this current. In this boundary layer, the chargeerardisappear and the area is called
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depleted. At the p-n junction, an electric field is generat&tle electrons from the n region
diffuse to the p-side. Current can flow in the p-n directionibdbrbidden in n-p direction.

The depletion zone can be enlarged by applying a voltageetaétector which creates a high

electric field. A high field strength is also needed to extedettrons and holes before they can
recombine. By extracting the charge carriers the juncti@mobes a detector.

4.2 Detector Configurations

Germanium detectors can be produced in different configursit like planar, closed-end and
true-coaxial geometries, see Hig.14.1.

= (=

Planar Closed-end True-coaxial
coaxial

Figure 4.1: Different configurations for germanium deteto

For a planar detector, the contacts are placed on the tophandattom of the crystal. For a
point-contact configuration, see Fig. 4.2, one small cdrisgulaced on one side.

"
>

Figure 4.2: Point-contact configuration.

4.2.1 Coaxial Detectors

Coaxial detector configurations are more suitable to detgbténergy (MeV) photons, because
they have larger volumes and thus better contain the irttersc A 2 MeV photon, for instance,
has a mean free path of several centimeters in germaniunthamdaximum depletion depth of
a planar detector is only around 1-2 cm. Therefore, the ebarinfiguration is needed to fully
contain these photons. Coaxial detectors are designed Isatchrie electrode is formed by the
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mantle of the detector and the other electrode is the core.

For the n-type coaxial detector configuration, the electiame drifting to the core electrode’(n
contact) and the holes are moving to the mantfe-¢pntact). Both, the electrons and holes, are
collected at the electrodes. The opposite situation odoyrgype detectors, where the electrons
are drifting to the mantle and the holes to the core. In botifigarations, the core is used for
biasing, see Fid. 4.3.

n+ contact h
e
e
e

p+ contact n+ contact

Figure 4.3: Working Principle of n-type (left) and p-typ&frt) coaxial detectors, adapted from
I

The bore hole can either penetrate the whole detector vo(tnne-coaxial detectors) or cross
the crystal only partially (closed-end coaxial detectoiid)e bore hole is drilled into the crystal
after it is grown.

Commercially produced detectors are produced as n-type déyygepdetectors. The p-type de-
tector has a thick dead layer on the outside which meansttbahnot detect very low energy
photons so well, see section 4.7. An n-type detector hasnaehip”-contact on the outside,
because it is implanted, and therefore it is more sensiivevt energy photons.

4.2.2 Segmented Germanium Detectors

The mantle of a coaxial germanium detector can be segmef®egmentation can be used to
discriminate signal from background events, for examplewm background experiments like
OvB3 searches.

If low-energy electrons (1 MeV) deposit their energy insedgermanium detector, they deposit
90% of their energy inside a sphere with a radius of about 1 Batkground events originat-
ing from Compton scattering cause multiple hits inside thestal (see Fig[“4]4). Hence, if all
segments are read out, the segmentation can give informakiout event position and event
topology. A background event is most likely seen as a mitki-event, detected by several seg-
ments at the same time. Events, induced by an electron frgeBPwould only be seen in one
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segment. This is why signal and background events can bgfiddwith segmented germanium
detectors.

Top View

[
Signal Event BG Event \6/ w

Figure 4.4: Principle how single-site and multi-site egerdn be distinguished using segmented
germanium detectors.

The segmentation is done by masked implantation. The gdp&be segments are passivated.
Also passivated are the endplates of the detectors. In@h&pthe detector Supersiegfried is
introduced, which is an 18+1-fold segmented germaniumctimte

4.3 Depletion and Operating Voltage

Detectors can only be stably operated when they are fullietlsgh The depletion depth is given

asEJV]:
2eV :
d:<m) ’ @1

where V is the bias voltage applieglis defined as the dielectric constant, e is the electron eharg
and N is the net impurity.

Semiconductor detectors are reversely biased diodes. xXtbmal potential, V, is chosen such
that the depletion zone fills the detector and electron-pales created in interactions can be
separated. The coaxial detectors used here have full dephadltages of 2 to 5 kV. Only a
couple of hundred volts would be needed to ensure the telwahacity of charge carriers and
to compensate for possible inhomogenities of impurity dess this is thus always ensured by
the bias voltage needed.

The bias voltage should be increased slowly to avoid detel@mages. The operation voltage
should be slightly larger than the depletion voltage. Thissinot effect the depletion of the
sensitive volume but it increases and stabilizes the atatfreld.
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For an n-type coaxial detector, the positive voltage isiadpbn the m-contact. By slowly in-
creasing the voltage, it starts depleting from thegide extending deeper into the n-region until
the detector is fully depleted. Thus, if the qtontact is on the inside, the detector gets depleted
from the outside to the inside, see Hig.14.5.

yp-n junction

Figure 4.5: Growing of the depleted region from the outs@éhe inside for an n-type coaxial
detector by applying high voltage, adapted frond [36].

4.4 Temperature, Leakage Current and Noise

Germanium detectors cannot be operated at room tempecdhter® their small band gap. Ther-

mally excited electrons would fill the conduction band ane pmoperties of a semiconductor

were lost. The detectors are operated at around 100 K. Asdhbe df a detector is not perfect, a

certain amount of current is observed. This leakage cuisantgeneral temperature dependent.
If amplifying electronics is DC coupled to the detector, thakage current contributes to the
noise created in the electronics.

In general, germanium detectors are cooled down by platiegtin a vacuum cryostat, with
a direct thermal contact to a dewar filled with liquid nitrogé.N,. The detector is placed in
a holder that is connected to a cooling finger which is subeteng LN,. Additional isolation
surrounding the detector can help to keep it at the temperaieeded. These main operating
requirements are implemented in the test facility GALATE&e chapter 10.

4.5 Energy Resolution

Germanium detectors have a very good intrinsic energy uéeal i.e. about 2~ 3 keV at 2
MeV. This allows the separation of basically all relevantngaa lines. The energy resolution is
dependent on the charge collection efficiency ,Whe electronic noise, W and the statistical
fluctuations of the creation of electron-hole pairs; VWhe total energy resolution, YNis ﬂﬁ]:

W2 = WE + W2 + W3 . (4.2)
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W2 is calculated as follows [37]:

W§ = (235°FELE, (4.3)

where E is the true energy under investigation agdikthe energy needed to create an electron-
hole pair. F is the Fano factor, which is used as an “adjustrfaetor to relate the observed
variance to the poisson predicted varian¢e? [37]. Itis dedias foIIowsB?]:

observed statistical variance E
F = . . (4.4)
E Ee’h

The smaller the Fano factor, the better the energy resalutio

Assuming ideal electronics, ¥is the limiting factor for energies below 100 keV while for
higher energies \W dominates. The size of a detector is also a critical paranietdéts energy
resolution, as W is smaller for smaller detectors. However, events have toomtained. As
large crystal volumes are not needed to contain low energyopls, small detectors are used in
this realm.

4.6 Signal Development and Read Out

4.6.1 Electron-Hole Pair Creation

If energy is deposited inside a detector, electron-holespeaie created. The band gap of ger-
manium is about 0.73 eV, but the energy needed to create etnaglehole pair in germanium is
about B = 2.95 eV at 80 K. The energy difference is absorbed througlttbation of phonons
inside the crystalE4].

4.6.2 Electric Field and Weighting Potential

The electric field inside the detector can be calculated byrspPoisson’s equatiovELi%?]:

vE=2, (4.5)

wherep is defined as the density of the active bulk-impurity. Thermary condition

E(r2) — E(r1) =V, (4.6)
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is applied for true-coaxial detectors, where V is the biakage, and 1 and i are the inner
radius and outer radius, respectively. Using this boundangition, solving Poisson’s equation
in cylindrical coordinates yields the electric field for agrcoaxial detector [37]:

4.7)

The value of the full depletion voltage can be calculatedditirsg Er;) = 0. For the calculation
of the weighting potentials, the electrode collecting tharge is kept at fixed potential and all
others at zero (Dirichlet condition).

4.6.3 Charge-Transport

The created charges are moved by the electric field until #neycollected on the electrodes.
Transport processes of charge carriers in a semiconduatatigded into drift processes and
diffusion processes.

(A) Drift:
Charge carriers in the conduction band have a thermal velagit The drift velocity, Vg, , of
the charge carriers is controlled by the bias fi&ldForvy < Vi [@]:

Ve = HMehE. (4.8)

The tensorgue , describe the mobility of electrons and holes inside thetatys'heir absolute
values are mainly determined by scattering processes Withgns. This results in a temperature
dependence of the mobility. The reciprocal value of the ity a measure for the occurrence
of collisions coming from scattering processes. The hol®ihty is smaller than that of the
electrons because holes have a larger effective mass. imagarm, the difference is small. The
mobility is a tensor due to crystal axes effects.

(B) Diffusion:
Diffusion processes occur from local differences of therghacarrier concentration inside the
semiconductor which causes the cloud of charge carriersdeny

The Einstein-equation links the diffusion coefficient, B (& .

D = Lenks T, (4.9)

with kg being the Boltzmann’s constant and T the absolute temperafar germanium detec-
tors, D is smaller than um and can be neglected.
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4.6.4 Signal Read Out on Electrodes

The drifting charge carriers induce charges in the eleesaihd the resulting charge pulses are
amplified in charge sensitive devices. The induced chargié®mlectrodes can be calculated
using Shockley-Ramo’s Theorem [39] 40]. The amplified putsesdigitized and sampled at a

given frequency.

4.7 Dead Layers and Endplates of Coaxial Detectors

Coaxial germanium detectors have a large surface and thail ldgers and endplates are very
critical for their operation.

4.7.1 Dead Layers

Germanium detectors have so called dead layers. Insidetitkicting electrodes, the electron-
hole pairs created by any energy deposit recombine. Iniaddthe field is weak underneath the
endplates. That also can create charge collection inefticds. However, it should be noted that
all these dead layers are not 100% dead. Some charge migbliéeted. The layer underneath
the endplate especially might have several sublayers.ditiaw, it might not be stable in time.

4.7.2 Surface Contamination

Besides different mechanical and chemical treatments gluha manufacturing process, the
detector is also exposed to air at certain times. If it is eggoto Radon, the Radon decay-
product?19Pb will contaminate the surface€1%Pb is produced by the decay #%°Rn, which
emerges from the earth’s crust as a part offife) and?3°Th decay chains. #19Pb atoms decay
on the detector surface;-particles deposit their energy close to the surface of #teafor. If
just the “right* amount of energy is lost in a dead layer, tegulting event might mimic au3 3
signal event. This is most likely the case close to the eneplal herefore, it is crucial to study
the endplates and to characterize these events.

4.7.3 Surface Channel Effects

So called “surface channel effects” are a standard modeh&development of dead zones un-
derneath the endplates. The passivation layer itself oemahajust underneath can accumulate
positive space charges. This happens through states iratitedap of the bulk material. These

positive space charges have to be compensated by an equaénafmegative states provided

by the bulk material. This results in a small, non-condwgtegion, the so called surface channel
below the passivation layer.
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If an electric field is applied, the detector gets depleteckpkin the surface channel region.

There, the electric field gets distorted and the field stieimgsome regions is reduced, see Fig.
4.8.
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Figure 4.6: Profile of a germanium detector with the core asontact on the left and the
mantle as p-contact on the right. The figures show the charge accuronlgiattern below the
passivation layer with (left) not and (right) applied eftecfield (adapted from [34]).

If an electron-hole pair is created close to the surfacegliifiing electrons and holes are affected
by the surface channel. If electrons and holes are creatse tb the n-contact, the electrons
have a short way to travel to the rcontact where they are collected. If they are created close
to the p-contact, the electrons have a long path to get to theantact (see Fid.4.7). On their
way to the r-contact the electrons are drifting through the undepledgibn, very close to the
crystal surface, where the electrical field is at least reduand it could happen that they are
trapped before they can reach the electrode. The signaitangwkeen on theircontact is then
reduced. The hole drift shows the same effect on the oppekate#rode as holes are collected

on the p -contact. If the charge carriers make it at all, the pulsedarger than normal as their
drift is slower than in the rest of the bulk.
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Figure 4.7: Schematic view of the n-type surface channelceff If an electron-hole-pair is
created (left) close to the'acontact and (right) far from thencontact (adapted from [34]).
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The description through surface channel effects is onlglerult is very important to experi-
mentally investigate this effect further as it influences plerformance of a germanium detector
significantly.

4.8 Detector Fabrication

4.8.1 Crystal Pulling

A widely used method to produce large mono-crystals is thealed Czochralski-method. In
the process, the desired material is melted in a cruciblendliseed crystal, hanging on a metal
rod is then dipped into the melt and its surface melts. Thstahprientation of the seed crystal
with respect to the pulling direction is very important adefines the orientation of the crystal
produced. The rod is rotated and slowly lifted. The molteemal solidifies in thin layers. The
solidified material slowly grows and builds a mono-crystéhe doping of the crystal is done
during crystal pulling, but also pre-doped material can $sduas melted mass.

4.8.2 Diode Production

A crystal becomes a diode by creating a junction. For thiase layers are overdoped. For cre-
ating n-type layers, lithium is drifted into the materiab Greate p-type, boron is implanted into
the germanium crystals. The electrodes of a diode are ystralated with aluminium contacts.
The other surfaces are usually protected by a passivatyen ¢td several micrometer thickness.



34

4. Germanium Detectors




Chapter 5
REGe, XtRa and Supersiegfried Detector

In this chapter, the technical properties of the High Pu@grmanium detectors, HPGe detectors,
used for this thesis and their setups are briefly introdug@ec commercially produced closed-
end detectors and an especially designed custom-buikctragial germanium detector were
used. These detectors have different characteristics @ne selected for each measurement
according to the different requirements.

5.1 Closed-End Coaxial Germanium Detectors

The two closed-end detectors were used for collimator {eseschapters 7, 8 and 9) witf%sr
and al®%Eu source and the evaluation of the influence of crystal axes.

* REGe:
TheReverseElectrode CoaxialGermanium Detector, REGe, is an n-type cylindrical diode
with an n*- contact on the inside and a boron implantédqontact on the mantlﬁhl]. In
many commonly used closed-end germanium detectors, thelegtrodes are located vice
versa. This is why the REGe detector is called a “reversedéatiet. The very thin p-
contact (0.3um [41]) together with the beryllium entrance window allowgpbn detection
down to energies of 3 ke\ml].

* XtRa:
The more modern detector is XtRa, akténdedRange Coaxial Germanium Detector. It
is also a cylindrical seminconductor diode. XtRa is a p-typtedtor with an n-contact
on its mantle and a'p-contact on the inside. The detector can measure in the gy
range of 3 keV up to 10 Me\,ml2]. The low threshhold is made fissy a thinning of
the n" layer and a special entrance window. The entrance windovaienof carbon with
a thickness of 0.6 mnh__LhZ].

Figure[5.1 shows the principal setup of the XtRa detector.cBmacting scheme of REGe is the
opposite. Also shown is how the crystal is mounted insidalisninium housing and how it sits
on the detector holder. At the top, the entrance window ibhas
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Carbon Camposite Window

N4 contact

p+ contact

XiRla Coaxial Ge Detactor

Figure 5.1: Schematic view of the closed-end germaniunctateXtRa @2].

Table[5.1 summarizes the main properties of the two dem@r,]. More details on the
dimensions of the XtRa detector are given in chapter 9.

| Type | Core| Mantle | Window | Energy Range | Bias Voltage, U [V]
REGe| n-type| n" | p* | Be |[3keV-10MeV| 4500
XtRa | p-type| p* | n" | C |3keV-10MeV| 3000

Table 5.1: Main properties of the REGe and XtRa detecmm]l, 4

The REGe and XtRa detectors are mounted inside especiallgrgbholders inside vacuum
cryostats. Fig[-5]2 shows the REGe cryostat, XtRa has a sis@tap. The aluminium housing
protects the detector and ensures an appropriate vacuuenrarit side of the housing consists
of a thin entrance window.
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: Entrance
Window

Figure 5.2: Canberra dewar with the REGe detector, mountékitise aluminium housing.

The REGe and XtRa detector holders are connected to coolingrind hese cooling fingers
dip into 30 | liquid nitrogen dewars. Both detector dewarsrafdled automatically. They are
connected separately to automatic refilling systems, wiilithe dewars at regular intervals and
thus guarantee a constant cooling of the detectors. Thepgitemperatures of REGe and
XtRa are slightly above 77 K. If the temperature exceeds aicelitnit an electrical inhibit en-
sures an automatic ramp-down of the high voltage in ordevdéidadetector damages. In both
setups, the temperature is kept constant for about 3 to Swidtysut a refill of the dewar.

5.2 The True-Coaxial High Purity Germanium Detector Su-
persiegfried

In order to study surface effects in germanium detectorgeaial high-purity germanium de-
tector was designed. Supersiegfried is a cylindrical tro@xial 19-fold segmented HPGe ger-
manium detector, produced by Canberra France. Figuie 5\8sstie schematic view of the
detector. In Figl_5]3, the bore hole is blue colored, the ssdsnare indicated in green. All edges

of the detector are rounded. Sharp edges could result indhégitric fields and could cause local
break-downs of the diode.

* Type:
Supersiegfried is an n-type HPGe detector. The bore iqufithdrifted and acts as the

nt-contact. The mantle of Supersiegfried is produced by bampiants and forms the
p*-contact.
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Figure 5.3: Schematic view of the Supersiegfried detedtbe bore hole is colored in blue, the
mantle in green and the 19th segment is colored in red. Thdarsmndicate segment labels.

» Segmentation:

The main part of the mantle of Supersiegfried is segmentegfold in the vertical direc-
tion, 3 x z, and six-fold in the azimuth, 6@ An extra 19th segment (red colored in Fig.
[5.3), was created on one end, which defines the top of thetdetdthe 19th segment is
not further segmented and was especially designed to stugcs effects. The detector
surface is not covered by aluminum contacts. It is protebted passivation layer. Figure
shows the segmentation scheme of the unfolded detd@ttersegments in the bottom
layer are labeled 1, 2, 3 and 16, 17, 18. The segments of théleral/er are labeled with
4,5, 6, 13, 14, 15 and the segments in the top layer are laktad/wg, 9, 10, 11 and 12.
The numbering scheme reflects the traces of the Kapton cable.

19
7 8 9 10 11 12
4 5 6 13 14 156
1 2 3 16 17 18

Figure 5.4: Supersiegfried segment numbering schenma [34].
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* Dimensions:
The detector has a height of 70 mm. The bore hole has a diaofetérl mm, the outer
diameter of the whole detector is 75 mm. The bottom and mitigler have a height of
23.3 mm each. The extra 19th segment has a height of 5 mm. &m twéaccommodate
the 19th segment, the third segmented layer was reducedghthie 18.3 mm. The mass
of the detector is about 1.6 34].

* Metallization:

The 18 segments have circular shaped metallization dotis,axdiameter of about 1.2 cm
each ]. Supersiegfried was originally also designedudysoptions for the GERDA
experiment. Therefore, the metallization on the segmeats kept very small, in order
to test a possible reduction of aluminum which is conside®d source of background.
However, it was realized that this reduced metallizatiomsea problems for the detector
performance@ﬂ?;]. The size of the metallization was eha® match the so called
"snap-contacts” of the read-out cad@[m]. The 19th sedroely has a small metallized
sector with a thin shielded cable soldered on.

» Impurity Density and Operating Voltage:
According to the manufacturer, the impurity density at toéédm of the detector is about
p = 0.44- 10'° cm3; at the top of the detector it js = 1.30- 10'° cm3. The operating
voltage is U = +3000 V, which ensures full depletion over thenplete detector.
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Chapter 6

Fields and Pulses

Pulse shape analysis, PSA, is a useful tool to classify dypes, such as single- and multi-site
events and surface or bulk events, in segmented or non-sggdngermanium detectors. PSA
can also be used for position reconstruction inside a gatmaarystal.

In order to develop reliable PSA, pulses are also simul@]ﬂ Not only the physics inside the
detector is simulated but also additional parameters ssi@dtegtronic noise and bandwidth are
included.

