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Abstract

The existence of the neutrinoless double beta decay (0vf3f3) is predicted by
various extensions of the Standard Model of particle physics and an observa-
tion would unambiguously establish the Majorana character of neutrinos and
the existence of a lepton number violating process. Experimental searches
for the OvB3 decay are considered as one of the most important fields of re-
search in neutrino and astroparticle physics. An important aspect for the next
generation of experiments searching for the Ov3(5 decay is the development
of active background suppression techniques which provide a highly efficient
suppression of background-induced events from signal events.

Experiments employing cryogenic bolometers consisting of TeO, crystals are,
due to their excellent energy resolution and the high natural abundance of
130Te of ~ 35%, among the most promising experimental approaches in the
search for the Ovf3 decay. A novel background suppression technique for
these detectors is based on the detection of Cherenkov radiation emitted
by high-energetic electrons within the crystals and allows a discrimination
between a-induced background events and signal-like e~ /v events. Due to
the low amount of light (O(0 — 400€eV)) produced by electrons with energies
close to the Qss value of Te at ~ 2.5MeV, very sensitive cryogenic light
detectors are required.

In this work the application of Neganov-Luke amplified cryogenic light de-
tectors for the background suppression in TeO, crystals is investigated for
the first time and highly promising results have been achieved. Using the
Neganov-Luke effect, the heat signal induced by particle interactions in a
semiconductor absorber is amplified by drifting the generated charge carri-
ers in an applied electric field. Furthermore, the signal-to-noise ratio of the
detector is increased, leading to an improvement of the sensitivity of the
cryogenic light detector.

To determine the suppression efficiency between a- and e~ /y-induced events,
measurements with a cryogenic detector module consisting of a ~ 24 g TeO,
crystal (20 x 20 x 10mm? in size) and a Neganov-Luke amplified light de-
tector (a 20 x 20 x 0.5 mm? silicon absorber equipped with four aluminum
electrode strips deposited onto the side of the absorber facing the crystal)
have been performed. For the measurements in the present work, a Neganov-
Luke voltage of Vi, = 70V has been applied between the electrodes of the
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Neganov-Luke light detector and a signal amplification by a factor of ~ 10.8
and an improvement in the signal-to-noise ratio by a factor of ~ 6.2 have been
achieved. The 1o energy threshold of the light detector when operated with
applied Neganov-Luke voltage was determined to be ~ 7.8eV. To determine
the suppression efficiency of a-induced events at energies close to the Qsp
value of 13Te, the TeO, crystal was irradiated with « particles from a '4"Sm
source and v rays from a ?**Th source.

Due to the application of Neganov-Luke amplified cryogenic light detectors,
a highly efficient discrimination between a- and e~ /y-induced events in TeOq
could be reached for the first time. During a ~ 42h measurement, a sup-
pression efficiency of 2 99% for a-induced events has been achieved while
maintaining a signal acceptance of 99.8% for e~ /y-induced events. These
results show that the level of a-induced background events in Ov[3(-decay
experiments using cryogenic detectors based on TeO, crystals could be re-
duced by ~ 2 orders of magnitude with practically no reduction in the signal
acceptance.

First simulations studying the production of Cherenkov radiation in TeO,
crystals by OvBS- and ~-induced events as well as a simulation designed
to investigate the light collection efficiency in a cryogenic detector module
with TeO, crystals have been performed. It was found that the amount of
Cherenkov radiation produced by v-induced events with an deposited energy
of ~ 2.6 MeV is practically identical to the amount of Cherenkov radiation
produced for ¥°Te 0v(3-decay events, thereby motivating the choice of using
a 228Th source to determine the suppression efficiency in TeO, crystals. The
results furthermore indicate that the amount of detectable Cherenkov radi-
ation could be significantly increased by using a light reflector with a higher
reflectivity in the UV spectrum.

The results obtained for the first time in the present work are an important
milestone for the application of Neganov-Luke amplified light detectors for the
background suppression in future Ov(5-decay experiments based on cryogenic
TeO, bolometers.



Zusammenfassung

Der neutrinolose Doppelbetazerfall wird von vielen Erweiterungen des Standard-
Models der Teilchenphysik vorhergesagt und eine Beobachtung dieses Zerfalls
wirde zweifelsfrei den Majorana-Charakter der Neutrinos, sowie die Existenz
eines Prozesses bestatigen, der die Leptonenzahl verletzt. Experimente zur
Suche nach dem neutrinolosen Doppelbetazerfall zéhlen gegenwartig zu einem
der bedeutendsten Forschungsfelder in der Neutrino- und Astroteilchenphysik.
Ein wichtiger Aspekt fiir die nachste Generation von Experimenten zur Suche
nach dem Ovj3[-Zerfall ist die Entwicklung von hocheffizienten Techniken zur
aktiven Untergrundunterdriickung.

Experimente, die Tieftemperatur-Detektoren aus TeOo-Kristallen einsetzen,
zahlen aufgrund ihrer sehr guten Energieauflosung und der hohen nattirli-
chen Isotopen-Haufigkeit von *°Te zu den vielversprechendsten Ansitzen
fir die Suche nach dem Ovfp-Zerfall. Eine neuartige Technik zur Unter-
driickung von Untergrundereignissen in diesen Detektoren basiert auf der
Detektion der durch hochenergetische Elektronen emittierten Cherenkov-
Strahlung und erlaubt somit eine Unterscheidung zwischen a-induzierten
Untergrundereignissen und signalartigen e~ /v Ereignissen. Aufgrund der ge-
ringen Menge Lichts, die von Elektronen mit einer Energie nahe am () g3-Wert
von 39Te bei ~ 2.5 MeV produziert wird, werden sehr sensitive Tieftempertur-
Lichtdetektoren benotigt.

Im Rahmen dieser Arbeit wurde erstmalig die Anwendung von Neganov-Luke-
verstiarkten Tieftemperatur-Lichtdetektoren zur Untergrundunterdriickung
in TeOq-Kristallen untersucht und es konnten vielversprechende Ergebnisse
erzielt werden. Uber Neganov-Luke Effekt kann das durch Teilchenwechselwir-
kungen in einem Halbleiterabsorber erzeugte Warmesignal verstarkt werden.
Diese Verstarkung wird durch das Driften der durch die Teilchenwechselwir-
kung erzeugten Ladungstrager in einem elektrischen Feld erreicht. Zustétzlich
zur Signalverstarkung wird das Signal-zu-Rausch-Verhaltnis erhoht, was zu
einer Verbesserung der Nachweisschwelle des Lichtdetektors fiihrt.

Um die Unterdriickungseffizienz zwischen a- und e~ /v-induzierten Ereignis-
sen zu untersuchen, wurden Messungen mit einem Tieftemperatur-Detektormodul,
bestehend aus einem ~ 24 g schweren TeO, Kristall (Grofie 20 x 20 x 10 mm?)
und einem Neganov-Luke verstiarktem Tieftemperatur-Lichtdetektor (ein 20 x
20 x 0.5 mm? groBer Siliziumabsorber auf welchen vier Elektrodenstreifen aus
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Aluminium aufgebracht sind), durchgefithrt. Fir die Messungen in dieser Ar-
beit wurde der Neganov-Luke-Lichtdetektor mit einer Spannung von Vi =
70V betrieben. Dabei wurde eine Signalverstarkung um einen Factor ~ 10.8
und eine Verbesserung des Signal-zu-Rausch-Verhéltnisses um einen Faktor
~ 6.2 erreicht. Die 1o-Energieschwelle des mit Neganov-Luke-Spannung be-
triebenen Lichtdetektors betrégt ~ 7.8e¢V. Um die Unterdriickungseffizienz
von a-induzierten Ereignissen bei Energien nahe dem Qgs-Wert von '*°Te
zu untersuchen, wurde der TeO,-Kristall mit a-Teilchen aus einer *Sm a-
Quelle und mit y-Strahlung aus einer 22°Th-Quelle bestrahlt.