This chapter covers the following topics:

» General simulation procedure
— Overall concept
— Brief overview of calculation of electric field and weightipgtential
— Electric field calculations for closed-end detectors

— Charge-pulse calculation
— Simulation parameters including read-out chain propgrtie

* Pulse shape extraction with two methods

1. Minimum/Maximum method
2. Pulse fitting method.

Some topics presented here were already introduced inehépite. the field calculation. The
focus in this chapter lies however on how they are implenteiméhe simulation.

6.1 Simulation Procedure

In the following section, a brief overview of the simulatipmcedure@4] IS given. Some com-
parisons between simulated and measured pulses are geksent
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6.1.1 Monte Carlo Framework

The simulation of the interactions inside the germaniunecters is performed by using the soft-
ware tool MaGe. MaGe is a GEANT4 based Monte Carlo framewoekl dier low-background
experiments and was originally developed by the GERDA and ®RANA collaborations.

6.1.2 Outline of the Pulse Simulation Procedure

» Before the event by event simulation starts, the electrid Aad weighting potentials are
calculated,

For each event, hit information is extracted from MaGe/®GHA and the number of
electron-hole-pairs, the charge carriers, are determined

the charge carriers are tracked through the detector \alum

the development of the induced pulse is recorded,

the pulse can be modified by adding the parameters of theaaiachain.

The created pulse reflects reality as much as possible. &teautest pulses are also used to
evaluate measured pulses. This is explained in section 6.3.

6.1.3 Calculation of the Electric Field and Weighting Potential

The calculation of the electric field and weighting potentsadone numerically on a three-
dimensional grid@ﬂ&’.].

The so called "Successive Over-Relaxation” method [34] edusThe calculation is done on a
fixed grid covering the entire detector volume. The eledigtd and weighting potentials are
calculated for every grid point. For the electric field cdddion, the impurity density and the
operating voltage of the detector have to be given as inpainpeters.

Figure[6.1 shows the result for the electric field calculatd the cylindrical closed-end germa-
nium detector XtRa. The field distribution in x and y (left) isosvn at a height of z = 31 mm,

which is a position close to the top of the detector. Only oalé ¢f the electric field in zand ris

displayed (right), since the electric field is symmetriggnThe electric field was calculated for
a bias voltage of U = 3000 V and a homogeneous impurity deo$ipymp = 8- 10° cm 3.
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Figure 6.1: Electric Field of a cylindrical coaxial closedéd detectorgmp = 8- 10° cm~3): left:
inx andy at z = 31 mm; right: electric field in r and z. The fielddimm is color coded.

The magnitude of the electric field,fgg was calculated for every grid point over the whole
detector volume. It has the components:

Emag= \/E2+E2+E¢ , (6.1)

the component of Eis zero by construction. The electric field can be decompased

with Ey defined as the component due to the bias voltage gneefresenting the component
due to the impurities. Figufe 6.2 illustrates these two conemts by setting (a) &= 0, showing
the contribution from the potential. Figure 6.2 (b) showestiasult for &. Both components are
added up and the total electric field is shown in fiquré 6.2I(clig.[6.2 (b), a small non depleted
volume can be seen atz25 mm and = 17 mm, where the electric field is zero (white).
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Figure 6.2: Components of the electric field: potential, &), impurity, E (b) and the total
electric field, Eng (c). The field in V/mm is color coded.

The impurity level in the simulation was varied in order todixe to compare simulated and real
pulses and possibly deduce the "effective” impurity leveKtRa. This can only be an "effec-
tive” level, because in reality crystals never have a homegaspimp.

Pulses were simulated for different field conditions. Th&uhes will be shown in section 6.3.
Following the electric field simulations and further pulbage analysis, the impurity density for
REGe and XtRa was set to 80° cm 3.

6.1.4 Weighting Potential of a Detector with a Floating Top

The n"-electrode of XtRa covers the whole mantle, see [Figd. 6.3.tHiised to reduce the dead
zone at the end plate. An obvious question is whether a deteth no n"-electrode on the end
plate could work. This was investigated.

N

n* contact

p* contact

Figure 6.3: Left: normal h contacting scheme of XtRa; right: simulated alternativegtes

The electric fields and weighting potentials were calcaldte different values opimp. The
results are shown in Fig. 6.4. In all cases, some areas oftieetdr have extremely low electric
fields. An effective transport of charge carriers is not gmesn these areas.
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Figure 6.4: Electric Field with an impurity of (@imp = 2-10°cm~3, (b) pimp = 8- 10%cm~3
and (C)pimp = 2- 10%m3.

Figure[6.5 and Fig[_6l6 show the electric field strengthseddimg on r for different impurity
densities for the real detector configuration and the togifigaonfiguration for 3 kV bias volt-
age.

The spreading of the electric field lines over the whole deteelume is visible. The electric
field lines arep symmetric. They end at the edge of the bore hole of the deteTtee elec-
tric field values forpimp = 2- 10t%m~2 in Fig. [6.5 between< -12 mm and 12 mm, i.e. inside
the ring where the electric field drops to zero, are unphysithhe same applies for all electric
fields in Fig. [6.6. The electric field values drop to zero fdrimpurity densities except for
Pimp = 2 10°cm~3. This is an unrealistically low impurity level.

The electric field calculations close to the edge of the b®roblematic, also for the realistic
detector. A simulated charge, created close to the edgegataam extra kick which marginally
changes its direction, resulting in longer pulses. Thisasthy because in the simulation the bore
hole is simulated with sharp edges. In reality the edgeseobtite holes are rounded.
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Figure 6.5: Electric Field depending on r for different innjpyilevels, top contacted. Abjmp =
2-10%%m3, the detector cannot be operated with the assumed biageals kV.
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Figure 6.6: Electric Field depending on r for different innjpyilevels, top floating. A reasonable
field is only possible for the extremely low impurity pfmp = 2- 10%cm3.
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6.2 Calculation of Charges and Drift Velocity

The electric field is used to determine the electron and hiole @he Shockley-Ramo theorem

makes it possible to calculate the electric charge inducedroelectrode by a moving charge,
g. The charges are moving with an immediate velocity, v. Theduce the charge Q on the
electrode, creating an output signal. Relevant here is theeidiiate change of the electrostatic
flux lines. The induced charge is defined as:

Q= —-0q0¢(X), (6.3)

where@(xp) is the weighting potential at positioR.

6.2.1 Drift Velocity and Charge Mobility

As explained in detail in chapter 4, charges created insgirmanium crystal, namely electrons
and holes, are drifting inside the crystal according to tleetec field and the mobility of the
charges. Taking the temperature behavior and scatterfagtgfinto account, the mobility be-
comes a complex tensor which is implemented in the simulatt@r the simulation performed
here, the parameters for the electron and hole mobilitiesrdang to ] were used. The crystal
structure was taken into account as the drift velocity iged#nt for different crystal axes. Dif-
fusion of drifting charges was not considered in the simaoieés they do not significantly effect
the drift, see chapter 4.

More details on drift calculation and its implementatiom & found inMB].

6.2.2 Pulse Creation, Hit Extraction and Clustering
For this thesis, two different ways to study data pulsesgusimulated pulses were used:
» An external radioactive source was simulated, which gaeserhits inside the active vol-
ume of a detector. Electron-hole-pairs were created aritedrio the electrodes. Hits

within a sphere of 1 mm were clustered. The barycenter of itisenas taken as the start
of the trajectory for a combined hit.

* A single hit was simulated at a given position. One pulse gvaated from this hit. This
reference pulse was then used for further data analysispelsg fitting.

6.2.3 Simulation Parameters

For the simulation of a reference pulse the following ihiparameters were set to calculate the
fields and drifts.
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(A) General Parameters:

« Detector type;

Segmentation;

Number of time steps: 3000;

Pair production energyds = 2.95 eV.

Bias voltage
(B) Geometry Input Parameters of the Detector :

* Inner radius, Rnen
» Outer radius, Buter;
* Height;

» Hole depth.

(C) Read-Out Chain Input Parameters:

» Sampling frequency, f = 1 GHz;
* Pretrigger time,dr = 100 ns;
» Decay time, 1t = 50000 ns;

» Bandwidth according to measurements (6.3 MHz).

6.2.4 Example Events

Figurel6.7 shows an example event, created inside an XtRadikmanium detector. The trajec-
tories of the drifting charges (red = electrons, blue = Hdlesards the electrodes are shown for
the contacted and top floating configuration. The simulatedds created very close to the de-
tector end plate. For the contacted detector configurafiign(6.7 (left), the electron is collected
by the front endplate. In Fig._8.7 (right), the electron isving to the mantle electrode. Such a
drift along a floating surface is not realistic. The detegtould not work.
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Figure 6.7: Example hit, created inside a coaxial germardetector with particle trajectories
(red = electrons, blue = holes) for a contacted (left) andatifig (right) detector configuration
for pimp = 8- 10°%cm~3 and a bias voltage of 3 kV.

The reference pulses for the location depicted in @ff) (vithin the XtRa configuration
are shown in Fig[_6]8 for different impurity densities. Nogsi&e change of the pulse shape is
visible for different impurity densities. However, higherpurity densities result in a steeper rise
in the first part of the pulse.
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Figure 6.8: Simulated pulses for different impurity deiesitQimp = 2- 10°cm 3 to pimp = 1-
10'%m~3) for the event depicted in Fig. 8.7 (left).
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6.3 Methods of Pulse Shape Extraction

Two different methods were applied to extract the length ofemsured pulse. They are briefly
introduced.

6.3.1  Minimum/Maximum Method

A possibility to calculate the pulse lengths is the minimomaximum method. The minimum
and maximum value of the data is taken and the times at whiéh 40d 90% of the charge
difference are reached are used to calculated the risetfithé?, see Fig[ 619

Charge [a.u.]
B
3

n
o
S
=]

1500

1000

3]
=]
o

frommmmmnneee e 10%
MIN

O:E\

S (SRR
500 1000 1500 2000
Time [ns]

Figure 6.9: Example pulse with indicated minimum and maximmime used to calculate the rise
time, 090,

For the minimum/maximum method, all data points are takeéo account, including noise.
Thus, noise influences the minimum and maximum values. Temge rise times will be over-
estimated according to the noise level. To avoid this probke pulse fitting method is used.
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6.3.2 Pulse Fitting Method

The second method to calculate drift times is fitting a datagowith a simulated reference pulse.
The method is a standard tool, developed and used by the Getgi. It will only be briefly
summarized, for more details s@[46]. In the following, fihprocedure is described:

1. Subtracting Baseline:
For each data pulse the baseline is subtracted. It is cédclides the average of all samples
recorded in the first 200 n [46].

2. Noise Level:

For each data set, the noise lewel,is calculated from the first 30 samples of all pulses.
A typical distribution is shown in Figl_6.10. A Gaussian fielso. This is used as an
statistical uncertainty of each data point in the fit.
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Figure 6.10: Example of a noise level distribution.

3. Pulse Fitting:

The reference pulse,dqu, is fitted to each data pulseg&,. According to ELB], the data
pulse is fitted as follows:

Cdata =A- Csimu(tscale+ tof‘fset) ) (6-4)

with the amplitude, A, the time scaling factay;die defined as:

RiseTim&imy

RiseTimeg; ’ (6.5)

tscale=
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and the time offset kset defined as:

Data Simu
toffset"' t

offset ) (6 ) 6)

tof‘fset - tocal
scale

The output of the fit are three parameters: the time scaliogfathe amplitude and the
offset. The fitted amplitudes and offsets are irrelevanttierpulse-length determination.
Fig.[6.11 shows an example.
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Figure 6.11. Example fit to a data pulse. The pulse was redonitd the XtRa detector. The
detector was exposed to &fEu source (see chapter 7 and 8).

The distributions ofdcaie toftsets A andx?/ndf are shown in Fig. 6.12 for a typical data set.
The spread in amplitude reflects the energy window seleotetié data. The offset shows
some random spread in timing and extra events coming vely. dre time scale shows
a Gaussian spread plus events with unusually lagge tSuch larged.ae values indicate
very short pulses. This could be related to events not atgig from the Eu source and/or
to problems with the offset calculation. Tié/ndf distribution looks quite good.
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Figure 6.12: Distributions of the fitting parameters: tin@ale factor, offset, amplitude and
2
Xx</ndf.

4. Extracting Drift Time:

The average rise time for a given data sample is calculatéteamiean value of thedye
distribution using a gaussian fit multiplied with the invex&lue of the simulated risetime,

tsimu.

5. Event Selection §? Cut):

The x?2 distribution of each data set was used to select events. isalygistribution is
shown in Fig[6.13. Only 68% of events with the bgstare kept. This rejects background
events not originating from the Eu source and events withdfiseét determination.
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Figure 6.13:x2/ndf distribution for a typical data set. The blue line indesthe cut keeping
68% of the events.

6.4 Adjusting the Impurity Density

As mentioned before, the impurity density is unknown for ceencially produced germanium
detectors. Europium data was used to determine the impalgitgity,oimp, for which the simu-
lation fits best. Ther?/ndf distribution was calculated for reference pulses ole@ifor different
pPimp- All reference pulses were simulated at an energy of 121 kaNisg on the surface. The
drift time of the simulated pulses and the megrindf for each reference pulse are listed in table

6.1.

Impurity pimp [cm~3] | Drift Time, tsimy [NS] | x?/ndf
Pimp = 2-10° 314 1.49
Pimp = 4+ 10° 311 1.37
Pimp = 6 10° 311 1.29
Pimp = 8-10° 312 1.22
Pimp = 9- 10° 367 2.0
Pimp = 1-10™ 400 2.59
Pimp = 2- 100 783 4.2

Table 6.1:5—; for different impurities at one fixed position.

The best fit was achieved with a megA/ndf = 1.22 for an impurity density Obimp = 8-
10°%cm~3, see Fig[6.14. A similar investigation for the REGe deteygielded the same result.
This value was used for all simulations used in the analygisgnted in chapter 7, 8 and 9.



6.5 Adjusting the Bandwidth 55

£
o
3
G— N —
=) - &
& - A
< L
c 4—
[ -
@ L
= -
3.5
- @
- £
— o
— o
3F %
—
— *
L o —
- A
25— §
C ©
—
— *
L @ - o
2 & L . i A
— . o E v
— (=] ) [3) £
L o 3 o K
- N * — o
15— a Nl b 5
I A A
1_I 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1
2 4 5 6 7

Impurity Level

Figure 6.14: Meary?/ndf for reference pulses simulated for different impurigndities. The
121 keV line of'>2Eu on the XtRa data was used.

6.5 Adjusting the Bandwidth

The shape of the recorded pulses depends on the bandwidith i@fgdout electronics, especially
the final turn before saturation. Pulses simulated for ifie bandwidths were used to measure
the bandwidth in the data. Fig. 6115 shows the same data fitiéskwith reference pulses for
which all input parameters but the bandwidth were identical
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Figure 6.15: One measured data pulse, fitted with a simulatiedence pulse fopimp = 8-
10° cm~3 . A bandwidth of (left) 20 ns and (right) 160 ns was applied.
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A value of 160 ns, i.e. 6.3 MHz, was found to provide the bestfit both setups and was used
for analyses.



Chapter 7

Collimator Studies

Collimators are needed for surface scans of germanium detewith radioactive sources. A
small beam spot with a well defined geometry has to be achievhd segment boundaries to
be investigated have a width of the order of 0.5 mm. Hencep##n spot should be small
enough to scan these boundaries and surrounding regioasedhired length and configuration
of collimators were investigated.

The collimator studies presented in this chapter proviftermation about the appropriate colli-
mator configurations for the GALATEA test facility (see chepl0). The studies are based on
test measurements with the commercial HPGe detector REGg the GALATEA collimator.
The following topics are covered in this chapter:

» Experimental method of the collimator studies;
» Experimental setup and radioactive source parameters;
» Beam spot parameters;

» B-spectrum: study of collimator material and source positigthin the collimator.

7.1 Experimental Method

For the study of collimator parameters, a reverse electcod&ial germanium detector, REGe
B, was used.

Tungsten and copper collimators were available. They altoplace the source at different po-
sitions within a collimator. Different collimation levetse thus achieved, and result in different
beam-spot sizes on the detector. The optimal position’88asource within the collimator was

investigated. The source is to provide electrons for serfmans.

Scattering effects were also studied. Interactions withencollimator create secondary radia-
tion, mostly photons, which can create background evenish Secondary photons were also
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recorded with a second detector REGe A, positioned next to REGe

7.2 Collimator System

Figure[7.1 shows the GALATEA collimator setup.

Slider Inner
SupponN Source Aluminium
Container

Murtfeld Outer
urtfeldt . —  Steel
Slider Container
Source
Collimator Holder

Segments

Figure 7.1: Setup of the collimator system with 5 collimategments (not to scale). The source
can be placed within any segment (position 1-5) or behindheeg 1 as depicted here.

The collimator consists of the following components:

(1) Outer steel container;

(2) Inner aluminium container;
(3) Source holder;

(4) Steel slider support;

(5) Murtfeldt slider.

The technical drawings of the collimator components arevshim Figure[ 7.2 and 713. In to-
tal, five collimator segments with a length of 10 mm each andwter diameter of gler = 40
mm were mounted inside the inner aluminum holder (see[E@(Z)). The aluminum holder
was mounted on the source holder (see Eigl(3)2 The source can be screwed into the screw
thread of the source holder. However, the source was opeirsele the collimator. It was po-
sitioned within a given collimator segment and fixed on badles with Kapton tape, see Fig. 7.1.

Tungsten collimator segments are available with threewifit inner bore hole diameters,r:
1 mm, 2 mm, 3 mm and 3.2 mm to house the source. In addition,ecapglimator segments
were used with gher= 3.2 mm.
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The inner aluminum holder is screwed into the slider supfs®e Fig.[7Z135)), which has a
bore hole of d =2 mm. The slider support is covered with a Mduitfslider (see Fig_71#4))
with an inner bore hole of d = 3 mm. The Murtfeldt slider has @chnical relevance for these
studies. However, it is needed for the measurements withAJAIA. A detailed description can
be found in chapter 10. The inner aluminum holder is pluggéad @ stainless steel holder (see
Fig.[Z.2(1)) which has a rail welded to it. It is used to mount the colliardtolder to the stage
system in the test facility GALATEA.

@ . (3)

a2 2x70

Figure 7.2: Technical drawings of the components of tharoalior holder:(1) outer steel con-
tainer,(2) inner aluminum container ar(@) source holder .
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Figure 7.3: Technical drawings of the components of tharoalior holder :(4) Murtfeldt slider
and(5) slider support.

7.3 05y Source

Table[7-1 summarizes the properties of ®r source.

Nucl. Radiation Half-life [y] Encaps. Activity (2011)

90y B 28.6 capsuleg 2 mm x 10 mm 1.6 MBq

Table 7.1: Properties of tH8Sr source.

The?0Sr source was encapsulated in a cylindrical plastic tuble aitiameter of d =3 mmand a
length of I~ 10 mm. The open end of the source cylinder can be identifietiss iflat surface
while the closed-end is convex, see Fig.l 7.4.
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Encapsulation

]

Source

3 mm

]
Flat End |I
I Convex End

10 mm

Figure 7.4:99Sr source encapsulated in a test-tube like capsule with agkting and convex
end.

sy is ap-emitter and decays infY. 20 itself decays with 99.98% probability directly to the
ground state of%Zr via B-emission. With a probability of 0.02% th>decay goes to an excited
state of°%Zr which falls to the ground state emitting a photon:

WVsr MKV %y 4 e 4+ Ve (100%
Wy AN 907r 4 e 4+ Ve (99.98%) (7.1)

Ny BV 07 4 e + Ve + y  (0.02%).

Figure[Zb shows the decay schemd&Qr.

90
389752
(100 %)
o 90
39 Y51

(0.55 MeV) (0.02 %)

(0.51 MeV)

(99.98 %)

(2.28 MeV)
(1.7 MeV)

Y 10Zrso

Figure 7.5: Decay scheme #iSr with indicated decay products and decay probabilities.

Bremsstrahlung of-particles in the material of the collimator system produsecondary pho-
tons.
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7.4 Test Setup

Figure[Z.6 shows the test setup with the two reverse elextoodxial germanium detectors,
REGe’s. The technical details and working principle of the RE{&tectors were described in
chapter 5.

As shown in Figuré 716, the two REGe detectors, named REGe A a@kERE were placed in
parallel next to each other with a distance of 216 mm. Bothatlets were looking in the same
direction.