Durch den Einsatz von Neganov-Luke verstarkten Tieftemperatur-Lichtdetektoren
konnte erstmalig eine hocheffiziente Trennung zwischen a- und e~ /y-induzierten
Ereignissen erreicht werden. In einer ~ 42-stiindigen Messung konnte eine
Unterdriickung von = 99% der a-induzierten Ereignisse erreicht werden bei
gleichzeitiger Akzeptanz von 99.8% der e~ /y-induzierten Ereignisse. Diese Er-
gebnisse zeigen, dass der a-induzierte Untergrund in Ov 5 3-Zerfallsexperimenten
mit Tieftemperatur-Detektoren aus TeOs-Kristallen um ~ 2 Groflenordnun-
gen unterdriickt werden konnte, wiahrend die Signalakzeptanz praktisch nicht
verringert wird.

Es wurden ebenfalls erste Simulationen zum Studium der durch Ovg5- und
v-induzierte Ereignisse in TeOo-Kristallen erzeugten Cherenkov-Strahlung
und zur Lichtsammeleffizienz in Tieftemperatur-Detektormodulen mit TeOs-
Kristallen durchgefiihrt. Es konnte gezeigt werden, dass die Intensitat der
durch y-induzierte Ereignisse mit einer deponierten Energie von ~ 2.6 MeV er-
zeugten Cherenkov-Strahlung praktisch identisch ist zur Intensitét, die durch
OvB3f Ereignisse von ¥9Te produziert wird. Die Ergebnisse zeigen weiterhin
dass die Menge der detektierbaren Cherenkov-Strahlung durch den Einsatz
von Lichtreflektoren mit einer hoheren Reflektivitdt im UV-Spektrum signifi-
kant erhoht werden konnte.

Die Ergebnisse, die in dieser Arbeit erzielt wurden, sind ein wichtiger Meilen-
stein zur Anwendung von Neganov-Luke verstiarkten Lichtdetektoren fiir die
Untergrundunterdriickung in zukiinfigen Experimenten zur Suche nach dem
Ovpp-Zerfall mit TeOo-Tieftemperaturdetektoren.
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Chapter 1

Introduction

The observations of neutrino oscillations, which imply the existence of non-
zero neutrino masses and neutrino flavor mixing, provided first indications for
the existence of new physics beyond the Standard Model of particle physics
[1]. Presently, the absolute neutrino mass scale, the nature of neutrino masses
(i.e., the question about the Dirac or Majorana character of neutrinos), the
neutrino mass hierarchy, and the existence of lepton number violating pro-
cesses are unknown and are among the most investigated topics in neutrino
and astroparticle physics.

The neutrinoless double beta decay (0v5f3) decay is a well motivated, hy-
pothetical, second-order weak nuclear decay which is forbidden within the
Standard Model of particle physics. An observation would prove the Major-
ana character of neutrinos and the existence of a lepton number violating
process. The search for the Ov35 decay can furthermore provide additional
information about the neutrino mass hierarchy. Experiments searching for
this decay are therefore considered to be one of the most important efforts
in neutrino and astroparticle physics.

1.1 Neutrino Oscillations

The first experiment which found indications for the disappearence of solar
neutrinos was the radio-chemical Homestake experiment [2] which measured
only ~ 1/3 of the expected solar 1, flux (the so-called “solar neutrino defi-
cit”). This observation was later confirmed by the Super-Kamiokande [3],
GALLEX [4], SAGE [5], and GNO [6] experiments which all observed a lower
than expected flux of solar neutrinos. The first experiment results which could
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show that the total (i.e., 1, + 1, +1,) solar neutrino flux is in agreement with
the prediction of solar models was the Sudbury Neutrino Observatory (SNO)
[7, 8] which measured the flux of 1, was well as the total solar neutrino flux.
These measurements provided strong indications that the solar neutrino defi-
cit is in fact due to neutrino oscillations.

The first experiment which directly observed neutrino oscillations (via the
disappearance of 7) was the reactor antineutrino experiment KamLAND [9].
Neutrino oscillations have furthermore been observed in atmospheric [10], ac-
celerator [11], and reactor neutrino experiments [12, 13]. A detailed overview
covering neutrino properties, neutrino oscillations and related experiments
can be found in [1].

The observation of neutrino oscillations implies non-zero neutrino masses,
the existence of neutrino flavor mixing (i.e., the flavor eigenstates are not
identical to the neutrino mass eigenstates) and the non-conservation of the
lepton family number. It therefore provides compelling evidence for new phys-
ics beyond the Standard Model.

The current experimental data is consistent with 3-neutrino mixing in va-
cuum!. The flavor eigenstates v, (o = e, u,7) are described as a coherent
superposition of mass eigenstates v; (i = 1,2, 3) with mass eigenvalues m;:

Vo) = ;Uiii i) (1.1)

Here, U;; is the 3 x 3 unitary neutrino mixing matrix, the Pontecorvo-Maki-
Nakagawa-Sakata (PMNS) matrix (see, e.g., [15]):

0

C12C13 $12C13 S13€
_ i§ i5
U = | —s12¢23 — C12523513€" C12C23 — S12523513€" 523C13
6 ié
512823 — C12€23513€ —C12523 — 512€23513€ C23C13

x diag (e”l, ez, 1>

where s;; = sin(6;;) and ¢;; = cos(6;;) are the sine and cosine of the mixing
angles 0;;. The mixing of three neutrino flavors can be fully parameterized
using: two neutrino squared mass differences (e.g., Am?, and Ams3,), three
mixing angles 015, 093, 013, and three phases, the Dirac CP violating phase ¢

! Presently, there are experimental results which could be explained by the existence of
additional sterile neutrinos (see, e.g., [14])
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and the Majorana CP violating phases A; and As.

The probability of observing a neutrino created with flavor a as a neutrino

with flavor 5 (i.e., the probability of observing the transition v, — v3) in
vacuum is given by (see, e.g., [15]):

AmZ L

— * * 2 1)

Pyoiy = Oup — 4§ Re|U; Us; Usi Uag] sin T

Am; L

2F

+23 " Im|UZ; U, Usi Usy| sin

i>j

(1.2)

where E is the energy of the neutrino and L is the distance between the
neutrino source and the detector. From equation (1.2) it can be seen that
experiments investigating neutrino oscillation phenomena are only sensitive
to the mass squared differences Amy;. Present results of a global analysis of
neutrino oscillation data are given in table 1.1. The parameters Am?, and
sin? 015 can be mainly measured via the oscillation of solar and atmospheric
neutrinos? while |AmZ;| and sin? fy3 can be determined using atmospheric
and long baseline accelerator neutrino experiments [1].

Since the sign of Am3, has not yet been measured, different orderings of the
neutrino masses can be considered (this is referred to as “mass hierarchy”):

o Normal hierarchy (NH): my < mg < mg
o Inverted hierarchy (IH): ms < my < mqy
o Quasi-Degenerate (QD): my >~ my >~ mg

Presently, several experiments using accelerator [18], atmospheric [19, 20],
and reactor [21] neutrinos have been proposed in order to determine the sign
of Am3, and, therefore, determine the hierarchy of neutrino masses.

Experiments studying neutrino oscillations are only sensitive to the mass
squared differences (Amg;) and cannot determine the absolute neutrino mass
scale. However, these parameters are accessible by studying the so-called
“neutrino absolute mass observables”:

o The endpoint and shape of the S-spectrum depends directly (via the
phase space of the 3 decay) on the rest mass of the emitted neutrino [22]

2The sign of Am?, has been determined via the observation of the MSW effect with
solar neutrinos (see, e.g., [16]).
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Parameter Spectrum Best fit lo range
Am?, [107°eV?]  NH or IH 7.54 7.32 — 7.80
sin? 612 [1071] NH or IH 3.08 2.91 —3.25
|AmZ,| [1073 eV?] NH 2.38 2.32 —2.44
TH 2.43 2.37 — 2.49
sin? a3 [1071] NH 4.37 4.14 — 4.70
H 4.55 4.24 — 5.94
sin? 013 [1072] NH 2.34 2.15 — 2.54
IH 2.40 2.18 — 2.59

Table 1.1: Neutrino mixing parameters and lo ranges obtained from
a global analysis of experimental oscillation data. Amgs is defined as
m3 — (m? +m3)/2. Values taken from [17].

(ms) = [ [Uif2m? (13)

This parameter can be determined via precision measurements of the
kinematics of the electron emitted in § decay. Currently, the best upper
limits on (mg) are provided by the Mainz [23] and Troitzk [24] experi-
ments by measuring the kinematics at the endpoint of the Tritium (*H)
[ decay:

which can be written as:

(mg) <21V (95%CL.) (1.4)

In the future the KATRIN experiment, which has a projected sensitivity
of (mg) ~ 0.2eV, will start taking data [25, 26]. Additionally, there
are further experimental approaches under investigation which aim to
perform precision calorimetric measurements of the kinematics of the
(3 endpoint in ¥"Re and the electron capture in 1%Ho using cryogenic
detectors (MaRe [27] and ECHo [28]).

o Upper bounds on the sum of the neutrino masses

> m, (1.5)
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can be determined by precision measurements of the fluctuations in
the Cosmic Microwave Background (CMB). Currently, the best upper
limit on the sum of the neutrino masses is > m, < 0.66¢eV (95 % CL.,
considering only CMB data) is obtained from measurements performed
by ESA’s Planck satellite [29, 30]. Furthermore, upper limits of > m,
can be derived via the cosmological structure formation [31] and from
time of flight measurements of neutrinos emitted in supernovae [32].

In addition to these parameters, the half life of the O35 decay depends on
the effective neutrino Majorana mass which can be written as a function of
the oscillation parameters (see eq. (1.9) in the next section) and an obser-
vation of this decay can therefore provide additional information about the
hierarchy of neutrino masses.

An overview of the correlation between the different neutrino mass observables
can be found in [33].

1.2 Neutrinoless Double Beta Decay

Within the Standard Model of particle physics, the so-called double beta
decay is a second order weak nuclear decay which can be observed in certain
even-even isotopes where the 5~ decay is energetically forbidden [34]:

(A, Z) = (A, Z +2) +2¢” + 27, (1.6)

This decay, which is also refereed to as two-neutrino double beta decay (2v55),
is characterized by the simultaneous decay of two neutrons into two pro-
tons and the emission of two electrons and two electron-antineutrinos (a
diagram of this decay is shown in the left panel of figure 1.1). This de-
cay has been observed experimentally for several isotopes with half lifes of
O(10" — 10*' yr) [35].

Another possible realization of this process where no neutrinos are emitted
in the final state is the so-called neutrinoless double beta decay (0v3/3):
(A, Z) = (A, Z +2) + 2e” (1.7)

Since this process violates lepton-number conservation (the lepton number
in the initial and final state differs by 2), it is forbidden within the Standard
Model of particle physics and current experimental limits on the half life of this
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process for different candidate isotopes are in the range of O(10*' —10% yr [36].

=
172\ =

=
7 =
Il

n n

Figure 1.1: Feynman diagram for the two-neutrino double beta decay
(2vBp3, left panel) as well as the neutrinoless double beta decay (OvSp,
right panel), mediated by light Majorana neutrinos.

Different mechanisms for the Ov/3 decay can be considered (see, e.g., [37]).
However, according to the Schechter-Valle theorem [38], all realizations of the
OvpB3 decay lead to a non-zero effective Majorana mass-term. The simplest
mechanism for the Ov/35 decay typically considered is the exchange of light
Majorana neutrinos (right panel in figure 1.1). An observation of the Ov3
decay would therefore establish the Majorana character of neutrinos and the
existence of a lepton number violating process.

Assuming the exchange of light Majorana neutrinos as the dominant process
mediating the Ov 33 decay, the half-life of the double beta decay can be written
as [36]:

(TP) ™" = Goul(Qss, Z)| Mou * (ms)° (1.8)

where Gy, (Qps, Z) is the phase space factor, My, is the nuclear matrix ele-
ment (NME), and (mgg) is the effective Majorana mass. The phase space
factor Go,(Qps, Z) can be calculated analytically (see, e.g., [39]) while the
nuclear matrix element can only be calculated using approximative methods
and its value depends strongly on the chosen approximation (for an overview
covering various theoretical models used for the calculation of NMEs, see
(15, 36]).

The effective Majorana mass of the electron neutrino can be written as a
function of neutrino oscillation parameters [36]:

(mgs) = ‘Z Uzm;

_ |2 2 2i(A+8)
—‘0130126

2 .2 2i(Ao+9 2

where m; are the neutrino mass eigenvalues and U,; are the entries of the
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neutrino mixing matrix. Figure 1.2 shows a plot of the allowed regions of the ef-
fective Majorana mass as a function of the lightest neutrino mass (7, = my
for the normal mass hierarchy and m,,;, = ms for the inverted mass hier-
archy). The plot furthermore shows present experimental lower limits on the
effective Majorana mass from Ov 3/ experiments and on the mass of the light-
est neutrino, obtained from cosmological observations. It can be seen that the
hierarchy of neutrino masses has influence on the effective neutrino Majorana
mass and, therefore, the half life of the decay.

1 T T T T T T T T

TTTTT

e 507 ExpacmenialLi
107 | : E
3 g |
£ 3 ]
= <]
3 ]
o
107 : E
?_- ]
— 10|
— 20 ||
107 107 1072 107" 1

Mmin [eV]

Figure 1.2: Allowed values for the effective Majorana mass as a function
of lightest neutrino mass for the normal (NH), inverted (IH) and quasi-
degenerate (QD) hierarchy. Figure taken from [15].

In the following, the experimental aspects influencing the sensitivity of Ov/3 (-
decay experiments on the half life T10/V2 of the decay will be discussed.
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1.3 Experimental Aspects of Ov35 Searches

The total amount of energy released in the g3-decay is given by the Q-value
(Qpp) of the decay:

Qas = M(Z,A) — M(Z +2, A) — 2m, (1.10)

where M (Z, A) is the mass of the parent nucleus, M (Z + 2, A) is the mass of
the daughter nucleus and 2m, is the rest mass of the two electrons emitted
in the process. In the Ov53 decay, the two electrons carry the total released
energy while in the 2v33 decay, part of the energy is carried away undetected
by the two neutrinos. Therefore, the experimental signature in experiments
measuring the total energy carried by the two electrons is a peak at the Qgp
value for the Ovf3(5 decay and a a continuous energy spectrum for the 2v343
decay (see figure 1.3). The detection efficiency for the two electrons can be
maximized when the detector material contains the Ov3[3-decaying isotope
(also referred to as “source = detector” approach).

.......... ™
2.0 o 20
'©
% 10
0 1.5- 0
> 0.901.00 1.10
< K/Q
3
S 1.0
e
0.5
0.0 ; | ‘ - /.\
0.0 0.2 04 06 0.8 1.0
K/Q

Figure 1.3: Spectra of the sum energy (K.) of the two electrons emitted in
the 2v5p3 (dotted line) and OvS3f (solid line) decays. An energy resolution
of 5% is assumed. Figure taken from [40].