Collimator Holder

Radioactive
Source

Segments

} W Collimator
-

Be Entrance
Window 1149 mm

Ge Crystal

Figure 7.6: Setup of the REGe measurements (not to scale)ddtketors are named REGe A
and REGe B. The source was placed in front of REGe B.

The collimator was placed in front of REGe B at a distance of49mm, see Fid. 716. The inner
aluminum container carried four collimator segments withiraner bore hole of 3 mm and one
collimator segment with a bore of 3.2 mm. TPRSr radiation was measured with both REGe
detectors.
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7.5 Beam Spot

The beam-spot size was calculated for the different sounséipns. Figuré 717 illustrates the
geometry. The distance diaries for the different source positions. The distancevbenh the
detector end-cap and the tungsten segment is definedaasld/aries accordingly.

%ﬁ%’“ REGe B

Beam Spot:.
.

A

- ’ (49 £+ 1) mm

d;

A
ol ey
[}
n.l’_:]-

Figure 7.7: Geometry of the beam spot.

Table[Z.2 lists the parameters, db. It also provides the calculated radiugg,rand area, As,

of the beam spot, the solid ang®, and the count rate per second, cps. The size of the beam
spot shrinks for source positions deeper inside the colbm@osition 1 to 2). In position 5,
Apgsis very large. The beam-spot size at this position is reésttiby the penning diameter of the
Murtfeldt slider. The increase of the beam spot coincideh \@irger angular acceptande,and
larger count rate.

90Sr Position  @[mm] d> [mm] regs[mm] Aps[mm?] Q[sf] cps
1 48 97 6.1 115 0.01 1.310°
2 38 87 6.9 148 0.02 2610°
3 28 77 8.3 213 0.04 5110°
4 18 67 11.2 391 0.09 11.80°
5 8 57 21.4 1436 0.44 56.10°

Table 7.2: Beam spot size and count rate for different sourséipns.

For detector surface scans in GALATEA, a small beam spotisinecessary. However, a suffi-
cient event rate is also needed. Considering these factangesposition 2 is the recommenda-
tion choice for first measurements with the collimator in GHIEA (a-scans, chapter 13). For
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segment boundary scans, collimators with smaller diareeteuld be necessary.

7.6 20Sr Spectrum

Spectra with the REGe detectors were taken for all 5 souraiigpus The measurements were
carried out for 10 minutes each with an energy threshold dftel) For background measure-
ments, 20 minutes of data taking was sufficient. The MCA enérfprmation as well as the
pulse shapes were recorded. The energy spectra shown ii@.Bignd Fig[ 79 are background
subtracted.

Figure[Z.8 shows the energy spectra of REGe A and REGe B for Sesqasitions. The K-
peaks at 59 and 64 keV are clearly visible in the REGe spechr@ablimp extending to 400 keV
originates fromB-particles of?°Sr decays. The bump extending to energies up to 1.7 MeV are
primary ’s from 20Y. Secondary photons with energies up to 500 keV are overEi¢ REGe

A spectra, in Fig[_7]8 top is due to secondary radiation. @njyosition 5, a significant amount

of radiation escapes. There is only a minimal shift in thecglpan REGe A for varying positions

of the source.
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Calibrated MCA Energy Spectrum, REGe A
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Figure 7.8: Energy spectra of tR&Sr source taken for different source positions with tungste
collimator segments; top: REGe A, bottom: REGe B. The distidmst are normalized to the
lifetimes of the runs.

Figure[7.9 shows the energy spectra, taken with coppematitir segments for REGe A and
B. The spectra are quite similar for copper and tungsten. Meweopper has no low energy
gamma lines like tungsten. Secondary photons observed ineRE&e better suppressed by
tungsten than by copper. The contribution of secondarygtsoin REGe B is also larger.
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Calibrated MCA Energy Spectrum, REGe A
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Figure 7.9: Energy spectra of tH€Sr source taken for different source positions with copper
collimator segments; top: REGe A, bottom: REGe B. The distidmst are normalized to the
lifetimes of the runs.

Figurel7.1D shows the count rates for REGe B for all 5 sourciipos. The count rate increases
for both collimator materials. The lower density of coppesults in less suppression of the sec-
ondary radiation.

Figure[7.11 shows the count rates for REGe A for all 5 sourcé#ipns. The effect of the differ-
ent collimator materials is quite pronounced. About twisarany secondary photons are seen
in REGe A if the source is mounted in the copper collimator sagsione to four. Tungsten col-
limators are clearly superior. And the;Hines provide a good reference for energy calibration.
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Chapter 8

Characterization of Electron Interactions
using Pulse Shape Analysis

The goal was to find characteristics which identify a givearg\as an electron interaction. The

first effort using the data obtained with the collimaf®8r source on the REGe detectors (see
chapter 5) is presented. The tool used is pulse shape a)d&\. The measurement setup and
the source properties were described in chapter 7. As aatresk, pulse shapes recorded with
the XtRa detector were analysed.

8.1 9Sr Data

The two REGe detectors were used. As shown in detail in Figiietiie two detectors were
positioned in parallel next to each other. The collimatoswkaced in front of REGe B, centered
with respect to the crystal. TRESr source was mounted inside the tungsten collimator segmen
with the segment aperture of 3.2 mm. This segment was placteki5 possible positions (see
chapter 7).

Events were recorded independently by REGe A and B. The dataRieGe A act as a control
data set, as no electrons can hit this detector. The phottiimgfREGe A are photons produced
in the collimator by electron interactions and Bremsstraglu

8.2 Rise-time Distribution

The lifetime of the data taking and number of events at eascitipn are summarized in Table
B.1. The data for REGe A and B were triggered independentlytheusame DAQ was used.
Therefore, the lifetime for REGe A went down together with time for REGe B, even though
only the event rate in REGe B was high.



70 8. Characterization of Electron Interactions using Pulsé&Shape Analysis

| Pos.| LT REGe A[s] | LT REGe B [s] | Total Nr. Events REGe A Total Nr. of Events REGe B

1 528 528 33624 305465
2 332 332 20789 357466
3 173 173 10962 372156
4 90 90 6234 377651
5 22 22 4392 357957

Table 8.1: Lifetime, LT, and number of events for differeatisce positions (REGe A & B). The
real time was about 20 minutes for each data set.

Figure[8.1 shows the rise-time distribution for the differg’Sr source positions, recorded with
REGe A. All events above a threshold of 10 keV were used. Thelmisons were normalized
to 1. The rise times of all pulses were calculated using th@mim/maximum method, see
chapter 6.
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Figure 8.1: Rise time (10%-90%) distribution (all energis)5 source positions, recorded by
REGe A.

In Table[8.2, the mean rise times, MRT, and the root mean squanes, r.m.s, of the rise-time
distributions for the different source positions are sumneal.

The rise times change for different source positions. Th& M&creases for positions where the
source is mounted deeper inside the collimator. The lalg&St was calculated for position 4.
Larger rise times indicate that REGe A was hit by photons oElognergy.
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| Source Positio) MRT [ns] | r.m.s |

1 104.8 17.8
2 133.8 16.1
3 132.2 | 2131
4 150.3 23.1
5 144.7 9.9

Table 8.2: Mean risetime, MRT, and r.m.s for 5 source passtio REGe A.

Figure[8.2 shows the rise-time distribution for the différeource positions for events recorded
with REGe B. The MRT and r.m.s were calculated and the valuesuanenarized in Table 8.3.
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Figure 8.2: Rise time (10%-90%) distribution (all energis)5 source positions, recorded by

REGe B.

The MRT is different for different source positions, seel&@h3. It is small for positions 3 and
4, compared to positions 1 and 2. The smallest MRT was caéalifar position 3 with~ 101
ns. For position 5, the collimation is minimal, as no tungstellimator segment is positioned in

front of the source and the MRT increases again.
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| Source Position MRT [ns] | r.m.s|

1 117.3 5.9
2 131.8 | 17.7
3 100.6 | 18.8
4 102.1 | 204
5 1109 | 17.9

Table 8.3: Mean-risetime, MRT and r.m.s for 5 source pas#tion REGe B.

Two kinds of events are expected. Primary electrons whiohilshhave long rise times and sec-
ondary photons with a spread in rise times. In position 5,ldtter component is small. The

electron beam spot, however, covers basically the wholaeed window. Due to the geometry
of the detector longer drift paths are unavoidable. Thugiteetime distribution gets widened.

As the source is moved deeper inside the collimator, thereledeam spot shrinks (see chap-
ter 7) and the rise-time distribution gets narrower. At ¢éhpesitions the low energy secondary
photons start to contribute significantly. They reach eiesrgf up to several hundred keV and
penetrate deeper, thus creating pulses with shorter nsesti In position 1 and 2, most of the

photons reaching the detector have already lost part aféinergy in the tungsten and thus have
lower energies and create events with a longer rise time.

8.3 Pile-Up

Source positions with minimal collimation created a largenber of pile-up events. Pile-up
events reduced the lifetime of the detector, which can ba sedable[8.1. Figuré 813 shows
a typical pile-up event, recorded with the XtRa detector. phkse was fitted with a reference
pulse as described in chapter 6.

The duration of all runs was approximately 20 minutes. Ttetithe, however dropped dramati-
cally for position 5. The DAQ suppresses pile-up events,r@hgo interactions happen too short
after each other to record undisturbed pulses. In addiéiqguile-up rejection was implemented
offline. About %o of the events were affected in position 5. In the followinflime pile-up
rejection was applied.
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Figure 8.3: Example pile-up event.

8.4 Energy Window

Table[8.4 and 815 show the number of events recorded by REGel B after rejecting pile-up
events for different energy windows, respectively.
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[Pos.] (10< E < 500) keV | (500< E < 1000) keV [ (1000< E < 1500) keV | (1500< E < 2300) keV |

1

2
3
4
5

29170
17963
9417
5420
4118

2898
1856
1010
555
209

1047
641
364
177

a7

364
220
113
49
14

Table 8.4: Number of events for different energy windows amsgurce positions (REGe A).

[Pos.] (10< E < 500) keV | (500< E < 1000) keV [ (1000< E < 1500) keV | (1500< E < 2300) keV |

1

2
3
4
5

170986
197712
212920
242082
209356

86752
104781
106958

92142

99113

43181
49990
47858
39726
44931

4450
4916
4420
3701
4510

Table 8.5: Number of events for different energy windows asgurce positions (REGe B).
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Figure[8.4 td 818 show the rise-time distributions for seypositions 1 to 5, recorded by REGe
A and B. The rise times were calculated for different energydeivs: 10 - 500 keV, 500 - 1000
keV, 1000 - 1500 keV and 1500 - 2300 keV. The histograms wemnmalized to 1.
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Figure 8.4:Mean rise time for REGe A (left) and REGe B (right) for different energgdews (source
position 1): red: 10 ke\k E < 500 keV, blue: 500 ke\k E < 1000 keV, green: 1000 ke¥ E < 1500
keV, magenta: 1500 ke¥ E < 2300 keV.
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Figure 8.5:Mean rise time for REGe A (left) and REGe B (right) for different energgdews (source
position 2): red: 10 ke\k E < 500 keV, blue: 500 ke\k E < 1000 keV, green: 1000 ke¥ E < 1500
keV, magenta: 1500 keV¥ E < 2300 keV.
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Figure 8.6:Mean rise time for REGe A (left) and REGe B (right) for different energgdews (source
position 3): red: 10 ke\k E < 500 keV, blue: 500 ke\k E < 1000 keV, green: 1000 ke¥ E < 1500
keV, magenta: 1500 ke¥ E < 2300 keV.
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Figure 8.7:Mean rise time for REGe A (left) and REGe B (right) for different energgdews (source
position 4): red: 10 ke\k E < 500 keV, blue: 500 ke\k E < 1000 keV, green: 1000 ke¥ E < 1500
keV, magenta: 1500 keV¥ E < 2300 keV.
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Figure 8.8:Mean rise time for REGe A (left) and REGe B (right) for different energgdews (source
position 5): red: 10 ke\k E < 500 keV, blue: 500 ke\k E < 1000 keV, green: 1000 ke¥ E < 1500
keV, magenta: 1500 ke¥ E < 2300 keV.
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In the highest energy window, basically only electrons $thbe observed in REGe B. The hope
was to identify such events through their rise time. Howgtves seems impossible. Also REGe
A has events in this energy window. This indicates a sigmfiteackground in REGe B. How-

ever, that can only partially explain the distributions ebved in REGe B. A large amount of
Bremsstrahlung is created due to the high density of the tangllimator segments. A less
dense collimator material would decrease this backgroonttibution. Tungsten is not ideal for

B collimation.

In positions 1 to 4, there are clear peaks in the rise time bonrad 90 ns. This is probably

the rise time for electrons focused to the beam spot. Iniposk, the electrons are not really
collimated and most of them do not hit the center of the detaghere the smallest rise times
occur. Thus, the distribution is shifted upwards. The baokgd rate in the highest energy bin
increases for positions 1 and 2. These events happen arg/whigre detector and even though
these are photons, the locations far away from the centéeadétector create longer rise times.
The double peak in position 1 is, however, difficult to explai

The change in the distributions of REGe A and in the lower gnetigdows of REGe B are hard
to decipher. A detailed Monte Carlo study would be necessdowever, it is clear that it is
impossible to identify electron interactions from the fiigee in this kind of detector.

8.5 Tungsten Line at iy =59 keV

In order to examine the rise-time distribution in a smallrggenvindow, events were studied at

E = (594 2) keV (tungsten K-line). These events were only recorded by REGe B. The tung-
sten peak at E = (52 2) keV was fitted with a gaussian and first order polynomiatfiom to
calculate the signal to background ratio. Figurég 8.9 shiweditted peak at E = (53 2) keV
(position 3).
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Figure 8.9: Fit of the Wykev peak.

Figure[8.10 shows the rise-time distributions for sourcgtpms 1 to 4.
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Figure 8.10: Risetime distribution (10%-90%) for the tuegsline at By = 59 keV. Tungsten
segments were used for collimation.

Table[8.6 summarizes the signal to background ratio fortiposi 1 to 4 together with the corre-
sponding MRT and r.m.s values. For position 5, the fit to tigsten peak was not reliable.

The rise time increases for positions in which the sourceasmted deeper in the collimator.



8.5 Tungsten Line at By = 59 keV 79

| Source Position) Signal to BG Ratig BG to Signal Ratig Mean Risetime [ns] r.m.s|

1 0.4+0.2 24+0.3 156.9 28.3
2 0.5+0.2 21£0.5 116.8 18.1
3 0.7+ 0.3 1.4+0.1 96.5 33.9
4 09+0.4 1.2+ 05 101.2 17.5

Table 8.6: Signal to background and background to signed eatd mean rise time for source
position 1 to 4, calculated for the tungsten peak at 59 keV.

The smallest value withz 97 ns was calculated for position 3. The MRT increases again f
source position 4. In position 1 and 2 Bremsstrahlung seemhsrtonate. In position 3 the beam
is less collimated but the amount of tungsten between s@ndeletector is reduced.

The smallest value for the background to signal ratio wasutated for position 4, which is
1.2. Alinear dependence of the MRT on the background to bigi@ is visible in Fig.[8.11L.
Assuming the background to be non-surface events, thepatéitgon of the linear fit to zero
background should yield a value representative for the 7Kg photon. The result is: 27 ns.
This is, however, not a realistic rise time value for surfagents. Also the background events to
the 57 keV peak seem to be predominantly at the surface asdhbdinear fit does not provide
the rise time value for the tungsten,Hine. The background events come out of the collimator
and are not Compton scatters inside the detector. A linean fhid points in Fig[[8.11 is thus
inappropriate. As all events come from the surface and 8hows rise times below 100
ns for position 1, it seems as this is the rise time for surfa@nts in the center of the detector
endplate, right underneath the collimator. Such events a0 observed in higher energy win-
dows, Figs[ 84 tb 818, they are most likely associated wébteons.
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Figure 8.11: The MRT vs. the background to signal ratio oftthregsten peak for 4 different
source positions (REGe B).

8.6 Copper Collimator Segments

Copper has a lower density than tungsten and therefore pharennot stopped as effectively.
Hence, it is interesting to compare the rise-time distrdng for copper with those for tungsten.
Figure[8.1P shows the rise-time distributions for REGe A (seyositions 1 to 5). These distri-
butions are quite similar to those observed for the tungstéimator.

Figure[8.18 shows the rise-time distribution for all enesgiseen by REGe B. The rise-time dis-
tributions are shifted to lower rise times compared to tistrithutions for tungsten. This could
be due to photons penetrating deeper and creating smaketimes. However, there could also
be small shifts due to a slightly different positioning oéttopper collimator.
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Figure 8.12: Rise-time distributions for all energies andrse positions 1 to 5 (REGe A). The
source was mounted inside copper collimator segments.
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Figure 8.13: Risetime distributions for all energies andrseyositions 1 to 5 (REGe B). The
source was mounted inside copper collimator segments.
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8.7 Crosscheck with the XtRa Detector

As a crosscheck, events recorded with the XtRa detector weestigated. Th&°Sr source was
mounted in the GALATEA collimator at position 3. The setupst@an the detector is illustrated
in Fig. [8.14. The collimator was mounted inside an espgcddkigned holder system, carried
by a Teflon ring. The Teflon support was mounted to a movable,tabd 8.14. The collimator
penning was directed to the XtRa entrance window. The deteetap was placed inside a cop-
per shield which was surrounded by a lead castle to minimaz&dround. The data of relevance
was taken at one specific spot on the detector. The complete s@as established to facilitate
further detector scans.

/
Lead Castle

tra

4 i
. /Copper Box ;Detector
- N B |

ﬂ Entrance
Window

"Galatea"
Tungsten Collimator Holder
- Side Slider

________ / -
< > y, Vertical Movement

Horizontal Movement 4 Filrfction

x-direction
Source inside
Tungsten Collimator

Horizontal Movement
y-direction

Figure 8.14: Copper shield inside the lead castle which hothse front part of the XtRa de-
tector and the collimator inside its support system. Thepstipsystem can be moved in three
dimensions, see labels.

Figure[8.15 shows the calibrat@®sr Spectrum observed in the XtRa detector for source posi-
tion 3. The spectrum was normalised to the lifetime. The tspetshows a wide bump with the
endpoint atz 2.0 MeV. For®®Y the endpoint is expected at 2.3 MeV. The material between th
source and the detector shifted the endpoint to smalleg&®erThe inlet shows a zoom on the
two tungsten lines at 59 keV and 67 keV. Thesglies are created by primafjSr electrons
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hitting the tungsten.

Counts/[s]

¥

-

-

| o
i -

Py m

il

T TTTTI
4
E

10°

10

200 400 600 800 1000 1200 1400 1600 1800 2000 2200
Energy [keV]

=
O

Figure 8.15: Calibrated®Sr Spectrum with tungsten lines at 59 keV and 67 keV (inleth N
background subtraction was performed.

Figured8.16 and 8.17 show example pulses of events, ratoville the XtRa detector. The
pulses have different amplitudes and lengths. The pulde thé lower amplitude in Fig._8.16
(right) shows the noise, which was very low. In both Figuths,pulses on the left begin with a
slow rise. Different pulse shapes are expected for differgaraction points.

1 1 I 1 1 1 1 1 I I 1 I 1 1
0 500 1000 1500 2000 2500 3000 3500 0 500 1000 1500 2000 2500 3000 3500
t[ns] t[ns]

Figure 8.16: Example data pulses, recorded with the XtRacttete
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Figure 8.17: Example data pulses, recorded with the XtRactiete

The pulses of the data sets were fitted with a simulated mederpulse. The fitting method was
described in detail in chapter 6. The reference pulse waslated for the surface right under-
neath the collimator (penetration depth 10 mm) with a badtiwof B = 140 ns and an impurity
density ofpimp = 8-10° cm~3. Figure[8.IB shows the fit of this reference pulse 83%r data
pulse.
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Figure 8.18: Example fit of &Sr data pulse with one reference pulse.

The amplitude, offset andgyedistributions were extracted for different energy randégures
and 8.20 show the amplitude distribution for differemérgy ranges. Figures 8121 and 8.22
show the offset distribution for different energy windows the same data set. An offset of
about 600 ns is expected from the simulation.

In the low energy regime up to 500 keV, a wide-spread distigbuwith larger amplitudes be-
tween~ 0.1 to 0.3 in Fig[ 8,79 (left) is seen. The same is seen for tisetadistribution in Fig.
(left). Two bumps are seen. One with offsets betwee600 - 200. A second bump around
0 is visible. This could be due to pile-up events. After perfimg a 68%y2/ndf cut (see chapter
6) these events were excluded, see Fig.18.23.
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Figure 8.19: Amplitude distribution for different energyndows: left: 0 keV< E < 500 keV;
right: 500 keV< E < 1000 keV.
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Figure 8.20: Amplitude distribution for different energyndows: left: 1000 ke\< E < 1500
keV; right: 1500 keV< E < 2300 keV.

Entries
Entries

00 200 -foo 800 -600 ~400 200 0 200
Offset Offset

-fooo -800 600 -400

Figure 8.21: Offset distribution for different energy wowss: left: 0 keV< E < 500 keV; right:
500 keV< E <1000 keV.

@ @
Q 2
k= £
w w
800 !
600)
400
200 :
-fooo 800 ~600 =200 260 0 200 -£o60 800 ~600 ~400 200 0 200
Offset Offset

Figure 8.22: Offset distribution for different energy wowds: left: 1000 keV< E < 1500 keV,
right: 1500 keV< E < 2300 keV.
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Figure 8.23: Amplitude distribution for the energy rangek&¥ < E < 500 keV after applying
the 68%y2/ndf cut.

At higher energies pile-up events hardly appear. The digions become narrower with increas-
ing energy. Electrons frofPSr and®®Y are expected in the high energy regime up to 2300 keV.

The same effect can be seen in the offset distributions,gn&P1 and8.22. In the low energy

region, a huge amount of pile-up events are recorded andesesecond bump in the spectrum
with an offset between -200 and 200. With increasing enéngyoffset distribution of the pulses

becomes narrower. The mean offset is-a{700. It gets slightly shifted to smaller values.

Figure[8.24 shows the overlay of the time-scale distrimgitor different energy windows. A
68% x2 cut was performed. In the energy rangec@E < 500 keV and 150%< E < 2300 keV
less events are seen then in the other two regimes. This wastexi. The distributions become
narrower for higher energies up to 1500 keV. The time scdhotpr is shifted to smaller values,
indicating that events with larger rise times were recordedhe highest energy regime up to
2300 keV only®®Y electrons are expected with longer rise times.
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Figure 8.24: Time scale distribution for different energyaows.

Figure[8.2b shows the scatter plot gffein dependence of the energy for events with good
x?/ndf. The cut depleted the low energy part of the spectrienpile-up and secondary photons.
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Figure 8.25:Scatter plot of the time scale factogd in dependence of the energy for #iSr (XtRa
detector).

Most of the events are located in a narrow band aroun@ t~ 0.85 (red color). Primary elec-
trons from®9Sr have energies below 500 keV and the energy depositiorroocuthe detector
surface, long rise times are expected. Electrons f#8vhhave energies above 500 keV but
also deposit their energy close to the surfacesAd= 0.85 indicates that the simulated surface
pulse is a bit longer than the pulses observed. That was bisared in previous tesﬂﬂ44].

Events with {.gelarger than 0.9 are visible for very low energies and in thergy regime of

~ 500 keV< E < 1000 keV. These events can be seen in the turquoise "cloual/eah00 keV.
These events with very long rise times originate from s@wfaeents and particles which hit the
detector close to the mantle. Due to geometrical effectsetipeilses have longer rise times. Re-
maining photon induced events cover mostly the whole engpggtrum and appear at different
energies with differenttae



Chapter 9

Study of Crystal Axes Effects in the XtRa
Detector

In the following chapter, an investigation of the crystabperties of the XtRa detector is pre-

sented. The detector was scanned with%Eu source in vertical, horizontal and circular direc-
tion. Due to the crystal axes, a change of the rise time depegmuh different source positions is

expected.

9.1 12Ey Source

The decay scheme 6P2Eu is rather complex. Figufe 9.1 shows a highly simplifiedeseé for
152Ey, indicated are two prominent decays to excited statésfoliowing y-emission.

(122 keV) (344 keV)

psm e

Figure 9.1: Decay scheme bEu with indicated decay products.

152Eu decays with 72% probability t°°Gd emitting an electron and an anti-electron neutrino.
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The second strong decay (27%) is fhie-decay into®2Sm in which a positron and an electron-
neutrino are emitted:

Lopy 3N 1Gd 4 e 4+ Ve (721%) o1
lopy 122KV 18gm 4 et 4 v (27.9%)

Tabld9.1 summarizes the properties of tPEu source, which was used for these measurements.

Nucl. Radiation Half-life [y] Encapsulation Activity (20]1

152y B.y 13.5 cylind.,@ 6.4 mm, M4 screw 36.4 kBq

Table 9.1: Properties of tH&%Eu source, which was used for the XtRa detector scan.

9.2 Measurement Setup

The 12Eu source was mounted on top of a cylindrical plastic holdiéh an outer diameter of
50 mm and an inner diameter of 40 mm. The source was fixed withtathe holder. Fid. 9.2
shows the collimator setup.

The collimator holder was tilted by an angle®f= 2.38 to the horizontal. Hence, the scanning
positions were shifted vertically by = 2.5 mm with respect to the source position. The geom-
etry and the dimension of the setup are illustrated in[Fi@. 9.
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Figure 9.2: Design and dimensions of the collimator holBere to the design of the collimator,
the collimated beam had an inclination with respect to tlais: The inclination angle wad =
2.38°. The measured positions were corrected\gy= 2.5 mm.

The penning of the source was directed towards the detethar.holder contained three tung-
sten collimator segments with an outer diameter of 40 mm ardreer bore hole of 3 mm. The

source holder including the tungsten segments and theesaae Figl_9]3, were placed in front
of the detector at a fixed distance of 25 mm. Including the $telgsegment length of 10 mm,
the distance between the source and the detector, d3, wam55 m

Copper
d3

housing\
inside lead castle <~

_. Collimatar

{Source

.

<>
h
h (;oche)

Table

Figure 9.3: Side view of the XtRa setup. The collimator was@thin front of the XtRa detector.

The height of the sourcegfice Was varied by changing the support platform. The souraghtiei
was measured between the table and the middle oI source container. The whole setup
was placed inside the copper shield, surrounded by a ledlé csee Figl 8.14 (chapter 8).
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Figure[9.4 shows a schematic of the front of the XtRa detedtbe crystal had a diameter of
69 mm. The alumium end-cap had an outer diameter of 88.9 mm.active detector area was
scanned in vertical and horizontal direction by varying plagameter d1 (horizontal direction)
and hyrce(vertical direction).

Aluminium

housing S A
Ge Crystal
(active area)
El £
E ()]
¢
[} n
Copper T
housing
\ Y
d=7.1mm
COPPER $3 mm
LEAD
d = 231 mm (width copper housing)

Figure 9.4: Front view of the XtRa setup. The detector andaaplsize are shown. The param-
eter d1 indicates the left distance of the source to the aogipeld.
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9.3 XtRa Detector Scan

Figure[9.5 illustrates the scan positions. The verticaltjprs are labled with black numbers
from 1 to 9, the horizontal positions from 10 to 14. The bluenbers indicate the 12 circular
scanning positions. For each position, a background speactras taken. The beam spot had a
size of about 5.5 mm.

2
X

69 mm
88.9 mm

CENTER *

Figure 9.5: Scanning positions of the XtRa detector. Thet&ide of the detector is shown. The
blue numbers indicate the circual scanning positions. Taeklnumbers label the vertical and
horizontal scanning positions.

Fig. 9.6 shows the collimated and background subtrat¥&l spectrum at position 4 (vertical
scan) in Fig[9b. The labled peaks representytfiaes of 1°2Eu. The FWHM of they-peak at
1457 MeV is~ 2.4 keV. This demonstrates the excellent energy resoluatitime XtRa detector.
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Figure 9.6: Collimated and background substrac¢f®gu Spectrum. The prominent lines are
labled. The spectrum was normalised to the lifetime.

Data pulses were selected from #RéEu peak at 122 keV with ao + 2 keV. Figurd 9.7 shows
the fitted'®2Eu peak ats 122 keV.
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Figure 9.7: Fitted 122 keV peak of th&’Eu energy spectrum.

The pulses of thé>%Eu data were fitted with a simulated reference pulse (pei@irdepth of

0.5 cm) according to the procedure explained in chapter 6.e&oh position,stae (Se€e chap-

ter 6) was calculated. A 68%?2 was applied to exclude background and pile-up events. As a
crosscheck, the rise time of the pulses, recorded for thecaeand horizontal scans, were also
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calculated with the minimum/maximum method.

9.3.1 \Vertical Scan

Figure[9.8 shows the mean rise-time of the pulses recordétkinertical scan (positions 1 to
9) in dependence of the distance to the detector cenjgjind The mean rise-times, calculated
with the minimum/maximum method are indicated in blue. Treamrise-times were calculated
as the mean values of the gaussian fits to the entire risedistgbutions. The red triangles

illustrate the mean rise times extracted with the pulsafjtthethod. Applying the pulse fitting

method, events are excluded with the 68%wcut.
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Figure 9.8: Mean rise-times [ns] for different distancesirthe detector centerygin, plotted
for the vertical scan with th&2%Eu source.

The systematically larger values for the rise times catedlavith the minimum/maximum method
were expected. The offset4s6 ns.

The dependence of the rise time on the position is the samgoformethods. The mean rise-
time decreases for positions close to the detectors cefst@osition 7, see Figl_9l5, the mean
rise-time was about 300 ns. At the detector edggd= 26 mm) a mean rise-time ef 343 ns
was observed.
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Charge carriers created on the edge of the germanium crystallbnger drifts before they are
collected by the core electrode. The event path is illustias (A) in Fig.[9.0. Longer drifts

result in longer rise times. Charge carriers which are ceeeltese to the detector center ((B) in
Fig.[9.9), have shorter drifts and shorter pulse lengthespected.

Figure 9.9: lllustration of the charge carrier paths for e@rg detected on the detector edge (A)
and close to the detector origin (B).

The increase of rise time with increasing distance to théeces not symmetric for the vertical
scan. This can be due to slight misalignments and/or crasts effects.

9.3.2 Horizontal Scan

The detector was scanned in the horizontal direction atasitipns. Figuré 9.10 shows the mean
rise-time of the pulses for source positions 10 to 14 (seel®H). The differences between the
mean rise times are very small.

All positions are close to the detector edge. The small gifiees observed can be caused by
axis effects. The maximum rise time differenceds ns.
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Figure 9.10: Mean rise times vs. scanning positions, plofte the horizontal scan'{?Eu
source)

9.3.3 Circular Scan

The circular scan of the XtRa detector was done to investidjgterystal axis effects. The de-
tector was scanned circular on its periphery, accordingpéostheme, shown in Fig. 9.5. The
source positions were chosen such, that the detector isasdavery 30. The recorded pulses
were fitted with the same reference pulse (see section 118.2.8.2) and the average rise times
were calculated. The mean rise times are plotted as a funatithe source-position angle [rad],
see Fig[9.111.

The pulse formation of events close to the surface is domhiay hole drift. The drift velocity

of the holes is influenced by the axis orientation. The lovdest time is expected to be along
<100> and the fastest along thel10> axis ], see chapter 4. Therefore, a modulation of
the rise time with a 90phase is expected. In Fig._ 9111 an indication of the rise thenge is
visible, but the maximum rise time difference is onty6 ns. A sine function is shown to guide
the eye. No fit was attempted.
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Figure 9.11: Mean rise time of the pulses, recorded for theutdr scan. The detector was
scanned every 30A sine function is overlayed.



Chapter 10
The Test Faclility GALATEA

The characterisation of HPGe detectors is important fordaskground experiments using them.
Unavoidable background events can be identified throughteeeognition based on the char-

acterisation. The characterisation is also essentialfthér detector studies on charge trapping
and surface effects and thus for detector development.

To study surface effects of a germanium detector, non painggrradioactive sources are needed.
Particles likea or 8 do not penetrate deep into the crystal and deposit theiggmeainly close

to its surface. A 1 MeV electron for example, has a penemati@pth 0fdejectron~ 1 mm in
germanium. Ana-particle loses an energy of about 0.2 MeVanl um of germanium@O].
Scans of the surface of a detector with or 3-particles give information about effective inac-
tive layers. A special high precision test stand called GAEA was designed to facilitate such
scans. The working principle, setup and technical impldatem of the test stand are explained
in this chapter.

The following topics are covered in this chapter:
* GALATEA Phase | and Il
» Technical Requirements
 Exterior and Interior Setup
» Vacuum, Cooling and Heating Systems
* Electronics
 Detector Installation and Alignment
» Conditioning of Surfaces for UHV

» Pressure and Temperature Monitoring
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10.1 GALATEA Phase |l and I

A first phase of GALATEA, completed in 2011, had several te'm::hirproblems@9]. In par-
ticular, the quality of the vacuum was not sufficiant and th@ugding scheme did not provide
sufficant decoupling from the exterior. After this phasenated as GALATEA phase |, and a
complete assessment, a major upgrade was performed beéwpritrent GALATEA phase I
started. In the following, some of the improvements are wlesd in detail.

10.2 Technical Requirements

To scan the surface of a germanium detector, radioactivessprovidinga-particles and elec-
trons are ideal. They have to be mounted close to the deteside the vacuum to avoid any
material between the source and the detector. Figuré 10visstihe principle on how a germa-
nium detector can be scanned. The sources are movable anglcdnall points on the detector
mantle and top plate.

Collimator (top)

<
Source
TSource

e
l Collimator (side)

Germanium
Detector

P>

Figure 10.1: Principle of a detector scan with movable raclive sources.

The main technical requirements for a test stand, whictwalloomplete detector scans can be
summarized as follows:

* Vacuum

The radioactive sources have to be placed inside the sarmemaelume as the detector
with no material in between. The vacuum is also needed tocat@éhe germanium de-
tector stably at low temperatures (LOO K ). An excellent vacuum is of vital importance
and should be stable below 1®mbar for long term measurements. Due to microphonic
effects, the vacuum pump has to be shut off during detecteration and hence the whole
system has to hold the required vacuum without external pugrmver several hours/days
to guarantee adequate measurement times.
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® LN2
To cool the detector to its working temperature<ofl00 K, it is thermally connected to a
cooling finger cooled by liquid nitrogen, LN The LN, is provided by an automatically
controlled system to allow long measurement periods.

* Adjustable sources
Radioactive sources for scanning the detector have to bedglaccollimators to ensure

well defined beam spots on the detector. It is necessary tontlo& collimators onto the
stage system. The sources can be moved vertically, hoalhp@ind around in order to
allow a full three dimensional scan of the detector. The wisihge system, including
three motors for the axes, has to be suitable for high vacwanditions, i.e. about 1C to
102 mbar and low temperatures: (100 K ).

* Electronics
The read-out electronics including the preamplifiers sthanal kept as close as possible to
the detector in order to reduce the noise level. It is plansiie the vacuum tank.
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10.3 Exterior

Figure[I0.2 shows the complete setup of the test stand GARATERe lables in the picture are
identified below.

Figure 10.2: The GALATEA test facility.

(1) Main vacuum chamber (16) Low voltage power supply
(2)  Modular chamber (17) Laser

(3) Lid with DN 40 CF ports (4),(5),(6),(7)) (18) Power supply for laser

(8) Heating jacket (19) DAQ

(9) Instrument cross Nr. 1 (20) HV power supply

(10) Instrument cross Nr. 2 (21) Pulse generator

(11) Shutter (22) Power supply for stage

(12) Pump Stand (23) Lakeshore (T monitoring)
(13) Prepump (24) Pressure read out controller
(14) Turbo Pump (25) LN» dewar with controller

(15) LCR meter (26) LN in- and outlet
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10.3.1 Vacuum Chamber

The main vacuum chamber with an inner diameter of 600 mm amiglnhof h = 550 mm has a
wall thickness of 5 mm. Figufle10.3 shows the technical dngvaf the main vacuum chamber
in its original design without the modular chamber and th&lvem nozzle on the lid which were
added later to increase the volume and add diagnosticsildees.

630

@650

@600

[

[ |62329

G 1 8VISOVIN
V-V ONNTIEISUVALUNHDS

S6l1
[~ &51®

SN o T
@610

8l
0C

400

Figure 10.3: Technical drawing of the main vacuum chamimeiuding the lid. The drawing
does not contain the modular chamber and the additionabpatie lid.

On top of the tank an additional ring (modular chamber) walslegfor GALATEA phase II. It
has four DN 40 CF ports placed every°@long the ring. This additional modular chamber was
needed to provide flanges for pressure gauges, gas inlet jpoid for a mass spectrometer. It
allows measurements of the pressure and the contaminatitims main volume.

The main vacuum chamber is closed with a lid. The lid has aitiaddl port with another DN
40 CF flange welded in the middle of the lid. This is used as alsupgntary port for pressure
gauges.
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10.3.2 Modular Chamber

The additional modular chamber, welded on top of the maiuwact chamber, was added to
increase the volume of the chamber and the number of measntgrorts. Figuré 104 shows
the technical drawing of the chamber including the port gamtion explained below.

(6)

7126

726

Gl —— o r=—— (N

(4)

Figure 10.4: Technical drawing of the modular chamber idicig the port configuration. Each
port features a DN 40 CF flange.

Port (4) and Port (6) are used for pressure measurements. Two different pregauges
are mounted. A compact full range single gauge sensor (“PER PN 40 CF-F, Active Pi-
rani/Kaltkathode Transmitter”) is mounted on port 4. It [Heato measure the pressure in the
range of~ 10° mbar to 1 bar. The gauge is working based on a combined pinahield cath-
ode measuremen®ort (6) is used for a “BARION" sensor (Bayard-Alpert-Type). The press
sensor is a passive hot-cathode ionization sensor with auriag range ofc 10! to 102 mbar.
Having two pressure gauges with different ranges at diftgpesitions on the modular chamber
guarantees an excellent monitoring of the vacuum condition

Port (5) is used to mount a quadrupole mass spectrometer which nesaberresidual gas com-
position inside the vacuum chamber. The measurement t@s¢ pf the mass spectrometer can
be easily mounted or unmounted whenever the chamber is floode

On port (7), an inlet vent is mounted via swagelok. It is used to purgevi@ium tank with
gaseous nitrogen. This vent is also connected to the tunt poi purge the pump while shutting
it down. The gaseous nitrogen has a purityx089.99% (4 N). It is provided by bolil off from
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a big nitrogen reservoir outside of the laboratory. Instuelaboratory, the gaseous nitrogen is
transferred via a plastic hose without any intermediateés/enpreserve its purity.
10.3.3 Instrument Crosses

A large DN 160 ISO-K stainless steel cross with six DN 160 I&@isposals (labled (9) in Fig.
[10.2) is mounted to the main vacuum chamber via its DN 160 KSange. An overview of the
cross and its connections is given in Hig. 10.5.

TOP

6x DN 160 ISO-K oulets
(symmetric)

Blind flan

. 0|2 #Main Vacuum Chamber Jj o |n
g S|Egnals g 2 with shutter %E
-|0 -
o= wlo
a o X2
o gl3 i
z 2> pm [ 0|0
o v
2 o -<— ¢ = 9l
S S 2w HE 2x DN 160 ISO-K oulets
T (top & bottom)
. 3x DN 63 CF outlets
Blind flanged .
(symmetric)
SubD 15-pins
to"Lakeshore"
Temperature m
Monli)toring © ©
u &
ax (O8N o
BNC

[ ]SubD 25-pins

- 2 for low voltage to Stage Motors

- 1 for test pulser
- 1 spare

Blind flanged

BOTTOM
Figure 10.5: Instrument crosses of the GALATEA test stawtlising connections (not to scale).