The energy interval around the endpoint () is referred to as the region of
interest (ROI) and its width is determined by the energy resolution of the
detector and by potential background sources present in the experiment. By
analyzing the observed number of events in the ROI compared to the expected
number of background events, limits on the half-life of the Ov33 decay (Tf}’;)
can be inferred.
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The expected number of OvSf events (Ag,gs) in a certain measurement-time
t can be calculated as:

LT

)\Oyﬁﬁ<t) =€ Nﬁ/@ . (1 — e_t/T) ~ €- Nﬂﬁ . t/T = € Nﬂg . 111(2) (111)

t
Tl%’
where € is the detection efficiency, Ngg is the number of §3-decaying atoms,
and 7Y, is the half-life of the decay (7 = T7j/in2). Assuming that the rate
of background induced events scales with the detector mass, the expected

number of background events in the ROI can be calculated as:
Xokg(t) =b-M - AE -t (1.12)

where M is the active detector mass (in kg), AE' is the width of the ROI (in
keV), b is the background index (given in counts/keV /kg/year), and t is the
measuring time in years.

In order to compare the potential of different experimental approaches, the
half life corresponding to the number of signal events detectable at a given
background index (referred to as “experimental sensitivity S”) is typically

given [15]:
. Ny M-t
% =In(2)-€-ia.- y/ 1.1
S n(2)-e-i.a e\ AE (1.13)

where € is the detection efficiency, i.a. is the isotopic abundance of the Ovf35-
decaying isotope, N, is the Avogadro number, and m,,, is the molecular
weight (of the molecule containing the Ov(3/3-decaying isotope).

From equation (1.13) it can be seen that a Ov[33-decay experiment should
fulfill the following criteria in order to maximize the experimental sensitivity:

o The experiment should operate a large detector mass (of up to O(1 ton)),
ideally enriched in the Ov/3-decaying isotope, for a long measurement
time (of up to several years).

o The experiment should have a large detection efficiency (experiments
using the “source = detector” approach can have a detection efficiency

of up to O(90%)).

o The experiment should have a very good energy resolution (< 1% at
(Qsp) in order to identify the expected peak in the energy spectrum.

e Operation of the experiment in a very low background environment
with a background index of < 0.1counts/keV /kg/year.
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Achieving a low background in the ROI is particularly important since the
number of background induced events directly influences the achievable sens-
itivity. The main background in Ovf[5-decay experiments is typically due
to natural radioactivity. In the energy range relevant for Ov5S-decay experi-
ments (F < 5MeV), the main radioactive background is due to the isotopes
occurring in the decay chains of 28U and 232Th, which include a, 3, and v
emitting isotopes. The half lifes of these isotopes are much smaller than the
present limits on the half lifes of Ov33-decaying isotopes and, therefore, even
a contamination with traces of these isotopes can lead to a significant number
of background events. From the isotopes of these decay chains, a contamina-
tion with the a-decaying isotopes ?°Rn and ?*?Rn is particularly dangerous
for experiments where the whole detector volume acts as an active detector
(e.g., in cryogenic bolometers) and no discrimination of surface events is pos-
sible. Since these isotopes are gaseous, they can diffuse into the surface of the
detector materials and the support structure surrounding them. o particles
emitted within several pum of the surface of these materials can loose part of
their energy before escaping the material and lead to a continuous, energy
degraded, spectrum of a-particles. Apart from the natural radioactivity, cos-
mic rays can produce background events either via a direct interaction in the
detector material or via the production of secondary particles (neutrons) and
cosmogenic isotopes.

In order to reduce the exposure to cosmic rays, the experiments are typic-
ally located in underground facilities where the flux of atmospheric muons
is educed by several orders of magnitude and muon veto systems are em-
ployed to identify events in coincidence with muons passing through the
experimental setup. Additionally, the active detector material is surrounded
by an “onion-like” shielding structure, gradually increasing the radiopurity of
the employed materials towards the active detector. There, high-7Z materials
(typically copper and lead) are used to shield the experiments from external
gamma radiation while hydrogen-rich materials (e.g., polyethylene) are used
to moderate fast neutrons.

Apart from the afore mentioned criteria, the selection of the candidate iso-
tope is an important aspect for Ov3-decay experiments. A large Q-value of
the respective isotope is favorable due to several reasons: it ensures a “fast”
decay rate (x (Qss)° [41]) and reduces the background due to 2v33-decay
events®. In order to achieve a large mass of the candidate isotope, its natural

3The fraction of 2v33 events within an energy window AFE, centered around Qgg, is
proportional to AE°/@3, [40]. Therefore, apart from a large Q-value, the background due to
2v[5-decay events can be reduced by improving the energy resolution of the experiment.
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abundance should be high and, furthermore, the detector material containing
the candidate isotope should be available on a O(1ton) scale and should
provide the possibility for isotopic enrichment. An overview about candidate
isotopes, their @-values, and isotopic abundances can be found in [15].

A variety of different experimental approaches are currently being pursued
in order to search for the Ov33 decay. These include for example high-purity
germanium diodes (GERDA [42], MAJORANA [43]), cryogenic bolometers
(CUOREO & CUORE [44, 45], LUCIFER [46], LUMINEU [47, 48]), liquid
scintillator detectors (KamLAND-Zen [49]), and liquid noble gas time projec-
tion chambers (EXO [50]). A review about the present status of OvfS-decay
experiments can be found in [51].

The present generation of Ovf5 experiments has a sensitivity on the Ovjss
half life of O(10% yr) which corresponds to an effective Majorana mass of
0(0.1 — 0.2¢eV) (see, e.g., figure 1.3) and the next generation of experiments
(e.g., CUORE [44, 45] and GERDA Phase II [42]) has a projected sensitivity of
~ 10% yr (corresponding to (mgg) ~ 50meV). In order to probe the inverted
hierarchy region of the neutrino mass spectrum, experiments with a sensitivity
on the half life 77, of O(10*" — 10*® yr) (corresponding to (mgs) ~ 10 meV)
are required. The main efforts of future experiments striving to reach this
ambitious goal are an increase in the mass of the candidate isotope via iso-
topic enrichment and a significant reduction of the radioactive background
in the region of interest.

Active background suppression techniques, capable of efficiently discrimin-
ating background events while simultaneously maintaining a high signal ac-
ceptance, are expected to become increasingly important. For bolometric
experiments, the active suppression of background events based on the sim-
ultaneous detection of the heat signal and the emitted scintillation light in
a separate cryogenic light detector are presently being investigated [46, 47].
This technique is know as “phonon-light technique” and is currently success-
fully employed by the direct dark matter search experiment CRESST-II [52].

Experiments using cryogenic bolometers based on TeOs crystals (e.g. CUOREQ
& CUORE [44, 45]) are, due to their excellent energy resolution (~ 6keV in
the ROI [45]) and high natural abundance of 3°Te (~ 35 % [53]), among the
most promising experimental approaches in the search for the Ov3/5 decay.
Since TeO, crystals are non-scintillating, the phonon-light technique cannot
be employed directly. However, a novel experimental approach [54] for the
background suppression in non-scintillating crystals is based on the detection
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of the Cherenkov radiation emitted by highly energetic electrons in the TeO,
crystal to discriminate e~ /v-induced events at Qgs(***Te) ~ 2.5 MeV from
a-induced background events.