The turbo pump is horizontally connected to one of the DN 180-K flanges. Another DN 160
ISO-K flange is mounted at 9®n the left with 25 BNC feed throughs for the detector read out
cables (1x core, 19x segments), for the high voltage (1x)fanmperature monitoring sensors

(4x). At 9C° on the right, the in- and outlet tubes for the 4+ Bire mounted via a DN 160 ISO-K
flange.
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A small DN 160 ISO-K instrument cross (labled (10) in Flg_2)Q.with three symmetrically
orientated DN 63 CF outlets is also mounted on the large crbss.used for electronic feed-

throughs (see also Fig._10.5):

1. DN 63 CF: 4 BNC feedthroughs used for:

» 2x low voltage inputs (electronics board);
 1x for a test pulser;
* 1x spare BNC;

2. DN 63 CF: 15 pin sub-D, used for temperature-sensor cabbes out by a Lakeshore
controller;

3. DN 63 CF output is connected to a DN 63 CF T-piece, housing ipgiZsub-D feedthrough
for the stage motors; the second connection is blind flanged
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10.4

Interior

10.4.1 Overview

Figure[10.6 shows an artistic view of the interior of the GAIEA test stand. The different
components are labled in the picture and identified belove dibture shows the main vacuum
chambei(1) with the DN 160 ISO-K weld-on nozzle in the fro(®). The modular chamber and
the lid are not included; they were shown in Hig. 10.4.

(1)
(2)
3)
(4)
(5)
(6)
(7)
(8)
(9)

Figure 10.6: Artistic view of the interior of the GALATEA testand.

Main vacuum chamber (10)
DN 160 ISO-K weld-on nozzle  (11)
LN> in- and outlet weld-on nozzle (12)

Cooling finger (13)
Cryogenic tank (14)
Electronics board (15)
Teflon base (16)
Ceramic flange a7)

Stage

Detector holder

Tungsten collimator with source (vertical)
Infrared shield

Detector

Vertical collimator slider

Horizontal collimator slider (horizontal)
Tungsten collimators with source

Stage motors
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10.4.2 Main Parts

Detector Holder and Detector:

The center of the interior of GALATEA is the detector placedide its especially designed
holder, sitting on a copper cooling finger. The ground for det¢ector has to be controlled.
Therefore, the holder has to be electrically decoupled fitverexterior.

Infrared Shield:

The detector is surrounded by an infrared, IR, shield, alect&hat”, which is made of copper.

It has an inner diameter of 110 mm and a height of 109 mm. lidhigme detector from the
thermal load of the outer tank and of the rest of the companiestde the tank, especially from
the stage and the electronics. This is necessary, becaas@treases the leakage current of the
detector and thus the noise.

The IR shield has one slit on the side and one on the top. Thienedbr holders slide along
the slits. The slits are open to the source such that thetdetisdrradiated directly. This slit
design allows the collimator slider to move the source eitht® a position where it irradiates
the detector or it is blinded. For a detector scan witparticles or electrons, this technique is
required. The vertical slider can cover a heighto76 mm vertically, starting from the bottom
of the shield. The horizontal slider on top covers radii up:td3 mm. The dimensions including
the exact position of the slits can be found in the technicaMthg in AppendiX’A. The IR shield
is rotated around the detector to provide full angular cager

Before installation, the copper shield was electropolisradisilver coated to minimize oxidation
of the surface and achieve good reflection for IR radiatidre TR shield sits on four supporting
needles, mounted on the stage. These needles are covenelkilan tubes on their bottom end
to thermically and electrically isolate the hat from theggtaThis is necessary because the lower
edge of the hat sits on the cooled upper plate of the deteotdeh(see Fig[1017), and thus
should not be electrically connected to the "outside wothlitbugh the stage. The IR shield is
pressed slighlty to the detector holder by using Teflon semshich are screwed in on top of the
Teflon tubes. This is done to guarantee a good thermal conthath is needed to cool the IR
shield.



10.4 Interior 109

Figure 10.7: Drawing of the detector sitting inside the Ikekh surrounded by the collimators
mounted on the stages.

Cooling Finger and Cryogenic Tank:

The copper cooling finger is mounted to the cryogenic tank witeramic flange sitting on bolts
on top of the cryogenic tank, see FIg._10.8. The ceramic flasmgeed in GALATEA phase I
to electrically decouple the detector holder sitting ondbeling finger from the cryogenic tank
and thus from the exterior. The steel flange used in GALATEASah was one of the main prob-
lems because it spoiled the reference ground for the detddie cooling finger extends into the
liquid nitrogen in the tank. As the detector holder sits gnabthe copper rod, the detector itself
is cooled. Technical details and the working principle @& tooling system are summarized in
section 10.7.

Figure 10.8: Top of the cryogenic tank (grey). The Teflon b@addte) surrounds the ceramic
flange of the cooling finger. On the right side, an aluminuracttire houses the preamplifier
mainboard.

Teflon Base:
On top of the cryogenic tank, a Teflon support base (27 cm x 24mounted on four stainless
steel bolts. Its height was increased from 30 mm to 45 mm whercéramic flange, which is
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longer than the original steel flange, for the cooling fingaswtroduced. The Teflon plate sup-
ports the stage system and the preamplifier mainboard. Taédo of the Teflon base is fixed by
bolts which help to align the stage relative to the coolingédin sitting centered on the cryogenic
tank. The Teflon also acts as a thermal insulator to decobplstage from the cryogenic tank.

Electronics Board:

The electronics board is mounted on the Teflon base with anialun support frame, see Fig.
[10.8. The 20 preamplifiers on the board point towards thectiiteA detailed technical descrip-
tion of the electronics board and the complete read out deajiven in section 10.9.

UHV Cryo Stage System:

The stage was designed for ultrahigh vacuum (UHV) and cnyegiemperatures. The stages
have a precision of um for the linear and 0.0Zor the rotational movement. Three stages are
integrated in the system: two for linear movements (2x PBESJ8V CRYO, "PImiCos”) and
one for the rotational movement (DT-120 UHV CRYO, "PImiCosThe rotation stage forms
the base of the system, on which the other two stages are sthuhhe motors and the stages
are designed for operation around 80 to 100 K. Friction cadsenages at higher temperatures.
Therefore, at room temperature, the stages are only moveashfvoidable test runs and only
briefly with minimum speeH. The power supply and control cables are made out of Kapton.
They have to be kept cle&h.

The entire stage system, including cables and motors wapletety reworked for GALATEA
phase II. All components were cleaned for UHV operation. Befostallation, the reassembled
stage system was tested diligently to guarantee the godarpemnce needed in GALATEA.

Collimators:

There are two collimators mounted on the stage system, anevsd vertically on the side and
one horizontally on the top. Each collimator consists of fiuggsten segments with central bore
holes (available with a diameter from 1 to 3 mm). Each colton@&s mounted on an aluminum
frame fixed to the vertical and horizontal stage, respégtivehe collimator sliders are pressed
onto the IR shield. The material used for the actual congehirtfeldt, a plastic allowing move-
ments with little friction.

The radioactive sources are mounted in especially desigoete holders which are plugged
into the collimator holders. For all sources, the positiehibd the middle segment is a good
starting point (position 2, see chapter 7). In this configara two of the tungsten segments are
behind, working as a mechanical support, three of them aft®in, providing the actual colli-
mation. Each tungsten segment has a length of 1 cm. Thus) thkewhole collimator setup

1During the tests for GALATEA phase |, the stage was operaietbb long at room temperature and needed to
be fully serviced by the manufacturer, PImiCos. For thig,stage was completely disassembled and mechanically
reworked. Internal components like motor spindles werdarged.

2In GALATEA phase |, the cables got contaminated in an incideith smoking electronics. The resulting
contaminations could not be removed and the cables had &pteced.
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into account, the distance between the source, mountedkitise vertical collimator (side) in
position 2, and the detector is (58(552) mm. The distance of the source, mounted inside the
horizontal collimator (top) in position 2 and the detec®(68+ 2) mm.

A detailed technical description of the collimators andHer studies on source placement were
presented in chapter 7.

10.5 Vacuum System and Pump Stand

The GALATEA pump stand consists of a turbo pump and a prepuhe turbo pump (TMH
521 P, “Pfeiffer Vacuum?”) is horizontally mounted on thegarcross(Q) in Fig.[10.2). No mesh
was placed between the pump and the vacuum chamber to athéliest pump performance.
Mounting the pump vertically would require a mesh to protibet pump from objects which
could fall into the pum

The nominal rotation speed of the TMH 521 P is 50000 /min (823 With a N, volume flow
rate of 300 - 500 I/s. The pump has an inlet available whiclormected to the valve allowing
the flooding of the main vacuum chamber with gaseous nitrogars is used to shut the pump
down. Ata 70% rotation speed the pump gets decelerated by flushinggagbous nitrogen.

The turbo pump itself is connected to a prepump (dry vacuumgiNeoDry30C*, “Kashiyama
ind.,ltd.”). The prepump is equipped with an exhaust eraissihe whole pump stand is driven
by the control device of the turbo pump (DCU 300 Control UnitieiRer Vacuum”).

10.5.1 Shutter

Due to microphonic effects, useful detector operation ispussible while the turbo pump is
running. Therefore, the pump has to be switched off and teesyhas to be kept under vacuum
without continous pumping. The shutter (VAT Gate valve, D® 1SO-K) is used to disconnect
the vacuum system from the pump. It can be opened and cloaedorank handle. The shutter
itself has an elastomer seal. It can be moved if the pressifeestice is less then 48 50 mbar.

10.5.2 Seals

(a) Metallic Seals:

Aside from the lid, all seals used in the test stand are netdlhe DN 160 ISO-K flanges are
closed with aluminum seals. All CF flanges are equipped withpeo seals. Metal seals are
standard in low and high temperature applications as weti akira high vacuum systems.

SGALATEA phase | was operated in such a configuration. Theaedpump performance contributed to the
vacuum problems encountered in GALATEA phase I.
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(b) Elastomer Seal:
The lid of the vacuum chamber is sealed with a viton o-ringt é&$ to be opened and closed
many times.

Originally, before the introduction of the modular chamlfeee section 10.3.2) the seal was
placed between the lid and the big vacuum chamber. In GALApPBEAse |, its grooves was on
the lid itself. In this configuration, the seal fell off whdmetlid was moved. In GALATEA phase
Il, the groove was removed from the bottom of the lid and thiedmo surface was smoothed. A
trapezoidal groove was cut to the top of the modular chamheaviton gasket (FPM/VITON
80 Shore, 615 mm x 5.7 mm) was placed inside. The groove darhas to be such that the
gasket just fits in. The groove depth has to be such that tHegast completely disappears.
The upper part of the gasket has to stand out just a few mm teqgetezed from the lid while
closing. Otherwise, the tightness of the vacuum chambestigumaranteed. The bottom surface
of the lid is not allowed to have any kind of contaminationssoratches. They would cause
irreparable damages to the gasket when the tank is closed.

10.6 Heating System

The GALATEA test stand is completely covered by a custom nfasiing system. It has two
main purposes:

» Conditioning of the surfaces of the test stand (bake-out);

» Warm-up of the test stand after cold operation.

The GALATEA heating system was newly developed for phase krisure an adequate con-
ditioning of all parts of the vacuum chamber and the attagiaats, including all components
mounted inside. Heating jackets were especially made tercthe whole vacuum chamber.
They are controlled by an automatic control unit. An appiatprtemperature can be set to reach
a target temperature inside the vacuum chamber.

The heating components for the vacuum chamber are the followig:

1. Heating jacket around the main vacuum chamber with ctg-tar the DN 160 ISO-K
weld-on nozzle and tank feet (dimensions according to teahdrawing, see Fid. 10.3);

2. Heating jacket around the modular chamber with cut-ooitglfe 4 DN 40 CF weld-on
nozzles (dimensions according to technical drawing, sgd18.4);

3. Insulating hat, slotted with cut-outs for the DN 40 CF weldnozzle on top (dimensions:
ID = 608 mm, H = 560 mm). Commercial heating bands are placedmedth the insu-
lating hat to heat out the lid;

4. Silicon heating mat for tank bottom (dimensions: 594 x 4f10).
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The two heating jackets for the main vacuum chamber and tleutaochamber as well as the
insulating hat are made out of the following materials:

» Heat conductor: glass yarn (isolated);
* Filling material: fibre glass (aluminum covered);

* Inlet material: fibre glass.

The heating jackets are directly attached to the stainkesd tank and fixed with a hook-and-
loop tape on each side. The maximum temperature of the hadtictor is@ = 350°C. Each
heating component has a separate temperature sensor)(RPididited inside the fibre glass shell.

The silicon heating mat with a thickness=f3 mm is centered underneath the vacuum tank on
top of a plexy glass plate. To assure that the tank is not zqugéhe heating mat, two plexy
glass bars were additionally fixed on top of the glass plasufiport the tank. As a result, the
distance between the tank and the mat is about 0.5 cm. Thestatope sensor (Pt100) of the
heating mat is located in a sensor pocket mounted on top ahtiie The maximum heat con-
ductor temperature i8 = 200°C.

The instrument crosses also needed to be baked out. Theerdiey were wrapped with com-
mercial heating bands and covered with two layers of alumirfioil. The standard bake-out
temperature, depending on the position of the heating sraboutd ~ 140°C. Guidelines for
the operation can be found in Appendix B.1.

The heating system is also used to warm up the test stand fotanance when the tank is to be
opened, see Appendix B.2. If a detector is mounted, the teatyreris kept moderate in order to
minimize the risk of damage to the detector. Wil 50 °C on the main vacuum tank argt=
30°C on the cross, room temperature is reached after about 28.hou

10.7 Cooling System

Operating a germanium detector requires a stable tempe@tabout 100 K. Therefore, a stable
cooling system, independent from human intervention, cessary.

10.7.1 Main Principle

The cooling system of the GALATEA test stand consists essgnof a 150 | nitrogen storage
dewar connected via a flexible hose to a cryogenic tank |ddditectly inside the main vacuum
chamber. A level controller (LEVEL CONTROL LN2-2, “Isothefhregulates the electromag-
netic valve of the LN dewar. It is triggered by a minimum and a maximum sensor whieh

connected via 3.5 mm phone jackets to the level controller.
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If the LN> level is below the position of the minimum sensor the elentignetic valve of the
LN2 dewar opens and LNgets filled into the cryogenic tank. Due to evaporation oblihside
the dewar, the LA is pushed into the cyogenic tank with a pressure-di.5 bar. The moment
the LN, level reaches the maximum sensor, the controller closan#gnetic valve of the dewar.
The whole cooling system is completely automated. Datatpdturing filling is not possible due
to microphonics.

10.7.2 Cryogenic Tank

Figure[10.9 shows the cryogenic tank mounted inside the manum chamber.

Figure 10.9: Cryogenic tank with attached Teflon base, maolintgde the main vacuum cham-
ber.

On top of the cryogenic tank, the Teflon base is mounted witin $orews to the cryogenic tank
bolts. The ceramic flange housing the cooling finger is malimtéhe middle of the cryogenic
tank. The four eye-lids on the top of the cryogenic tank aegus lift the tank with the crane
servicing GALATEA.

The cryogenic tank itself has three support bolts, symicedtyt mounted on the bottom of the
tank (see technical drawing in Fig._10.10). Each bolt hasrdamh area ofc 7 mn?. Thus, in
total, the cryogenic tank stands on an area=a1 mn?. This minimizes the thermal coupling
between the cryogenic tank and the outside wall. The remgitermal load on the cryogenic
tank is so small, that the radiative load, which can be redwath reflective foil, dominates.

In Figure[10.1D, the technical drawing of the cryogenic tenkhown. The dimensions of the
cryogenic tank are given. Also shown is the capacitor systezasuring the fill level of the tank
(see next section).
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Figure 10.10: Technical drawing of the cryogenic tank idahg cooling finger, positions of
temperature sensors and holder of the capacitor insidelftike(tolored supplements are not to
scale).

The copper cooling-finger (cooling-finger length, | = 290 medubmerged in the center of the
cryogenic tank. It is mounted in a ceramic flange on top. Thgefimeaches up to the detector
holder. The distance between the cooling finger and the fmatfdhe cryogenic tank isc 6 mm.
The cooling finger has a diameter of 16 mm.

Two flexible hoses are mounted on DN 25 CF flanges on the sideedhttk (in Fig.[10.10 on
the right). The lower hose is used as theoliNlet, the upper hose is the LLNoutlet. Three
temperature sensors (Pt100) are mounted, two of them itisedayogenic tank and one outside
at the very end of the pipe connected to the outlet. The sengside the cryogenic tank are
mounted on a stainless steel tube (cylindrical capacise® Fig[10.70).

The minimum sensor is located just above theylihet flange. The inner maximum sensor is
placed close to the bottom of the outlet flange as indicatdeign[10.10. This sensor is only
used as a backup. The maximum sensor mounted outside isusshdard operations, because
more LN, is filled into the cryogenic tank before the system shutsTdfis larger amount of L
inside the cryogenic tank lengthens the refilling cyclesnder refilling cycles allows longer
measurement periods. The refilling itself creates massratons during which measurements
have to be interupted.

10.7.3 LN, Level Monitoring

The measurement of the capacitance of a vertically mourtesl double-cylinder inside the
cryogenic tank allows permanent monitoring of the il level. Fig.[10.10 shows the location
of the assembly; Fid. 10.111 depicts the details.
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cryo"trank top

=:LN2 fill level

@1

130 mm

View from the side View from the top

Figure 10.11: Left: shematics of the setup to measure thectt@pce. Right: photograph of the
steel cylinder and its Murtfeldt holders.

The stainless-steel double-cylinder capacitor has arr aliéeneter of B = 8 mm. Its inner
cylinder has a diameter of 3= 4 mm. The wall thickness is 2 mm and thereby the slit between
the two is 1 mm. The assembly has a length of | = 130 mm. The agtils mounted on two
Murtfeldt holders, one at the bottom and one on the top.

The capacitance, C, of a cylindrical capacitor is:

C=2ng¢g (10.1)

D,
N5,

The dielectric between the two cylinders is £ K& (LN2) = 1.43) ] or gaseous N & (N2) ~
1) ]. The resulting capacitance thus changes lineartly thie fill level. It is measured with an
LCR meter in a quadrupole measurement.

Figure[10.1P shows the capacitance measured over a timedpgfriabout 200 hours after the
begin of operation. It covers several filling cycles.

The change in the capacitance corresponding to thgfilNevel is clearly visible; the values
range fromr: 18.5 pF to~ 24 pF. The low value of 18.5 pF corresponds to an empty tankreef
the first filling. The initial filling of the cryogenic tank witLN> took about 20 minutes. The
first refilling happened after 8 hours. The next cycles took longer as the system cooled down
completely and less LNevaporated. After two to three filling cycles, the whole systeached

an equilibrium and the cycles reproducibly covere80 hours, see Fi. 10.13. Such long filling
cycles allow pleasently long measurement times.

Figure[10.1B shows a longterm capacitance measuremeet. tAé initial cooldown, the length
of the cooling cycles is approximately constant over 30 d#ysperation. The small dots seen
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at 19 pF over the whole period, originate from £ Noiling.
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Figure 10.12: Capacitance over six filling cylces.
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10.8 Thermal Insulation

In GALATEA phase |, the whole inner surface of the main vacuwlramber was directly covered
with insulation foil, "COOLCAT 2”. COOLCAT 2 is a multi-layer cgenic foil, consisting of
three different layers. Each of these three layers corsidi@ sub-layers (spot welded) made out
of “double side aluminized fim polyester-film (perforated), interleaved with 10 layeot/pster
knit-woven spacer”@S], produced by the company RUAG. Tdiewas specifically developed
for cryogenic systems and is also suitable for vacuum.

Mounting the foil directly on the tank had the disadvantagg the foil was easily damaged
during installation work within the tank. In addition, it wanore difficult to control outgasing
as the taping of the foil to the tank wall caused air entragsbatween layers of the foil. This
increased the time needed to pump down.

To improve the setup, a special steel mesh holding the COOLCWa<®designed. The mesh
size is about 1 cm. Three layers of insulation foil are modwote the inside of the mesh (see Fig.
[10.14). The resulting assembly acts as a heat shield betiveenain vacuum chamber and the
IR shield surrounding the detector, see Fig. 10.14. Thenadsiyeconsists of the following parts:

 Cylindrical body covering the inner surface of the main waowchamber;

« flat lid, for the top of the cylinder.

The assembly can easily be placed inside the tank. For lastal works it is taken out.

The height of the assembly corresponds to approximatelpeight of the main vacuum cham-
ber including the modular chamber. It has a diameter of 560 Miherefore, there is a gap of
about 40 to 50 mm between the foil and the wall. On one sidédyeabbttom of the assembly,
a cut of the size of the DN 160 ISO-K flange (see Hig. 10.14) momtates incoming cables
serving the temperature sensors, electronics board aadtdetFour additional holes the size of
DN 40 CF flanges were cut out to match the four CF flanges of the laodamber.

The foil was mounted to the grid using only thin wires to avathesive materials inside the
tank. This greatly reduced the outgasing rate.

The bottom of the tank is covered with four layers of foil. Bhihe whole interior setup is

surrounded by multi-layer cryogenic insulation foil whichmensely helps to maintain the nec-
essary temperature inside the tank. The cryogenic tankisvalso covered with three layers of
insulation foil, excluding the top surface.
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Figure 10.14: Left: cylindrical mesh with COOLCAT foil. RigHhtd.

10.9 Electronics

Figure[10.1b shows the electronics concept of the GALATEsA séand.

Detector
Segment Signal >1 [csa
Output
e}
Detector E
~— Holder o
Ouput i T T T T T J_— 7] m ")
p = 8 E
Drain ~ 1=
: Source c § DAQ
: Low Feedback 2 o
1 GQE Frequency ] g
’ 9
Bias E
Network —r——Test Pulse
10 MQ
‘«<—— HV Input «<———— R

Figure 10.15: Electronics Concept of the GALATEA test fagili

Segments 1-18 Signal Output:

Each detector segment has a separate read-out chain. Hpaeiegle Kapton cable provides
contacts for all segments and its traces take the signaletotwver end of the detector. Short
single-wire Teflon cables of equal length are soldered teetiteof the capton cables. They are
attached to an 18-pin plug ("18-Pin Lemo S-Series”). Thentexpart of the plug is connected
to 18 Teflon cables going to the input ports of the charge seagireamplifiers, which act also
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as a virtual ground.

19th Segment Signal Output:
The 19th segment read-out cable goes directly from the tbeteontact to the preamplifier.
There is no connection to the Kapton cable serving the o#gansnts.

Core Signal Output:

The core output is connected to a cold FET circuit. Its o@ue connected to the electronics
board. Contrary to the segments, for which the FETs are gittimthe preamplifier boards, the
core FET is placed close to the detector. This reduces tlgghexi the cable in front of the core
FET and thus the input capacitance for the FET. The boardjdwthe cold FET is integrated
in the detector holder. The bias network, including a capaend a 1 ® resistor, which is
placed between the high voltage input (HV input) and the &&d circuit, is used to push the
high frequency output signals into the cold FET circuit aeéx low frequency noise out. The
read-out cables from the core emerge underneath the detedtier and are guided through the
gap in the Teflon base.

HV Input:

High voltage, HV, is provided by a standard module (NHQ204dlk)is module is operated man-
ually. A standard HV cable (specification: “Teledyne Reysolb7-2896-9“) takes the HV
to the DN 160 ISO-K flange where a feed-through brings the Hd the vacuum and to the
electronics board. From the electronics board, it is taketé detector. A 10 I? resistor is
placed in the line between the electronics board and thetetd he high voltage is ramped up
in small steps until the detector operating voltage is red¢k) = + 3000 V for "Supersiegfried”).

Preamplifiers and Electronics Board:
Each channel (19 segments, core) has a charge sensitivepifeer PSC-823V working with a
RC-Feedback circuit. All preamplifiers are mounted on onetelaics board (see Fig. 10]16).

7

S

y > ! % v /

Figure 10.16: Electronics board mounted inside the mainwacchamber.
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The 20 preamplifiers are mounted in two rows. The input partis@n assignments of the pream-
plifiers can be seen in Fig. 10]17.

TEST
INPUT INPUT gouRCE

/
000

=12 V—
Out 2—
Out 1 —
+12 V—

Figure 10.17: Left: Preamplifier in- and ouput ports. Righictyre of a preamplifier (front
view).

The board is mounted in an aluminum frame attached to thermefise. For all channels, the
distance between the detector segment and the preampiibier is about 50 cm. The cable is
kept as short as possible, because each cm of cable adds IhEFnput capacitance and thus
increases the noise. Compared to phase I, the preamplified somow rotated by 90towards
the detector to minimize the cable length and to arrangangt icables to the preamplifier such
that the cables are spaced equidistantly and that cablestdwass. This is very important to
minimize crosstalk.

Grounding:

A 1 cm massive copper band is clamped firmly to the top of théimgdinger with a stainless
steel cable clamp. It provides the ground for the detectlmidioThe copper band gets the ground
from the preamplifier board.

Read Out Cables and DAQ:

On the electronics board, the preamplified signals are geovon a Sub-D plug. A correspond-
ing cable takes them to the DN 160 ISO-K flange. There the sabie directly soldered to the
feedthroughs of the flange. On the outside, the read-ouéesae connected via BNC to SMA
connectors to the SMA plugs of the DAQ.

The preamplified signals are digitized using a digital nchiéinnel data acquisition, DAQ (type:
XIA PXI Compact PCI, model PXI-18). The DAQ is operated with standard control software
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(type: Igor Pro 6.32A). It has a sampling rate of 75 MHz, whathresponds to a bandwidth
of 13.2 ns. Energy and time information (MCA) as well as pulsepe information can be
recorded. The energy measurement relies on a flat top seftfltar. Different run modes
including different settings like energy and trigger thelsls can be selected.

10.10 Detector Installation and Alignment

The detector is mounted together with its especially desidrolder on top of the cooling finger.
The holder is fixed to the copper finger with two screws. Théaserarea of the cooling finger
is ~ 201 mnf. If the detector is properly centered in the holder, it igjadid radially to the
cooling finger. The remaining alignment task is to positio& $stage such that the cooling finger
is exactly in the center.

For this, special tools and a special procedure were desdlopig.[10.IB shows the relevant
part of the technical drawing. Three alignment tools areluk&ing the installation.

Al0:2) 7
I||7l

7
4 A |
- k

Figure 10.18: Technical drawing showing the detector atignt tools: Tool 1: rounded bail,
tool 2: cylinder, tool 3: board.

The stage is screwed to the Teflon base. The Teflon base isesttewhe cryogenic tank through
long holes. For the alignment, the screws fixing the Teflorelzas loosened, so that the base
and thus the stage position can be adjusted. Tool 1, theidbalaced around the cooling finger
(see Fig[10.19, left). The hole diameter of tool 1 is suchttiabail sits very tight. The rounded
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end fits to a groove in the stage. Rotating the bail by°3@thas to slide smoothly along the
stage groove. The Teflon base is moved to make that possifilr. aignment, the Teflon-base
screws have to be tightened again.

After aligning the stage position, the vertical frame ho@gihe lower collimator has to be ad-
justed such that the collimator is atO® the vertical axis of the detector. To do this, tool 2 is
placed on top of the cooling finger. It is a cylinder with a bbote fitting to the cooling finger,

it is basically a detector dummy.

Tool 3 is a plate sitting on top of tool 2. The vertical framalgned if it touches the plate. The
screws holding the frame have to be adjusted accordingly.

Figure 10.19:Left: tool 1: rounded bail; middle: tool 2: cylinder; right: tool 3: plate uded the
detector alignment within the stage.

10.11 Conditioning of the System

The GALATEA test facility was designed to study germaniuntedéors. Therefore, a stable
vacuum and limited temperature variations have to be gteedn The specific technical re-
guirements were already summarized in section 10.2.

The vacuum tank needs to be conditioned in order to achi@/eetjuired vacuum. Most impor-
tant for establishing a good and stable vacuum are:

» Cleaning of surfaces;
» Baking-out under vacuum;

» Purging with dry nitrogen between bake-out cycles.
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10.11.1 Cleaning of Surfaces

Table 10.1 summarizes the main components mounted inSEd&MALATEA tank and the re-
spective cleaning procedures. Details on the cleaningegiure can be found in AppendiX C.



Component # Cleaning Procedure (Appendix) Remark
Cryotank 1 Microblasted, Micro-90 (brush) leak tested
Blindflanges Cryotank DN 16 CF 3 TickoPur R 30 (C.1) for testing purpose
LN2 Minimum Sensor + Cable 1 TickoPur R 30 (C.1)
Flexible Hose Cryotank 2 TickoPur R 30 (C.1)
Ceramic Flange 1 Isopropanol leak tested
Flange with Cooling Finger 1 TickoPur R 30 (C.1)
Teflon Basis 1 TickoPur R 30 (C.1)
Stage 1 no extra cleaning necessary | cleaned & revised (“PImiCos"
Power Supply Cables Stage “1t no extra cleaning necessary | cleaned & revised ("PImiCos”
Coolcat Tank Wall no cleaning necessary
Coolcat Cryotank no cleaning necessary
Coolcat Lid no cleaning necessary
Coolcat Grid TickoPur R 30 (C.1)

Coolcat Wall Holders

TickoPur R 30 (C.1)

Collimator Holder (vertical)

TickoPur R 30 (C.1)

Collimator Holder (horizontal)

TickoPur R 30 (C.1)

Collimator Tappet (aluminum)

TickoPur R 30 (C.1)

Cover Guidance (Murtfeldt S) (vertical) Isopropanol

Cover Guidance (Murtfeldt S) (horizontal Isopropanol
Source Holder Socket (aluminum) TickoPur R 30 (C.1)

Source Holder Socket Spacer (POM) Isopropanol

Source Holder (aluminum) (horizontal)

TickoPur R 30 (C.1)

Tungsten Collimators

TickoPur R 30, Isoprop., Oven

Electronic Mainboard

Isopropanol

Preamp. (1 cable to 18-pin plug)

Ispropanol, Hera B (C.2 - electronic

5)

Preamp. (1 single cable to single pin)

Ispropanol, Hera B (C.2 - electronic

5)

Core Preamp. (3 single cables to single pi

Ispropanol, Hera B (C.2 - electronic

5)

Cables from Preamp. to Detector

Ispropanol, Hera B (C.2 - electronic

5)

Mainboard Holder (aluminum)

TickoPur R 30 (C.1)

Crystal Holder Basis

TickoPur R 30

Crystal Holder Structure

TickoPur R 30

silvercoated IR Shield

N S SN

Isopropanol

Table 10.1: Main components mounted inside the GALATEA tané the respective cleaning procedures.
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10.11.2 Evacuation and Bake-Out

The vacuum has to be stable over at least hours, at presgyres d0~°> mbar, without pump-
ing. This is only possible if UHV vacua ot 10-® mbar are achievable for a warm tank with
a running pump, which reduces to¥ombar to 10° mbar when the liquid nitrogen cooling is
on. Itis difficult to maintain the vacuum when the pump is afthuse of outgasing which can
only be reduced by long term (order of weeks) bake-out wighghmp on. Providing a vacuum
alone is not enough to desorb the gases on the surfaces.Idbiaecessary to heat the vacuum
chamber to actively bake-out the surfaces.

The bake-out over a long period of time at a specified temperas of great importance as it
removes unwanted contaminations on surfaces inside theiratank. The desorption of water,
mainly from the stainless steel vacuum tank is the dominamtgss. The outgasing of seals,
electrical components and cables inside the tank is alsfisignt.

Figure[10.2D and 10.21 show the composition of the residaslag measured with the mass
spectrometer attached to the main vacuum chamber. They tigopartial pressure in depen-
dence of the mass, m, for different chemical compounds bedod after a heating cycle. The
prominent lines, which are seen inside the vacuum, areatetic
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Figure 10.20: Residual gas spectrum of the GALATEA vacuunmiyex before bake-out.

0.00E+00 +—+4

Water (m = 18) and hydroxyl OH (m = 17), originating from watare found to be dominant
in the vacuum chamber before bake-out, see[Fig. 10.20. Allseronants which are visible as
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CHz groups in the spectrum (chemical compounds with 14 amurdiifee) are observed. The
CHa groups are split off from chain-like carbohydrates.

The hydrogen (m = 2) observed originated from the steel thekause it was not baked out
after pressure tests done with wﬁeT.herefore, hydrogen was not released before installation
of GALATEA.

The electronics board and preamplifiers were also a mairceafroutgasing. The preampli-
fiers were baked out in a different vacuum tank (Hera B, seeeTHRI1) before mounting. After
the complete GALATEA system was baked out at a temperature bA0°C for several hours
while pumping, the amount of water and hydroxyl was reducedfproximately one order of
magnitude (see Fig. 10.21).,Mnd CO were the dominant components. With a partial pressure
of about 3.610~2 mbar of No and CO before bake-out, the pressure was reducedit® 10 °
mbar after bake-out. SoJd\and CO were reduced by a factor of tﬁ/o.
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Figure 10.21: Residual gas spectrum of the GALATEA vacuunmiiex after the first bake-out.

The longer the whole vacuum system was baked out, the cldaneilnamber got. The GALATEA
bake-out was performed in cycles of 2 to 3 days. Shorter sydilg not result in significant im-
provement. After each cycle, the tank was purged with clerogen. In total, 10 cycles were

“A bake-out at temperatures above 6@is standard, but was omitted by the manufacturer.
5The scale of the diagrams seen in Fig._1D.20 and Eig._J10.2#lifieeent because they were automatically
plotted by the manufacturers software.
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necessary.

The bake-out procedure including settings for the tempegaimits of the heating units are
given in AppendixB.

10.11.3 Purging

Whenever the tank has to be flooded, pure nitrogen has to beéaiaedid contaminations inside

the vacuum chamber. Especially the amount of water vapotin@mterior components, has to
be minimized. Water, especially on big surfaces like thenktas steel chamber, would not get
fully desorbed during the next evacuation. Thus a new bakeyxle would become necessary.

10.12 Pressure and Temperature Monitoring

10.12.1 Pressure

The pressure is permanently measured at two positions imthgular chamber, see section
10.3.2. Figuré_10.22 shows the pressure for the time pefiodughly 5 weeks after the initial
pump-down. During these five weeks, the pump was turned afftimes, see “shutter cycles”
for details. The pressure rose each time and stabilizedca¢asing values reaching 10mbar
at the end. During this test, GALATEA was fully equipped ahd electronics was powered up.
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Figure 10.22: Long term development of the pressure withfolkeange gauge and one Barion
sensor. The Barion sensor is more accurate for pressure héidimbar.

Shutter Cycles:

Several shutter cycles are included in Fig. 1D.22. As martidbefore, detector operation with
a running turbo pump is not possible. Therefore, the vacuystem was closed via the VAT
gate valve and the pump system was shut down. Closing this vabulted in an increase of the
pressure by two orders of mangnitude within a couple of neisusee Fig. 10.23. The pressure
saturated at 3.0 10~° mbar after about 3 hours for the first cycle, which is dispthlgere. The
saturation value improves over time, see Fig. 10.22.

Initial Pump and Cool Down:
Figure[10.24 shows the first part of Fig._10.22, i.e. the tetdithe pressure during the initial
pump down. Also the first shutter shutter cycle of about twygsda shown.

The pressure goes down from atmospheric pressureta@* mbar in only about 10-15 min.
Without cooling, it takes about a week to reach a level ef p0’ mbar. In this pump down, the
cooling was turned on after about 70 hours when a level-efiy® was reached. The pressure
decreased by almost two orders of magnitude 030 mbar in 30 hours.

The rising pressure after shutter closure can be explainddoumtgasing inside the vacuum
chamber. Although all components were cleaned and condiiopsome parts like electronic
cables still outgased significantly.
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Figure 10.23: Development of the pressure after shuttesucto
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Figure 10.24: Initial pump and cool down and first closurehaf shutter. Cooling was turned on
after 70 hours.
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Figure[10.2P demonstrates that the pressure was stabletiodp longer than 60 hours in the
test; stable pressures for up to to one week were observeggubntly. A stable pressure and
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temperature is needed for detector operation.

10.12.2 Temperature

The temperature is permanently monitored. TemperaturgosenPt100, are installed inside the
main vacuum chamber and outside on the tank mantle. Thenmolpsubsection summarizes
the temperature measurements and provides sensor pssitiand outside of the vacuum tank.
The procedure on how the sensors were attached to the contpaas be found in Appendix| D

(A) Inside the Main Vacuum Chamber

In total, six temperature sensors are mounted inside themwahamber. Three of them are con-
nected to the DN 160 ISO-K flange and read out by the cryogenipérature controller, called
“LakeShore”. The remaining three are connected to thereleicts board and read out by a “Lab-
Jack" controller. This "Multi-I/O-Measurement Device”5SB and ethernet compatible and can
provide analog or digital in- and outputs. The sensors aequl at the following positions:

UHV Stage

Cryo Tank (top)

Mesh (top side)

Cooling Finger (side at top end)

Detector Holder

IR Shield (top)

The development of the temperature inside the vacuum chaathifferent positions for the
period of the pressure test presented in the previous sdstitisplayed in Fig_10.25.

5The mounting procedure is very important as sensors logintact to the surface, provide a false temperature
measurement.
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Figure 10.25: Long term temperature development insidedlcaum chamber.

During this period, the whole system was running, includimg electronics board, and the HV
for the detector was on. The electronics board is the mainlbad of the system. The automatic
cooling system was running. The plot nicely shows the teatpee stability of the components
inside the vacuum tank over this long time period. Individigoling cycles are seen as wiggles
around the operating temperature of O(100 K). The black eddlots (cryogenic tank and stage)
at 300 h are due to a read-out problem of the preamplifier noairtb Figuré_10.25 covers the
same period as Fif. 10]22.

The shutter cylces do not influence the temperatures insa&ank. This is an important obser-
vation as it confirms the expectation that pressures of teraf 10-> mbar do not change the
thermal conditions of the system. Zooming into the begigrahthe cool-down procedure (see
Fig.[10.26), one can see how fast the temperature drops asasdbe cooling system is turned
on.

Figure[10.2F7 covers a period when stable conditions weebkstied. The detector needs about
32 hours to cool down to its working temperature between 1@D14.0 K. This temperature is
measured on the detector holder, not on the crystal itsbis detector-temperature range is the
minimum reachable with this setup.

A thicker cooling finger would decrease the temperature. &l@n the detector should not be
the coldest part inside the vacuum tank, as it would act asdetiap and contaminations would
be attracted to its surface.
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Figure 10.26: Temperature development of selected conmp®ieside the vacuum chamber at
the beginning of pumping and cooling.

The coldest part inside the vacuum tank is the cryogenicwatika temperature of 95 K (red
line in Fig.[10.27), followed by the cooling finger (yellowm&). The IR shield has a temperature
of about 110 K, almost the same temperature as the detestft iThis proves that the external
heat load is indeed taken by this shield, which sits direatiyhe detector holder.

The temperatures of the mesh (blue line) and the stage (blekare much higher. This is ex-
pected as they are not actively cooled. Together with thereleics board, they are the radiative
load for the infrared shield.

The periodic slight changes of the temperatures, cleady seFig.[10.27, are due to the refilling
cycles of the cryogenic tank. It varies by4 K over a full cycle and follows the fill level of LN
inside the cryogenic tank. The variations are quite repciue.
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Figure 10.27: Cooling cycles measured over a time period Oféurs.
However, the running of the stage motors also increasesthgdrature of the detector by4 K.

(B) Outside of the Main Vacuum Chamber

The temperature sensors monitoring the temperature onutisede of the tank wall are placed
underneath the heating jacket. They are read out by the ‘Glatw” controller. These sensors
are again PT100 sensors. However, they are encapsulatezhirrdsistant metal tubes. The
sensors are placed at the following positions:

* Lid (top);
* Modular Chamber (Tank Ring) (side);
* Main Vacuum Chamber (Middle Tank) (side);

* Main Vacuum Chamber Bottom (Bottom Tank) (underneath, chntra

The development of the ambient temperature over the timegeovered in Fig.[10.25, is
displayed in Fig.[[10.28. The outside temperature was nblesduring this time. The high
temperatures seen in F[g. 10.28 were due to a failure of tlewaitioning. However, these slight
changes of the temperature in the lab had no significant mélien the relevant temperatures
inside GALATEA.
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Figure 10.28: Longterm temperature development of thargeanhits outside of the GALATEA
tank.



136 10. The Test Facility GALATEA




Chapter 11

Performance of Supersiegfried in
GALATEA Phase Il

The true-coaxial HPGe detector Supersiegfried, see chapieas mounted inside the now fully
operational test facility GALATEA (phase I1). Calibratiopectra, taken with 8Co and &28Th
source are shown and the effect of crosstalk on a segmentehigeim detector is discussed.