In the present work (see also [55]), the application of Neganov-Luke amplified
cryogenic light detectors (read out using transition edge sensors) for the back-
ground suppression in TeO, bolometers is investigated for the first time. In
chapter 2, the working principle of cryogenic detectors with transition edge
sensor readout, of Neganov-Luke amplified cryogenic light detectors as well
as the background suppression based on the detection of Cherenkov radiation
emitted from TeO, crystals is introduced. Chapter 3 describes simulations
performed to study the production of Cherenkov radiation by Ovf3(- and
~v-induced events. The experimental setup used for the low-temperature meas-
urements performed in the present work as well as the fabrication of transition
edge sensors and of Neganov-Luke light detectors is described in chapter 4.
The highly promising results of measurements performed with a new low-
temperature detector module consisting of a TeO, crystal (20 x 20 x 10 mm?
with a mass ~ 24 g) and a Neganov-Luke amplified cryogenic light detector
(consisting of a 20 x 20 x 10 mm? silicon substrate equipped with four alu-
minum electrode strips deposited onto the crystal facing side of the substrate)
are discussed in chapter 5.



Chapter 2

Detector Physics

The Neganov-Luke (NL) effect [56, 57] provides a method to amplify the heat
signals in a cryogenic light detector and therefore increase the sensitivity of
the detector. Such detectors have previously been investigated in the frame-
work of the dark matter experiments CRESST [52] and EURECA [58] by
[59, 60, 61]. In the present work, the application of NL light detectors for the
background suppression in Ov[53-decay experiments using TeOs bolometers
and the phonon-light technique is investigated [55].

Using the so-called phonon-light technique, different kinds of interactions in
a (typically scintillating) target crystals can be actively discriminated by
simultaneously measuring the heat signal in the target crystal and a cor-
responding (scintillation) light signal in a separate low-temperature light
detector. This technique is presently used in the direct dark matter search
experiment CRESST-II [52] and its application to new fields of physics, e.g.,
the search for the Ov35 decay with low-temperature detectors, is also being
investigated by several groups (see, e.g., [46, 47, 62, 63]).

A novel application of the phonon-light technique is the discrimination between
a- and e~ /v-induced events in cryogenic bolometers which employ non- scin-
tillating target crystals via the detection of Cherenkov radiation produced
by highly energetic electrons within the crystal [54]. An application of this
technique with high significance for the search for the Ov/35 decay is the sup-
pression of a-induced background events in non-scintillating TeO5 bolometers
which are currently being used in the search for the Ov33 decay of 13°Te (see,
e.g., [64]). Due to the small amount of expected light (the expected amount
of Cherenkov light is O(0 — 400¢eV) for electrons with energies close to the
Q-value of 13Te at ~ 2.5 MeV), very sensitive cryogenic light detectors are
required.

13
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In the following, the working principle of cryogenic detectors with transition
edge sensor readout, of NL amplified light detectors and the phonon-light
technique in general as well as its application for the background suppression
via the detection of Cherenkov radiation are discussed in more detail.

2.1 Cryogenic Detectors with TES Readout

2.1.1 Basic Working Principle of Cryogenic Detectors

A cryogenic detector typically consists of an absorber (target) crystal equipped
with a very sensitive thermometer used to measure the heat signal induced
by particle interactions within the absorber. In the present work, supercon-
ducting transition edge sensors (TES) are used to readout the heat signal.
Figure 2.1 shows a schematic representation of such a cryogenic detector.

Heat Bath

LSS

Weak Thermal Link —:%/ Thermometer

~— Absorber

Interacting Particle

Figure 2.1: Schematic representation of a cryogenic particle detector
consisting of an absorber equipped with a very sensitive thermometer.
Particle interactions within the absorber lead to an energy deposition
which increases the thermometers temperature. This temperature change
is translated into an electrical signal using the temperature dependent elec-
trical resistance of the thermometer. After the energy deposition, thermal
equilibrium with the heat bath is reestablished via the weak thermal link.

Particle interactions with the absorber material lead to an energy deposition
(AFE) which, assuming full thermalization of the deposited energy, induces an
increase in the absorber temperature (A7) via the excitation of lattice vibra-
tions (i.e., phonons). The energy deposition and thermalization processes in
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the absorber depend on the kind of interacting particle and are described, e.g.,
in [59]. This temperature rise is measured using the thermometer (here: TES)
and thermal equilibrium conditions are reestablished via the weak thermal
link between the thermometer and the heat bath.

Assuming the deposited energy is fully thermalized in an absorber with heat
capacity C, the temperature rise is given by:

_AE
e

The heat capacity C' of typical absorber materials exhibit a strong temperat-
ure dependence. Depending on the kind of absorber material (e.g., insulator,
metal or semiconductor material), both the crystal lattice (Ciastice < T?) and
the electrons (Cejectronic < T') in the solid can contribute to the total heat
capacity [65]. In insulator and semiconductor absorbers at low temperatures,
only the phonons contribute significantly to the heat capacity. In order to
maximize the temperature rise AT, these kind of detectors are operated at
cryogenic temperatures of (O(10 — 100 mK)) where the heat capacity is very
small.

AT (2.1)

When operating a cryogenic detector, the temperature of the heat bath is held
constant at a temperature Tp.,. In an idealized detector, the temperature of
the absorber increases almost instantaneously after the energy deposition and
will return to thermal equilibrium conditions (7" = Tje) via an exponential
decay with the time-constant

= — 2.2
r=2 (22)
which is determined by the heat capacity of the absorber (C') and the thermal
conductivity (G) of the weak thermal link.

In an actual cryogenic detector additional components apart from the absorber
crystal, e.g., the heat capacity of the TES and the thermal couplings between
the individual components, have to be considered in order to describe the
time evolution of the heat signal within the absorber and the thermometer.
A thermal model describing the characteristics of such detectors is discussed
in [66]. In the following, the working principle of transition edge sensors will
be discussed further:
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2.1.2 Working Principle of Transition Edge Sensors

Transition edge sensors (TES) are superconducting thin films, temperature
stabilized in the narrow transition region between the normal- and supercon-
ducting state. Such devices can be operated as very sensitive thermometers
which, due to the strong relation between resistance and temperature within
the transition region, translate small temperature variations into electrical
signals. A detailed review about the physics of transition edge sensors can be
found in [67].

The working principle of a TES is illustrated in figure 2.2. In the transition
region, the superconducting film exhibits a strong temperature dependence of
the film resistance. A small change in the TES temperature (ATrgg) corres-
ponds to a significant change in resistance (ARrgg) which can be translated
into an electrical signal. To achieve an optimal sensitivity of the sensor, the
transition curve should be very steep and linear over a large part of the trans-
ition.

If the particle induced temperature changes ATrgs are much smaller than
the width of the transition, the resistance change in the transition region can
be approximated by a linearized relation:

R

ARrps = ST ATrgs (2.3)

where 0R/JT is the slope of the transition.

During the operation of a cryogenic detector with TES readout, the tem-
perature of the heat bath is actively stabilized at a temperature below the
transition temperature of the TES film. By applying a bias current Ip;,s to
the TES, the superconducting film is additionally heated up to a working
point T, within its transition region by the Joule power dissipated by the
bias current within the film. A certain working point is therefore character-
ized by the temperature of the heat bath (Ty4,) and the applied bias current

([Bias)-

The detectors developed in the present work are read out with transition edge
sensors based on so-called proximity bi-layers which consist of a sandwich
structure of a superconducting and a normalconducting metal. The transition
temperature of such bi-layers is reduced with respect to the transition tem-
perature of the superconductor due to the so-called proximity effect [68, 69].
The transition temperature of the TES can be varied by changing the relative
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Figure 2.2: Illustration of the working principle of a transition edge sensor
(TES): A superconducting thin-film is operated at a working point (T7,)
in the narrow transition region between the normal- and superconducting
state (characterized by the resistance R = Rrps and R = 0 respectively).
An energy deposition increases the TES temperature (ATrgs) and, due
to the strong temperature dependence of the film resistance, increases the
film resistance (ARrgg). This resistance change can be translated into an
electrical signal.

thicknesses of the individual layers.