11.1 Configuration

Uncollimated®°Co and??8Th sources were placed individually on top of the lid of thelQKEA
vacuum tank to obtain calibration spectra, see Fig.]11.%. distance between the detector and
the sources was about 20 cm.

The horizontal and vertical collimators inside the vacuamktwere both installed. Tungsten
collimator segments with 3 mm hole diameter were used fdn botlimators. The vertical col-
limator on the side carried’®%Eu source. The source was mounted at collimator positioar2, f
more details see chapter 7. The horizontal collimator orhtmgsed &4*Am source, which was
also mounted in position 2. The vertical collimator was ntbt@its lowest position, where the
radiation of the'®Eu was not directly emitted onto the detector. The horidaradimator was
placed right above the bore hole where the copper shiel@slig collimator penning. Hence,
the detector is completely shielded framparticles. Figuré11l1 shows the source positions.

Before detector operation, the vacuum tank was pumped f@ralegtays and the detector was
cooled. The operating temperature was about 110 K.



138 11. Performance of Supersiegfried in GALATEA Phase Il

h(l(‘o

2287, Sourcel]
Lid of GALATEA Vacuum Tank

— O~

241 Ay SOurceU

N l‘r)QEIL Source

K__—/=

Figure 11.1: Parking positions of sources inside the GALATNE&cuum tank and calibration
positions on top of the tank lid (not to scale).

11.2 Calibration Spectra

Figure[IT.2 shows the calibrated and crosstalk correééfth energy spectra for the core (blue),
segments 1 to 18 (green) and the 19th segment (red). Foratai, the®°Co and?°®Tl lines
were used. A detailed description of the crosstalk comagbrocedure can be found in section
11.5. The prominent gamma lines are clearly visible in thre spectrum and in the overlay seg-
ment spectrum 1 to 18. For the 19th segment, indicationsdiomga lines at 1408 keV and 1457
keV can be seen. These two strong lines fr9Eu are clearly visible in the overlay spectrum
of segments 1 to 18 and the core in Fig. 11.2. This demonsfrdat although th&2Eu source
is in its parking position, these gammas reach the dete8ta2615 keV the?%8T| peak arises;
20871 js a decay product of?®Th with little background underneath the peak. The singtaps
peak, SEP, from®8TI can be seen at 2103 keV. The double escape peak, DE®Tois visible

at an energy of 1592 keV. The shoulder in the spectra down @atab100 keV is created by
Compton scattering of 2615 keV gammas.

Figure[I1.B shows a zoom of tR€Th spectrum in the range of 900 to 1500 keV. Seven gamma
lines are visible. Two of them, at 1408 keV and 1457 keV, aeanty visible in the 19th seg-
ment. The peaks of the accumulated segment spectrum amwvearny about 2 keV than the
core peaks. The energy resolution for the segments and thexomlisted in section 11.3.
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Figure 11.2: Calibrated and crosstalk correct&Th spectra for the core (blue), the spectra-
overlay of segments 1 to 18 (green) and the 19th segment (red)
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Figure 11.3: Zoom of the spectrum from Fig._11.2 in the eneange of 900 to 1500 keV.
Different line width in the core (blue) and segment overlgyeén) are observed.
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Figure[I1.% shows the calibrated and crosstalk correctedygispectra, taken with®Co source
for the core, segments 1 to 18 (overlay) and the 19th segriéwt.two prominenf°Co peaks
at 1173 keV and 1332 keV can be seen. Prominent gamma peakstoral radioactivity, like
the 1460 keV peak df’K, the 21Bi peak at 1765 keV and th28T| peak at 2615 keV are also
visible. The two strong®?Eu peaks at 1408 keV and 1457 keV are also present.
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Figure 11.4: Calibrated and crosstalk corre®@o spectra for the core (blue), segments 1 to
18 (green) and the 19th segment (red).

11.3 Energy Resolution

The energy resolution, FWHM, was calculated for prominemhiga peaks of the calibrated
228Th spectrum. Figure 11.5 shows the two core gamma peaks atkeA0and 2615 keV. The
peaks are fitted with a gaussian and first order polynomiaitfan in order to extract the standard
deviation,o. The FWHM is:

FWHM = 2v2In20 ~ 2350 .

Fig.[T1.6 presents two fitted gamma lines at 511 keV (antibilayammas) and 1460 ke¥K
originating from natural radioactivity).
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Figure 11.5: Peaks at 1408 keV (left) and 2615 keV (righthefdore spectrum. The fits to the
1408 keV and 2615 peak are indicated in red.
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Figure 11.6: Peaks at 511 keV (left) and 1460 keV (right) & segment spectra (overlay of
segment 1 to 18). The fits to the 511 keV and 1460 keV peak areaitedl in red.

The FWHM energy resolutions at different energies of the @ré the segments are listed
in table[I1.l. Compared to the energy resolution achievel $itpersiegfried operated in
GALATEA phase | [49], the energy resolution both in the cone or the segments has greatly
improved.

The energy resolution of the core of (5.920.04) keV at 2.6 MeV {°®TI) was improved by
10-15 keV compared to the energy resolution achieved ingpha49]. The energy resolution of
the segments improved by about 1-2 keV. The new electromidgyeounding concept of phase
Il (see chapter 10) was mainly responsible for the improvedgomance. Ground loops and
antenna effects were not anymore significant.
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| Energy [keV]| FWHM [keV]

Core 511 5.05+0.17
728 4,19+ 0.32

1408 5.444 0.02

1460 5.714+ 0.05

2204 5.52+ 0.25

2614 5.92+ 0.04

Segments 511 3.14+0.14
728 2.63+0.21

1408 3.344+0.02

1460 3.10+ 0.05

2204 4,23+ 0.32

2614 3.524+ 0.05

Table 11.1: Energy resolution for different gamma pealen@ard configuration).

Nevertheless, environmental sensors still influence teeggrresolution. Test runs with different
sensor configurations were made in order to see how much #rgyeresolution is affected.
The smallest FWHM for th&%T| peak of the??8Th core spectrum of (3.2 0.03) keV was
achieved when the pressure sensors and pump controlleesswéched off. The largest noise
contribution originated from the pressure sensors. Witrajing pressure sensors and all other
sensors (pump controllers, LNevel controller, temperature sensor Lake Shore, LCR meigr a
labjack, see chapter 10 for details) switched off, an enesgglution of (6.5+ 0.07) keV was
observed. This was compatible with the result obtainederstandard configuration.

11.4 Single- and Multisite-Events

Figured 117 and 1.8 show tR€Th and®°Co spectra for different segment multiplicities, n.
For n> 1 (blue line), all events are seen. For n = 1 (green line), smygle segment events are
plotted, i.e. only one segment shows an energy deposit. Vidre eate decreases with increasing
n. Only a small fraction of events is seen with a segment plidity of n > 4. The strong
gamma lines above 1 MeV remain visible. The low energy pahi@tpectrum is suppressed for
increasing n, because the probability for Compton scatjetecreases with energy.
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Figure 11.7: Single- and multisite-events in #88Th spectrum seen by Supersiegfried.

T T T T I T T T T I T T T T I T T T T I T T T T I T T T T
Core,n>=1

———— Segment,n=1
Segment Sum, n=2
———— Segment Sum,n=3
———— Segment Sum, n>=4

10°

Counts
T IIIIII|
1 1 IIIIII|

10?

10

II—l—l—$_LIIIIIII!

0 500 1000 1500 2000 2500 3000
Energy [keV]

Figure 11.8: Single- and multisite-events of €0 spectrum seen by Supersiegfried.
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11.5 Crosstalk

Crosstalk is an electronics phenomenon which occurs if aigrtransmitted in a circuit and

creates fake signals in other channels. The “talking” betwehannels is mainly produced by
capacitive coupling between neighbouring cables and &iergli Crosstalk depends predomi-
nantly on the setup and not on the detector itself. A detaitedstalk study for Supersiegfried,
operated in the GeDet test facility "K1” was carried out poessly @]. There, the crosstalk was
limited to the percent level. However, the GALATEA enviroant proved to be less favourable.

Analysing two dimensional, 2d, histograms of MCA counts ie channel against MCA counts
in a different channel yields information on the crosstadigure[11.9 shows the 2d histogram of
raw MCA counts of segment 1, MGAvs. the MCA counts of the core, M@AThe plot shows
the influence of the core on segment 1.
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Figure 11.9: 2d histogram of raw MCA counts of segment 1 agé#wescore.

Figure[11.9 demonstrates the situation for moderate @isst

1. The upper line indicates single segment events; the saarg\eis seen in the core and the
segment; the green oval indicates this in Fig. 111.9;

2. The line at 0, expected for events with no energy deposition in the segneslightly
tilted,;
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3. The vertical lines represent gamma lines with part of trexgy deposited in the segment.
The?%8Tl line is indicated in FiglIT]9 as an example.

The crosstalk from the core into the segments is dominarg.cbine signal is already amplified
close to the detector and all signal cables are close to ehein on the way to the electronics
board. Thus, this was not unexpected. Eig. 111.10 shows thesgsjram of MCA counts of seg-
ment 1 against segment 2. The tilt of thelidie is like in Fig.[11.9, indicating that all crosstalk
comes through core; this is not due to crosstalk.
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Figure 11.10: 2d histogram of raw MCA counts of segment 1 agaegment 2.

The situation for segment 19 is more complicated. Figuréll 4hows a large crosstalk from the
core into segment 19. In addition, there is a class of evehtravthe energy in segment 19 is
larger than in the core.
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Figure 11.11: 2d histogram of raw MCA counts of segment 19 hadtore.

11.5.1 Crosstalk Correction

In order to get correct values of the energy from the MCA valties calibration constants ob-
tained from the known peaks have to include crosstalk cborex: At this stage, only a first order
correction for crosstalk from the core to the segments was dohe segment calibration factors
including crosstalk corrections were obtained using girsgigment events. In the following, the
procedure to correct crosstalk is presented in some detail.

STEP L

The core is calibrated with known gamma lines frét#Eu using all events. The peak energies
are plotted against the extracted mean MCA values of the gdimeg The resulting points are
fitted with a first order polynomial function. The offseg, and the slope,dy are calculated from
the fit. The core energy,dzis evaluated as follows:

Eo = a + bo - MCAg . (11.1)
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STEP 2
The crosstalk factors g were calculated for each segment using the tiltebin@:

MCA; + o - MCAg = O | (11.2)

with the raw MCA values, MCA of the segments. The factorg define the crosstalk from the
core into segment i.

STEP 3
The lines indicating single segment events were used tbre#d the segment energies:

Eo — (& + bj( MCA| + co - MCAp)) = 0 . (11.3)

RESULT:
The corrected energy of segment i, S calculated with the extracted parametersaad b
according to:

Ei = a + bi(coi - MCA;) . (11.4)

Figure[11.1P shows the 2d histogram of raw MCA values of segihémthe core (left) and the
crosstalk corrected and calibrated 2d histogram of segfinenthe core (right). The expected 0
line, which was tilted for the uncorrected plot, is moved ¢éoain the corrected plot. However,
an offset in g is observed; Eis overcorrected for low &

The crosstalks for segments 1 to 18 vary from 0.3% to 17.8% crbsstalk from the core to
segment 1 is comparatively small, with only about 2%. Anpfsgment with moderate crosstalk
is segment 8, for which the situtation is depictefin 111.13.

A larger crosstalk, of roughly 15% is observed for segmebtarid 17, see figurés 11]14 and
[11.15.
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Figure 11.122d histograms of the raw MCA counfieft) and the calibrated and corrected engiright)
of the core vs. segment 1.
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Figure 11.132d historgams of the raw MCA counfieft) and the calibrated and corrected engiright)
of the core vs. segment 8.
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Figure 11.14: 2d histogram of the raw MCA cou(ltft) and the calibrated and corrected energy
(right) of the core vs. segment 10.

The biggest crosstalk of 51%, was observed in segment 1@rdfid. 16 shows the 2d histograms
of the raw MCA values (left) and corrected 2d histogram (figiitsegment 19 to the core. After
correction, the line of full containment sits properly at ##ile the line for no energy in segment
19 is aligned with the x-axis. However, a huge amount of evahbve the 45is present in the
corrected plot. They are associated to surface events dnolwdiscussed in chapter 12.
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Figure 11.15: 2d histogram of the raw MCA cou(ltft) and the calibrated and corrected energy
(right) of the core vs. segment 17.
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Figure 11.16: 2d histogram of the MCA courfteft) and the calibrated and corrected energy
(right) of the core vs. segment 19.
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Table[I1.2 summarizes the crosstalk of the core to the segrtteto 19).

Segment| Crosstalk, o

1 2.5%
2 5.5%
3 0.9%
4 10.9 %
5 4.0 %
6 2.8%
7 7.8 %
8 0.3%
9 1.7%
10 15.1%
11 1.3%
12 1.1%
13 1.2%
14 2.1%
15 3.8%
16 10.6 %
17 15.4 %
18 17.8 %
19 51.6 %

Table 11.2: Calculated crosstalk of the core to the segmafi 9y

As the stages inside the GALATEA tank move, cables can shiierefore, crosstalk corrections
have to be obtained for each data set.



Chapter 12

First Observation of Surface Events In
GALATEA

The thin 19th segment of Supersiegfried was designed taabsearface events. In chapter 11,
Figured 11.11 and 11.16, events are seen for which the eobsprved in segment 19 is sub-
stantially larger than the energy observed in the core. Bhgpriori unphysical. A detailed
investigation is possible using the pulse shapes of thetev@&ulse shapes were recorded with
the DAQ at a sampling frequency of 75 Hz. Figures 1P.1,112Bh3 show event displays
for segments 1 to 19 and the core. Each plot is labeled witkedh@sponding segment number
according to the numbering scheme introduced in chapteraBh Eigure represents one event
from the??®Th data. The pulses shown here are not crosstalk correctedaralibrated.

Figure[12.1

In Figure[12.1, the core and segment 19 show a clear pulseevtmynthe core pulse is reduced,
i.e. the core does not collect the full charge. The 19th segmallects charge over a much
longer time; see top right in Figure 12.1 (time scales aredwsttical). This indicates a long drift
of the holes which is not observed by the core. In a surfacetegkectrons can be trapped and a
reduced signal in the core is the consequence.

Mirror pulses are expected in the top layer of the deteabogted right underneath the 19th seg-
ment. Segments 7, 9 and 12 show positive mirror pulses as®gt® be induced by hole drift.
In segment 7, the baseline does not go back to zero, cleatyisdhe inlet zoom. However, if
this was due to charge trapping, it should also be observedgments 9 and 12. More likely,
crosstalk from the core into segment 7 is the reason. Tah (thapter 11) predicts such a
crosstalk. Seeing positive mirror pulses means, that teatedid not occur close to the mantle
of the detector, as such pulses are created by holes moamtire inner part of the detector out
to the mantle. The holes are collected by the mantle eleetrdde electrons are collected by the
core electrode and during their drift they create negatireompulses.

Segment 8 shows a negative mirror pulse which is truncat@atditates the trapping of electrons
which explains the massive reduction of the core pulse. iBhssipported by the shape of the
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core pulse (see Fi§. 12.1 top right) which has a strong kiftér ahich only a minimal increase
of the pulse due to the hole drift far away is seen. The lenfitheopulse indicates a slow drift,
also of the electrons. Segment 8 is unaffected by crosstdlks the time structure indicates a
complicated overlay of a negative and a positive mirror @uls

Segment 10, 16, 17 and 18 show crosstalk as expected froeffaG.

Figure[12.2

In comparison to the surface event depicted in Eig,112.1,[E&2 shows a “normal“ event. A
large pulse is observed in the core and smaller pulses inexggrh9 and 6. The pulse in segment
19 is not longer than the pulses in the core and segment 6. e@rhas a clean undisturbed
negative mirror pulse; this segment has only 0.3 % crosshkéigative mirror pulses are created
by electrons moving towards the core electrode. The basgles back to zero, therefore, no
charge trapping is indicated. The negative mirror pulseegnsent 8 indicates an energy deposi-
tion in segment 19 close to segment 8, where the field comditicere good.

Segment 9 shows a mirror pulse induced by hole (positive)edextron (negative) drift. At this

position, the holes and electrons create mirror pulsesftd#rdnt amplitudes inside the crystal.
Bipolar mirror pulses like in segment 9 indicate an energyodémn at moderate radii. Also

here, we see that the baseline drops back to zero. So it séatoss in segment 5. However,
segment 5 is also affected by crosstalk. From the shape gbulse, this looks more like a

crosstalk induced pulse with a negative mirror pulse oyeda This applies also to the pulse in
segment 6. All other segments show pulses, which are cobipatith crosstalk only.

Figure[12.3

Figure 12.8 shows another surface event, clearly indidage¢te long pulse length in segment 19
and the reduced signal in the core. Both pulses look very n&isgh behaviour is expected for
intermittent trapping. The small core pulse reduces theemite of crosstalk. The long positive
mirror pulses in segment 7, 9 and 12 correspond to the loregdrdt. The negative mirror pulse
in segment 8 is truncated. This indicates electron trapporgesponding to the reduced core
pulse.
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Chapter 13

First Measurements with a-Particles

The first physics goal targeted with GALATEA was to underdtanrface interactions af-
particles on the passivated endplates of germanium desedtbe first data from a 19th segment
surface scan with aff!Am source are presented together with a first interpretation

13.1 Configuration

The horizontal and vertical collimators were installedidiesthe vacuum tank as explained in
chapter 10. Th&°Co and??®Th sources were removed from the lid of the vacuum tank. The
152Eu source was placed in the parking position.

As depicted in Figi 1111, thi#*Am source was mounted inside the horizontal tungsten cattim
(position 2, see chapter 7) on top of the detector. The 19meat was scanned in the radial, r,
and thep-direction. Figur€ 1311 shows the scanning positions. Tmelp values of the scanning
positions are summarized in Table 13.1. An approximatelyn2ang metallization strip covers
the mantle of the 19th segment at 49.dee Fig[ 13]1. The segment is contacted there. Above
the detector, three aluminium bars, which are part of theadet holder, are located at 8200’

and 320°. They are also shown in Fifg._13.1.
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180°

Detector Holder

6
~

X4

[ X5 x3

Metallization

OO
Figure 13.1: View from the top onto Supersiegfried (19thnsegt). The positions of the metal-
lization and the detector holder are indicated. The scanpasitions, x are labeled.

| Position| x1 [ X2 [ x3| Xa [ X5 | Xg |
" r[mm] | 26 | 26| 26| 26 | 30| 39 |
" @[] |305] 0 |80]200]80] 180]

Table 13.1: Scanning positiong, x>, X3, Xa, X5 and .

The vacuum tank was pumped for several days (press@e 10~° mbar) and the detector was
cooled before detector operation. The operating temperatas about 110 K.

13.2 ?*Am Spectra

For position %, the core spectrum and the segment spectra are shown inER. All spectra
are calibrated and the segment spectra are crosstalk tmtrethe core and the 19th segment
clearly showa-“peaks” above 1.5 MeV. There are mepeaks visible in the other segments.
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Figure[13.B shows the calibrated and crosstalk correctetygrspectra of the core (blue) and
the 19th segment (red) together. A wide energy bump, sprgdcdhm 2200 keV to 3200 keV

is visible in the core spectrum. A similar bump is seen in tAthksegment between 1600 keV
and 2800 keV. These bumps orginate frarparticles penetrating the top surface of the detector.
This is the first observation of collimatedparticles on the passivated surface of a HPGe detec-
tor, operated in GALATEA. It will be discussed in some detail

—— Segment 19
— Core

Counts

10

w
|

500 1000 1500 2000 2500 3000 3500 4000 4500 5000
Energy [keV]

[N
|||||

Figure 13.3: Energy spectra of the core (blue) and the 19jmeat (red), taken with &'Am
source at positionx

The core energy spectrum also shows the prominent gamma,pegk the Europium lines at
1408 keV and 1461 keV and ti#&8T| peak at 2.6 MeV. In addition, a peak at (59.150.046)
keV with ac = (4.574+ 0.07) keV is visible for the core. This is the gamma line araging from
241Am decaying into®®'Np (=~ 36%). However, the peak is superimposed by thethgsten
peak, which occurs at the same energy. Due to the threshadamit 20 keV, the prominent
241Am gamma line at 14 keV & 42 %) is not visible.