In this work IrAu TESs [70, 71], which consist of thin iridium (7¢(Ir) =
112.5mK [72]) and gold films, are used. The transition temperature can be
varied between ~ 20 — 80 mK by varying the thicknesses of the individual lay-
ers. The fabrication of such transition edge sensors is described in section 4.1.1.

The readout of cryogenic detectors with TES is described in section 4.3.2.

2.1.3 The Composite Detector Design

The cryogenic detectors used for the measurements in this work are manufac-
tured according to the so-called composite detector design (CCD) [73]. The
TES is first deposited onto a separate carrier substrate and then glued onto
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the absorber using epoxy resin®.

This technique has several advantages compared to the direct deposition of
the TES film onto the absorber crystal:

o Since the carrier substrate can be chosen to be much smaller than the
main absorber crystal, multiple TES carriers can be produced simultan-
eously. This is especially important for the mass production of TESs
for future experiments searching for rare events (e.g., EURECA [58]).

o Furthermore, the TESs can be characterized separately from the target
crystal and be preselected, especially with respect to the transition
temperature and the linearity of the transition.

o The TES films are typically deposited at high temperatures (~ 300 —
500°C) in an ultra-high vacuum chamber (at a pressure of O(107 —
107" mbar)). This can lead to a loss of oxygen from crystals (e.g.,
CaWO,) which can deteriorate the light yield of scintillating crystals
(see, e.g., [74] and references therein).

 For cryogenic light detectors with Neganov-Luke amplification (which
will be discussed in section 2.2), the CCD provides an electrical insula-
tion between the TES and the absorber substrate [59].

The glue spot between the absorber and the TES adds an additional thermal
coupling which has to be considered when describing the characteristics of
such detectors. A theoretical model describing cryogenic detectors build ac-
cording to the composite detector design is discussed in [61].

2.2 Neganov-Luke Amplified Cryogenic Light-
Detectors

The so-called Neganov-Luke (NL) effect [56, 57] describes an amplification
of the heat signal in cryogenic detectors with semiconductor absorbers. As
has been shown in [61], cryogenic light detector with NL amplification have
tremendous potential to improve the background suppression in cryogenic
rare-event search experiments by improving the light detector’s threshold and
energy resolution, especially at low energies. The application of the NL effect

In “classical” cryogenic detectors with TES readout, the TES is deposited directly onto
the absorber.
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in cryogenic calorimeters was first studied in [75] and first measurements with
cryogenic light-detectors employing the NL effect were conducted in [76, 77].
The application of such light detectors to the phonon-light technique and
the background suppression in experiments using CaWQ,-crystals have been
studied in [59, 60] and [61].

In the present work, the application of the phonon-light technique with NL-
amplified light detectors to the background suppression in experiments em-
ploying TeO, crystals for the search for Ov35 decay is investigated (see sec-
tion 2.3.2). First measurements with a low-temperature detector module
consisting of a TeO, phonon detector and a NL amplified light detector have
been performed (see chapter 5).

2.2.1 The Neganov-Luke Effect

The NL amplification of the heat signal is observed in cryogenic detectors
with semiconductor absorbers when electrons and holes, induced by particle
interactions within the absorber, are drifted in an electric field applied to the
absorber. The electrons and holes are accelerated and transfer their increased
energy to the phonon system of the absorber via scattering off the crystal
lattice and the production of high-frequency phonons [59]. The expected
theoretical thermal gain Gy, due to the Neganov-Luke effect depends on the
applied voltage and can be described by the following equation:

6~VNL

Gy =1+ (2.4)

€
where e is the elementary charge, Vi is the applied Neganov-Luke voltage
and € is the average energy of the electron-hole pairs produced in the en-
ergy deposition process. This energy depends on the absorber material and
the type of interacting particle. For X-rays in silicon, the mean energy of an
electron-hole pair is € = 3.76 eV [78] while for light, € is given by € = E,,/n [76]
where E,, is the mean energy of the detected photons and 7 is the quantum
efficiency for electron-hole pair production. In the spectral range relevant for
the detection of Cherenkov light emitted from TeO, crystals as well as for
experiments searching for direct dark matter interactions in CaWOQO, crystals,
n is close to unity [79]. Therefore, each absorbed photon leads to the genera-
tion of an electron-hole pair (Ng, = N,p)2.

2In the present work, the relevant spectral range stretches from ~ 390 nm to ~ 1000 nm
(compare section 2.4). For wavelenghts below ~ 390 nm, the probability of creating multiple
electron hole pairs increases (see [79]) which can lead to an increased thermal gain Gyp.
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A schematic representation of a cryogenic light detector with NL amplifica-
tion is depicted in figure 2.3. The electron-hole pairs, created, for example,
by the absorption of light at the surface of the silicon substrate, are drifted
in the electric field generated by the Neganov-Luke voltage applied between
the aluminum electrodes.
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Figure 2.3: This figure illustrates the working principle of a cryogenic light
detector with Neganov-Luke amplification. Electron-hole pairs, created for
example by the absorption of light at the absorber surface, are drifted in the
electric field generated by the voltage Vv applied between the aluminum
electrodes. The energy gained by the electrons while being drifted in the
electric filed is transferred to the absorber crystal in the form of phonons
which leads to an amplification of the heat signal in the absorber. An
IrAu TES (deposited onto a TES carrier substrate, which is glued onto
the silicon absorber) is used to measure the heat signal.

2.2.2 Problems of Realized NL Light Detectors

Equation (2.4) assumes that all charge carriers are collected at the electrodes
and that the NL voltage is constant with time. In real detectors, however,
several effects can lead to a reduction of the observed thermal gain [76]:
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o Charge carriers can be trapped in defects or impurities within the
semiconductor absorber before they reach the electrodes. This reduces
the effective thermal gain by the average fraction of the electric field
traversed by the electron and hole. If d is the distance between the
electrodes and [ is the average drift length of the charge carriers, the
thermal gain is reduced by a factor of /a.

o Charge carriers can accumulate in the vicinity of the electrodes. The
deposition of the aluminum electrodes can produce additional trap-
ping sites and defects below the electrodes. This accumulation leads to
the generation of an electric field with reverse polarity and effectively
reduces the NL voltage (Vyrcrf(t)) with time.

The effective thermal gain which takes these additional factors into account
can be written as [76]:
e - VNL,eff(t) l

Giners(t) = 1+ eIl = (2.5)

These effects can impose general limitations on the application of cryogenic
light detectors with NL amplification:

The effect of an overall reduced drift length is especially relevant for the case of
cryogenic light detectors since the photons are absorbed close to the absorber
surface where the concentration of traps and defects is expected to be pro-
nounced (see [59] and references therein). Furthermore, in the currently used
field geometry, the charge carriers are drifted along the surface of the absorber.

The feasibility of using NL amplified light detectors to improve background
suppression in rare event search experiments was first studied by [59, 60].
Therein, an improvement of the signal-to-noise (S/N) ratio of the light de-
tectors signals by a factor of ~ 9 was achieved as well as an improvement
in energy resolution of ~ 10% at ~ 600eV. However, the reduction of the
observed gain with time was identified as a limiting factor in the application
of NL light detectors to rare event searches which require a stable detector
response for extended periods of time. Typical measurement campaigns can
last for several years. In principle, the detector can be regenerated to restore
initial working conditions after a certain exposure [59, 60]. However, a device
which does not show this behavior is preferable. In [61], a novel manufacturing
technique for the electrodes was developed which mitigates the accumulation
of charge carriers and therefore prevents a reduction of the thermal gain with
time. The device investigated in [61] did not show a significant reduction of
the gain during a measurement time of ~ 2.5 h.