The broad spectral features in Hig. 13.3 associated witimteeaction ofa-particles are striking.
Also striking is, that the energy observed in the core isdatban the one observed in segment
19. This is expected for hole trapping.

For2*1Am decaying intd?3'Np, a’s are emitted at 5.48 Me\&{ 85 %) and at 5.44 MeV~ 13
%). However, thex-particles have to penetrate the passivation layer andbtbalked dead layer
of the detector. They lose energy and enter the active volithea reduced energy.
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13.3 Dead layers for Electrons and Holes

An a-particle looses about 0.2 MeV pam of germanium@O]. The shift in energy thus mea-
sures the thickness of the dead layer. In [Fig. 113.4 the de&d &f a true-coaxial germanium
detector is illustrated. The thickness of the dead layee@mses close to the mantle and the core
of the detector. The average thickness of the effective thaat of Supersiegfried was previ-
ously studied with gammas and found to be less than it middle radii and up to several
mm close to the coré;_ﬂM].

dead layer

—

Figure 13.4: Expected position and shape of the dead layetrak-coaxial germanium detector
(not to scale).

The calibrated and crosstalk corrected energy spectraafdie and the 19th segment for posi-
tions X, X2 and »% are shown in Figs. 13.5 afd 1B.6. Tingpeaks are shifted for different source
positions.

The mean energies of tleepeaks for the six scanning positionsydan as well as ther of the
gaussian fits and the number of events indhpeaks are summarized in Table 13.2. For posi-
tions x, Xo and %, a-particles were detected. At the source positiof)sxx and %, no a-peaks
were detected, because apgosition of 80, 200 and 320 the detector is covered with the
holder, see Fid. 13.1.

The numbers of events in tlee peak are different for the core and segment 19. This inelsctiat

in the core - interactions are observed which cannot be detected thringgsegment read-out.
For events, in which the segment provides a pulse, the obd@mnergy is reduced. This makes a
direct interpretation as a dead layer thickness diffictitkeems, as if there are different layers, in
which electron and hole drift are affected differently. Teatures observed at positiop points

to hole trapping. Alpha events are at the extreme edge ofdiieeasolume and systematic hole
trapping is not unlikely in this region.

The different values for the different positions indicasigble conditions close to the surface.
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Figure 13.5: Energy of the core for the scanning positionsxand .
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Figure 13.6: Energy of the 19th segment for the scanningipasix, X2 and X%.



| Position \ X1 \ X2 \ X3 \ X4 \ X5 \ X6 |
| r [mm] . 26 | 26 | 26 | 26 | 3 | 39 |
0[] 305 | O0 | 8 | 200 | 80 | 180 |

Segment 19

Emean® AEmean(a-peak) [keV]

2748+ 0.01| 2098+ 0.2 | no a-peak| no a-peak| no a-peak| 2698+ 0.1 |

| 0+ A0 (a-peak) [keV]

|

182+1 | 233+2 |noa-peak| noa-peak| noa-peak| 166+1 |

Counts @-peak)

93124 | 10227 | noa-peak| noa-peak| noa-peak| 15530 |

Core

Emean® AEmean(a-peak) [keV]

3002+ 0.03| 2598+ 0.1 | no a-peak| no a-peak| no a-peak| 2202+ 0.1 |

| 0+ A0 (a-peak) [keV]

|

300+1 | 197+2 |noa-peak| noa-peak| noa-peak| 241+1 |

| Counts (r-peak)

|

141535 | 10789 | noa-peak| noa-peak| noa-peak| 18473 |

Table 13.2: Rean 0 and counts of ther-peaks for scanning positiong, %<, X3, Xa, X5 and x;, taken with thé**!Am source.
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The mean peak energies in Table 13.2 translate into deatsléyeelectron- and hole-drift as
listed in Tabld_13]3. With the energy of tles, E,, and the mean energ§Enmean of the a’s
seen by the detector for segment 19 (holes) and the cordr@@is}, see Table_13.2, the dead
layer thickness, d, is calculated as follows:

_ Eaq — AEmean
d = 0.2 Mev ’ (13.1)
Position | x1 | X2 | Xe

Dead layer (electrons)12um | 15um | 17 um
Dead layer (holes) | 14um | 17 um | 14 um

Table 13.3: Dead layers for electrons and holes.

At position x5, the dead layer for electron drift is thicker than for holé@tdiDue to the source
position at %, events could also be created by particles entering thetdeteom the side.

The structure revealed by these measurements is quite eemigie conditions seem to change
dramatically within a couple of microns.

13.4 Pulses fora-events and charge trapping

Figure[I3.Y shows the pulses of a typical event recorded th#k*'Am source at position x
for all 19 segments and the core. The core recorded a higialgpulse then the 19th segment.
The typical crosstalk pattern, see Table 11.2, is seen.gmerts 11 and 12, truncated positive
mirror pulses are visible. This confirms the trapping of kdleat was deduced from the reduced
energy seen in segment 19.

Figure[13.8 shows the pulses of a typical event for positigright at the edge of the detector
(Fig. [13.1). The pulse in segment 19 is slightly larger thanthie core. The energy for this
pulse is correctly determined by the DAQ, even if it is long€he usual crosstalk pattern ap-
plies. Some small short positive mirror pulses are visibléhe top layer. In segments 8 and 9,
also mirror pulses with positive and negative amplitudesvasible. They are truncated, i.e. the
pulses do not return to the baseline. This indicates ele¢tepping as was observed for gamma
interactions as described in chapter 11.
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13.5 Energy Balance

The sum of the crosstalk corrected segment energiels; (i = 1,...,19), plotted against the core
energy, kg, is shown in Fig['I3]9 for positionpx Events in the 45band seem to be seen correctly
in the segments and the core. Events located above thieadisl have more energy recorded in
the segments than in the core, ig.E; > Eg. These are surface events, in which electrons were
trapped by a surface channel; these electrons were nottaallby the core electrode. For events
below the 48 band, the situation is reversed and holes could not be tetldzy the segment
electrodes. However, for most events, also in the energyeraha- interactions, the energy is
balanced. This is astonishing considering the findings ci@e 13.3 concerning the 19th seg-
ment.
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Figure 13.9: The sum of the energies for all 19 segméntg; against the core energypE

Figure[13.1D shows the energy of the 19th segment againsotieeenergy for positionsxof
the a-scan. Here, only a small number of events are seen on therdihige. the g = E1g. In
the core-energy range from 2.1 to 3.4 MeV, a pronounced ctduelents associated witd-
interactions is visible below the diagonal. Especially\sbthe??®Tl line at 2615 keV, basically
all events are induced hy-particles. The vast majority of these events show incotepikarge
collection in segment 19.
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It is physically impossible thatr-particles reach the segments below segment 19. Thus, it is
amazing that the energy balance is restored after segmemhation as was demonstrated in
Fig.[139.
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Figure[13.1ll shows the energy sum,#EEg + Eg + E;g (left) and B1 + Ej» + Ey3 + Ejg (right)
against . Obviously, the energy in the segment sum gets restoredtiatbnergy measured in
the segments underneath the beam spot in segment 19.
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The individual distributions for the segments 10, 11 and A& in Figs.[13.12 13.13 and
[13.13 clearly demonstrate that energy is measured in ségrh&mand 12. Clouds of events with
small energies in the segments are seen at energies in thasswciated witlw-interactions.
Those events are not seen by segment 10.

The energy values used here were computed online by the daisiteon system, DAQ. The
DAQ makes assumptions about the shape of pulses. Mirroepukssult in an energy zero.
Crosstalk creates pulses for which energies are calculatéchwvere corrected for, according
to chapter 11. However, truncated mirror pulses, as obdeme-events at positionx(see Fig.
[13.7) are not forseen by the DAQ. They have a different sHage normal pulses, so that a pri-
ori it is not clear what the DAQ will compute. For negativertcated pulses, the DAQ computes
zero. For positive truncated pulses, a positive value i®etgal. The size of a mirror pulse is
proportional to the size of the drifting charge and the gjteof the weighting potential. For po-
sition x, the configuration is such that the truncated mirror pulse®sat perfectly compensate
the charge loss. This is quite amazing.
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Figure[I3.Ib shows the distributions of the segment enargsof the top layer plus segment
19, taken at positiong« The?*!Am source is not located directly above the detector. Dubéo t
diameter of the beam spot ef 14 mm, see chapter 7, the edge of the detector is exposed to the
beam. Contrary to the situation at,»a cloud of events is seen above thg=£E;q line. This
points to the trapping of electrons as seen for gamma irtterscand as suggested by the event
depicted in Fig[_1318.
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In addition, possibly truncated positive mirror chargegssathe DAQ to calculate positive ener-
gies that enter the segment sums. The negative truncateat pulses in segment 8 and 9 result
in a value of zero energy for these segments. Further imagins will be needed to analyse
such pulses and determine whether the energy lost by theanree recouperated. The prelimi-
nary analysis of the thickness of the effective dead lay#have to be refined too. Using always
the core pulse will overestimate the thickness of the degat or large radii and underestimate
the effect for small radii.

13.6 Identification of a-Events

Dangerous for O3 searches ara-events, in which the& has lost just the "right” amount of
energy in the surface layer to create an observed energysitiepoof 2 MeV. The first mea-
surements with anr-source indicate that such events can easily be identifidtte core and the
mantle is read out. A difference in the recorded energieglsar indication. If the mantle is not
read out, the length of the pulse can help to identify suchtsve
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Summary and Conclusion

The first goal to complete and commission the GALATEA testlitgovas reached. Technical
problems were encountered, some of them unexpected. Thigossl were described in chapter
10. GALATEA phase Il required major upgrades of the origidesign. The vacuum chamber
was completely reworked and additional components werecddl new heating system was im-
plemented; the cooling system was upgraded. The requi@divaand temperature conditions
for a stable detector operation were achieved, long termsutements were thus made possi-
ble. A pressure of p< 10~° mbar was achieved and kept constant over several weeksuwitho
pumping. The operating temperature of the detector is kepstant atz 110 K. Moreover, the
electronics was revised and a new grounding scheme wasrirepted.

During the work on GALATEA itself, many preparative studigsre performed. They were de-
scribed in chapter 6, 7, 8 and 9. Collimation and analysistiectes were discussed. The results
were used to define the first measurements done with GALATEA.

The performance of the 19-fold segmented germanium det&ipersiegfried, mounted in
GALATEA phase Il was studied. The results were presentedhapter 11. Calibration spectra
with an uncollimated?®Th and®°Co source, placed on top of the GALATEA vacuum tank were
shown. The energy resolution of the core improved by 10-15 é@mpared to GALATEA phase

|. The energy resolution of the segments improved by 1-2 keV.

Crosstalk in the segmented detector Supersiegfried wassdisd. The crosstalk from the core
channel into the segment channels was dominant. Fof’ffiié data the crosstalk varied from
~ 0.3% to 18% for segments 1 to 18. The 19th segment had a dkosEta 52%. A first-order
crosstalk correction of the data was presented. The applastel was used for a first data anal-
ysis and is planned to be extended.

The second goal to observe surface events was reached. sindated by botha- and y-
radiation were identified (chapter 12 and 13). In chaptettipulses from three events recorded
with Supersiegfried were discussed in detail. Surfacectffm the germanium detector Super-
siegfried are seen in these surface pulses. Electron trgpgas observed, seen from long pulses
in the 19th segment and a reduced signal in the core and tadhearror pulses in the neighbor-
ing segments.
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The identification of backgrounds originating from the natgion of radiation, especiallg-
particles was the focus of this thesis. First scans of theiyated top surface of Supersiegfried
with an a-source {4'Am) were presented in chapter 13. This is the first timevents were
recorded by a germanium detector operated in GALATEA. Lomg @ulses and truncated mir-
ror pulses in the top segments were observed. This obsanvatints to hole trapping. The
incomplete charge collection was demonstrated by ploth@Energy balance. A preliminary
analysis of the effective dead layer of the detector pomudifferent dead layer thicknesses for
electron and hole transport. The dead layers varied fropri20 17 um.

The work with GALATEA has just started. Many studies using #ystem are expected. The
work presented here targets germanium detectors designéigef search for @83. However,
the studies of their characteristics are universally ugefdesign detectors for all kinds of appli-
cation.



Appendix A
Technical Drawing “IR Shield”
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Appendix B

Heating Procedures for the Test Facility
GALATEA

B.1 Conditioning of the GALATEA Vacuum Chamber

In order to condition the GALATEA vacuum chamber, the vaculamk was baked-out. The
bake-out of the GALATEA vacuum chamber was automated antt@ited by a heating con-
troller with a remote control. Each channel of the heatingtiemer provided power to the at-
tached heating unit according to the readings from the &stsactemperature sensors.

Table[B.1 provides the channel mapping of the heating unitan@él 3 and 6 correspond to
the two heating jackets, one for the main vacuum chamben(®i&) and one for the modular
chamber (channel 6). Three additional heating bands wetsnted. One was placed on top of
the lid (channel 5) and two were mounted on the crosses (ehdrend 2). Channel 4 uses the
temperature sensor of the heating mat, placed underneatiatium tank.

The whole system was baked-out over serveral days while jygnmfhe temperature settings,
8, of the channels, see talile B.1, were given as an input pagamoetthe heating controllers.
OnceB was reached, the controller kept the temperature by tuthiagpeater off an on.

Channel | Position | 6[°C]
1 Upper Cross (Big Cross) 105
2 Lower Cross (Small Cross) 110
3 Lower Jacket (Main Vaccum Chamber) 130
4 Tank Bottom (Heating Mat) 130
5 Lid 105
6 Upper Jacket (Modular Chamber) | 135

Table B.1: Temperatur sensor channel mapping and tempesgttings of the heating units.
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B. Heating Procedures for the Test Facility GALATEA

The whole system was baked-out over serveral days while jignfhe temperature settings,
6, of the channels, see taljle B.1, were given as an input pasamoetthe heating controllers.
OnceB was reached, the controller kept the temperature by tuthiedpeater off an on.

For conditioning the electronics board, the board was ped/ep. An additional Pt100 sensor
was attached to the board to monitor its temperature andaid aver heating.

B.2 Warm-up of the GALATEA Vacuum Chamber

In order to open the GALATEA vacuum chamber, the tank has wwdrened-up, using the same
heating units. In the following the warm-up procedure is swarized:

1.

2
3
4.
5

Manually turn off the LN filling;

. Flush the cryogenic tank with dryo,No completely empty it from LI,

. Close the VAT gate valve between the turbo pump and the vacank;

Shut down the turbo pump;

. Turn on the heating units; the following temperatureiisgétare recommended:

* =30 (Channel 1, 2)
* =50 (Channel 3, 4, 5, 6)

Flood the vacuum tank with dryJNo atmospheric pressure;

As soon as the cooling finger and hat reach room tempergttiez ~ 20 hours), switch
off the heating system to avoid over-heating of the detector



Appendix C

Cleaning Procedures

Taking the various material properties and installati@pstinto account ultransonic cleaning
was chosen for several GALATEA parts. The two procedured ase described in the follow-
ing. Aluminium, copper and stainless steel parts of the GREA infrastructure were ultrasonic
cleaned. Porous materials, like ceramics were cleanedtlyidecause surface-particles of these
materials detach and contaminate the baths. The ceramissvpere cleaned with Isopropanol
using cleanroom tissues.

Severe parts had to be pre-cleaned before ultransonicictpaas possible. Severe pollutions
were often visible on the material as dark layers, originatirom fat or oil residues. These
strong contaminations were first cleaned mechanically suikable sandpaper for smooth sur-
faces. Inaccessible areas, like the blind holes of screemre mechanically cleaned with a screw
tap. The mechanically cleaning was only done for very didytg other parts with reasonable
surface contaminations were placed directly into the sitnéc baths.

After cleaning, all parts were stored in plastic bags or \weghinto aluminum foil to avoid new
contaminations.

C.1 Ultrasonic Cleaning Procedure |

Ultrasonic cleaning was carried out in three steps, sedil).

Bath 1 Bath 2 ; Bath 3
Tickopur Supply VE-Water
VE-Water Water

Figure C.1: Procedure of ultrasonic cleaning with 3 baths.
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e Bath 1:

— 300 ml Tickopur R30 + 13 | VE-water
— 1stcycle: 0.5 ~ 70°C
— 2nd cycle: 0.5 ~ 50°C

300 ml of Tickopur R30 was added to 13 | VE-water into the uttras cleaner "Bandelin®.
The bath was filled up to about 2/3. A smaller fill level woulcedveat the ultrasonic bath.

Tickopur is an ultransonic cleaner concentrate used toverdot and debris from a vari-

ety of materials. Tickopur R30 has a pH of 7, so it is a neutreducer and used to gently
remove light grinding, polishing and lapping residues alt asoil and grease [50]. More

information about this product can be found in [50].

The parts were placed into a metallic sieve inside the wtrigsbath. The bath was heated
up to~ 70°C in the beginning. The whole cleaning cylcle last& hour. After 30 minutes
the temperaure was reduced=db0°C. With up and down movements of the sieve, more
residues from inaccessible areas were removed. After onedialeaning, the compo-
nents were rinsed with VE-water and placed into bath 2.

e Bath 2:

— Supply Water

— 1st cycle:x~ 15 min

— 2nd cycle:~ 15 min
Bath 2 was filled with supply water at room temperature. Théspaere cleaned in two
cycles, 15 minutes each. When a cycle was finished the wategxeasanged. Aluminium

and copper parts should not be kept longer in the bath becdusgrosion. The compo-
nents were subsequently rinsed with water and placed iritoda

* Bath 3:
— VE-water
— 1st cycle:x 15 min

The components were finally placed forl5 min into bath 3. Bath 3 contained VE-water.

After the components were cleaned in the ultrasonic baltey, were dried with dry nitrogen.
Then, they were baked-out in an oven for several hours. Tdieless steel components were
heated out forz 1.5 hours at 15CC. For aluminium and copper, lower temperatures were needed



C.2 Ultrasonic Cleaning Procedure Il 181

and these parts were baked out at®0lInstead of outbaking, aluminium and copper can be
cleaned with isopropanol and subsequently dried with dnpgen. This limits oxidation.

C.2 Ultrasonic Cleaning Procedure Il

A second procedure was later applied and some GALATEA patgh were mounted in a final
step were cleaned this way.

The components were placed inside a glass vessel, filledsaifinopanol. The glass vessel was
placed into the first ultrasonic bath, which contained VEeraThe cleaning in this bath took
15 minutes at a frequency of 40 kHz.

Afterwards the isopropanol was exchanged by fresh isopr@pnd the vessel was dipped into
the second bath which again was filled with VE-water. The comepnts were exposed to the
ultrasonic cleaning for another 15 minutes.

In the last step, the isopropanol in the glass vessel wasgeldaio pure VE-water. The glass
vessel was placed for 15 minutes into the third bath. Finglly parts were dried in an oven as
explained before. Some parts were only dried under the flow bo

Electronics:

The electronics parts were only cleaned in bath 3 for abouhibites. Afterwards, they were
rinsed with isopropanol and dried with dry nitrogen. Thegonglifier boards were placed into a
vacuum tank (Hera B) and with selfheating, they were baked out
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Appendix D

Mounting of Temperature Sensors

The temperature sensors (PT100) were mounted at diffexsitigns inside the GALATEA
vacuum tank. They were fixed to the surfaces according toalf@iing procedure:

1. The relevant surface was first cleaned with isopropanol.

2. The PT100 was glued with a small amount of the silicone sideéNEE-001" from “Dr.
Neumann Peltier Technik* [51] to the surface. This adhebag a sufficient mechanical
strength and holds over the required temperature rangatiéwailly, it is suitable for ultra
high vacuum.

3. The PT100 wires were isolated with Kapton tape.
4. The PT100 was additionally fixed with Kapton tape to théazg.

5. Additional aluminium tape was used to fix the PT100 assgmathe surface.

Figure[D.1 shows the layers of tape and glue, which were uséidt the PT100 sensors to a
surface.

Aluminium Tape
Kapton Tape

PT 100

NEE-001

/.\\ Kapton Tape
. ]

Surface

Figure D.1: The layered components used to mount PT100 efrsu to scale).
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