22 2. Detector Physics

2.3 Phonon-Light Technique

The so-called phonon-light technique describes an active background suppres-
sion technique in cryogenic rare event search experiments, e.g., searching for
direct dark matter interactions or the Ov(S decay. This technique employs
the simultaneous measurement of the heat signal in a main target crystal (op-
erated as a cryogenic detector) as well as the detection of the corresponding
scintillation light in a separate cryogenic light detector.

2.3.1 Phonon-Light Technique in Direct Dark Matter
Search Experiments

The large scale application of this background suppression technique was
pioneered by the direct dark matter search experiment CRESST-II [52] which
employs several CaWOQ, crystals, each with a mass of ~ 300g, operated at a
temperature of ~ 10 mK, as target for elastic WIMP nucleon scatterings. The
scintillation light signal is measured using cryogenic light detectors consisting
of silicon-on-sapphire discs which are used as light absorbers.

In these CaWOy crystals, different kinds of interactions (e.g., e~ /v-, a-, or
nuclear recoil induced events) can be distinguished by the respective amount
of light measured in a cryogenic light detector for each interaction. This is
due to the fact that e” /v events interact with the electron shell of the atoms
in the crystal lattice while nuclear recoils (e.g., neutron-induced events but
also nuclear recoils induced by elastic WIMP scatterings) interact with the
atomic nucleus. This leads to a reduced light yield of nuclear recoils compared
to electronic recoils. Furthermore, the light yield of nuclear recoils in CaWOQO,
depends on the specific nucleus of the recoil (i.e., Ca, O, or W).

In CaWOy crystals, the measured amount of light for e~/ induced events
is ~ O(2%)? of the total amount of energy deposited within the crystal. For
nuclear recoils on the individual nuclei, the amount of light is further reduced
by the so-called quenching factor (QF') which is experimentally measured
[81] and motivated by a theoretical description of the scintillation process
in CaWOy [61]. Due to this light quenching, very sensitive cryogenic light
detectors are necessary in order to measure the light signal of nuclear recoils
(e.g., for a 10keV nuclear recoil on tungsten (QFy = 0.02), a light signal of

3This value is obtained using the scintillation efficiency (~ 6%) of the crystal and the
light collection efficiency (~ 30%) [80].
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~ 4eV is expected). As shown in [61], cryogenic light detectors with Neganov-
Luke amplification allow to further increase the sensitivity of cryogenic light
detectors®.

Figure 2.4 illustrates the setup of a detector module employing the phonon-
light technique. Both the phonon and the light detector are placed inside a
common detector and are housing surrounded by a highly light reflecting foil.
This foil is used to increase the collection efficiency of the emitted scintillation
light in the light detector. In [83, 74] is was shown that the light collection
efficiency can be significantly increased by roughening the surface of the
crystal as well as by optimizing the geometric shape of the crystal in order
to minimize the probability for total internal reflection. Further important
parameters are the scintillation efficiency and the absorption length of light
in these crystals, parameters which can be optimized by annealing the crystal
in an oxygen atmosphere [74]. The detector housing also acts as a heat bath
for the cryogenic detectors.

2.3.2 Phonon-Light Technique in Ovf35 Decay Experi-
ments

Current generation cryogenic Ov3[ experiments do not employ active back-
ground suppression techniques yet. However, the application of the phonon-
light technique to this kind of experiments is planned for the next generation
of experiments. Next generation Ov/3( experiments using scintillating crys-
tals in combination with the phonon-light technique are, for example, the
LUCIFER experiment [46] which will operate cryogenic detectors consisting
of scintillating ZnSe crystals or the LUMINEU experiment [47, 48] which is
planned to operate cryogenic detectors consisting of ZnMoQO, crystals.

Application of the Phonon-Light Technique to Non-Scintillating
Crystals

An important challenge for next generation experiments searching for Ov 3
decay with cryogenic TeOy bolomoters is the implementation of an active
discrimination scheme in order to distinguish a-induced events (a-induced
background is expected constitute the dominant background contribution

4For the last dark matter run of the CRESST-II, the 1o threshold of the best cryogenic
light detector can be calculated using values of [82] and [80] to be ~ 10eV. The 1o threshold
of the NL light detector used within the present work amounts to ~ 7.8 eV when operated
with a NL voltage of Vy = 70V (see section 5.3.1).
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Figure 2.4: Schematic drawing of a cryogenic detector module employing
the phonon-light technique. Two cryogenic detectors, a so-called “phonon
detector” made out of the target material, and a light detector, are operated
simultaneously to distinguish different kinds of interactions based on their
respective light yield. The detectors are operated inside a reflective and,
depending on the specific application, scintillating housing. The housing
also acts as a support structure and thermal bath for the detectors and
reflective foil is used to increase the collection efficiency of the emitted
light in the light detector. The scintillating crystal confines the interaction
volume for, e.g., dark matter particles or contains a Ov33-decaying isotope.
The light detector typically consists of a semiconductor absorber, either
silicon, germanium or silicon-on-sapphire.



2.3. Phonon-Light Technique 25

in the next generation Ov35 experiment CUORE, (see, e.g., [84, 62])), from
signal-like e~ /y-events with high efficiency while at the same time retaining
a high signal acceptance. Since TeOs crystals are non-scintillating (the entire
light emission can be attributed to Cherenkov radiation [85]), the previously
described approach of suppressing background events using the light yield
distinct for the interaction of different particles within the scintillating crys-
tals cannot be applied in this case.

A novel background suppression technique [54] for cryogenic detectors based
on TeO, crystals encompasses the detection of Cherenkov radiation emitted
by highly energetic electrons within the crystal using cryogenic light detect-
ors. In this way, it is possible to distinguish the signal of the two electrons
emitted in the Ov33 decay of 1¥°Te from a-induced background events. This
is possible due to the fact that, in TeOs crystals, the energy threshold for
the production of Cherenkov radiation is Ey,(e™) ~ 50keV for electrons and
Ein(a) =~ 400 MeV for a particles [54]. Therefore, in the ROI around to the
Q-value of '*Te (Qss = 2.53 MeV), no Cherenkov light is being produced for
a events. This technique can, however, not be used to suppress y-induced
background events since their event signature is practically identical to the
signal expected for the two electrons emitted in the Ov/35 decay.

The principle viability of this technique has been demonstrated experiment-
ally by recent measurements [86, 62]. However, an efficient event-by-event
separation, which requires both, a high background suppression efficiency
and a large signal acceptance simultaneously, of a- from e~ /y-induced events
could not be achieved. The measurements presented in the present work show
for the first time that such an efficient event-by-event suppression is possible
using Neganov-Luke amplified cryogenic light detectors to measure the Cher-
enkov radiation emitted from a TeO, crystal.

In the following, the experimental aspects relevant for the detection of Cher-
enkov radiation emitted from TeO, crystals with a cryogenic detector module
based on the phonon-light technique, such as the optical properties of TeO,
crystals as well as the optical properties of the light absorber and reflective
foil, will be discussed.
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2.4 Experimental Aspects of Detecting Cher-
enkov Radiation from TeO,; Bolometers

When employing a background suppression scheme based on the detection
of Cherenkov radiation from a TeOy crystal to discriminate a- from e~ /v-
induced events, the expected signal in the light channel is an important factor
which determines the suppression efficiency between these events. The ex-
pected amount of light in the cryogenic light detector depends on two main
factors: the amount of Cherenkov light produced by an interaction within
the crystal and the light collection efficiency in the light detector (within the
low-temperature detector module®).

In TeO, crystals, only electrons (induced by 3 events and the interaction
of ~-rays within the crystal) and muons have sufficient energy to produce
Cherenkov radiation. The amount of Cherenkov radiation produced in the
crystal is determined by the refractive index of TeO, and the propagation
(i.e., energy loss) of the electrons within the crystal. The collection efficiency
in the light detector on the other hand is affected by the optical properties
of all components which compose the optical detector module. This includes
for example the TeOy crystal, the silicon light detector and the reflective foil
used to cover the inner surface of the detector housing (see section 2.3 for a
description of the phonon-light technique).

In the following, the production of Cherenkov radiation as well as the optical
properties affecting the light collection efficiency will be discussed. Since the
optical properties of the light absorber and light reflecting foil have yet to
be measured at cryogenic temperatures, these parameters are only discussed
qualitatively in order to define the relevant spectral range in which light can
be detected in the cryogenic light detector.

2.4.1 Cherenkov Radiation

Charged particles, such as the two electrons emitted in the hypothetical
0v33 decay of *°Te, passing through a medium with refractive index n emit
Cherenkov radiation [87] if their velocity v is larger than the phase velocity
of light in the medium. The light is emitted on a cone with an opening angle

>The light collection efficiency in the detector module can, e.g., be studied by means of
a Monte-Carlo simulation (see appendix A).
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Oc relative to the particle’s direction. The angle is given by [1]:

cos b =

1
— 2.6
i (2.6)
where § = v/c and n is the refractive index of the medium. Cherenkov
radiation is emitted if the criterium v > ¢/n (this is equivalent to cosfc > 0
and > 1/n) is fulfilled. The threshold velocity above which the emission
of Cherenkov radiation is possible can be expressed as f;, = 1/n and the

corresponding threshold energy Ey, for the production of Cherenkov radiation
can be calculated as:

B = mo(yn — 1)¢ (2.7)

where 7, is the Lorentz factor corresponding to the threshold velocity (v, =

1/4/1—B2%), ¢ = 299792km/ s is the vacuum speed of light [88] and mq is
the rest mass of the charged particle passing through the medium.

The number of photons N, emitted per unit track length traveled by the
particle and per unit wavelength A\ of the emitted photons is given by [1]:

-sin? 0¢ (2.8)

dszh_QTfZ2a ( _ 1 )_27?22(1
drd\ N2 n2p2) )2

where z is the particle charge and « is the electromagnetic fine-structure
constant (o ~ 1/137). Due to the ~ /x> dependence, most of the Cherenkov
radiation is emitted in the UV spectrum.

Equivalently to (2.8), the radiated energy E¢y, per unit track length travelled
by the particle and per unit wavelength of the emitted Cherenkov photons
can be expressed as as:

d*Ecy,  2m2%a - he ( 1 ) _ 2nZ%a- he

2
drd\ A3 2B N3 +sin” fc (2.9)

where h corresponds to Planck’s constant and ¢ corresponds to the speed
of light in vacuum. If the charged particle is moving through a dispersive
medium, i.e., n = n(A), equations (2.8) and (2.9) have to be integrated over
all wavelengths for which the condition (6n(A)) > 1 is fulfilled in order to
obtain N, and Ecy,.
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2.4.2 Optical Properties of TeO,

The optical properties of TeO, affect the production of Cherenkov radiation
(via nreo,) as well as the light collection efficiency (via the transmittance and
(internal) reflectance) in a detector module.

Transmittance of TeO, crystals

The transmittance of TeO, determines the spectral range of the emitted Cher-
enkov radiation which can escape the crystal and is therefore detectable in a
cryogenic light detector.

Tellurium dioxide (TeO,) crystals are transparent in the spectral range between
~ 350 nm and ~ 5000 nm [89] at room temperature. Measurements at cryo-
genic temperatures show that the absorption edge is shifted from ~ 350 nm to
~ 300 nm at 15K [90]. This can significantly improve the collection efficiency
at cryogenic temperatures since, due to the increased transparency at cryo-
genic temperatures, a larger fraction of the produced Cherenkov radiation
can escape the crystal.

Important parameters which have significant influence on the light collection
efficiency (see also appendix A) are the absorption and scattering lengths in
TeO4 crystals. Presently, only two measurements of the absorption length in
these crystals are available [85, 91] (no values for the scattering length are
given) and the published values differ by a factor of ~ 2 (~ 38 cm [85] and
~ 80 cm [91]), indicating a large uncertainty of this parameter. Unfortunately,
the method used to determine the absorption length is not stated in [85,
91]. Furthermore, no measurements at cryogenic temperatures are available.
Therefore it is essential to perform further systematic studies of the absorption
and scattering lengths in TeO, crystals, both at room temperature and at
cryogenic temperatures.

Refractive Index

TeOy crystals have a high refractive index of n 2 2.2, are highly birefringent
(0n ~ 0.1) and show a strong dispersion. Measurements of the refractive index
at room temperature have been performed between ~ 350 nm and ~ 1000 nm
(92, 93]. Figure 2.5 shows the dispersion of the refractive indices of TeO,,
calculated using the parametrizations given in [92, 93].

Unfortunately, no measurements of the refractive index of TeO, crystals at
low temperatures are available. In order to account for the increased trans-
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Figure 2.5: Dispersion of the ordinary and extraordinary refractive in-
dices in TeO9 at room temperature, calculated using the parametrization
given in [92, 93]. For the simulations discussed in chapter 3, an average
refractive index ngyg = (1o + ne)/2 is used. The values below 350 nm
are extrapolated using the available parameterization to account for the
increased transparence at low temperatures [90].

parency in the UV at low temperatures when determining the amount of the
emitted Cherenkov radiation in the simulation described in chapter 3, the
parametrization given in [92, 93] is used to extrapolate the refractive index
in the spectral range between 300 nm and 350 nm.

To describe the production of Cherenkov radiation in anisotropic crystals in
the simulations described in chapter 3, an average refractive index (n,+mn.)/2
based on the values obtained from room temperature measurements [92, 93]
is used.

2.4.3 Optical Properties of Light Reflecting Foils

As mentioned in section 2.3 the light collection efficiency in a low temperature
detector module can be increased by covering the inner surface of the detector
housing using a highly light-reflecting foil. An important experimental aspect
is, therefore, the spectral response of this light reflector.
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Figure 2.6 shows the spectral reflectivity of a 3M® VM2002 reflector foil,
measured at room temperature. This reflector foil is commonly used in many
particle physics experiments. Above ~ 390 nm, the foil shows an almost per-
fect specular reflectance which, however, drops to ~ 10% below 390 nm. In
[74] measurements of the reflectivity at ~ 20K have been performed and
while no absolute values of the reflectivity could be obtained, it was shown
that the cutoff wavelength does not change at cryogenic temperatures. The re-
flectance at cryogenic temperatures is currently under investigation [94]. The
plot furthermore shows the reflectance of one and four layers of PTFE foil
(thickness d = 0.08 mm) as measured in [95]. Since, as mentioned previously,
most of the Cherenkov radiation is emitted in the UV spectrum, a reflector
with a higher reflectivity in this spectral range could significantly increase
the light collection efficiency compared to the VM2002 foil.
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Figure 2.6: Room temperature measurements of the reflectance of the
3M® VM2002 foil (data taken from [96]) and of 1 and 4 layers of PTFE
foil (data taken from [95]).

In the measurements presented in this work, the 3M® VM2002 reflector foil
is used to cover the detector-facing surface of the copper detector holder (see
section 5.1 for a description of the experimental setup). Future measurements
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employing a reflective housing consisting of PTFE are being planned [97].

2.4.4 Absorption of Light in the Absorber Substate

The absorption probability of light in the semiconductor used as the absorber
material of a cryogenic light detector also has significant influence on the light
collection efficiency.

Figure 2.7 shows the optical absorption for commonly used absorber materi-
als (value corresponds data obtained from room temperature measurements):
silicon, germanium and silicon-on-sapphire. In the present work, a 0.5 mm
thick silicon disc is used as light absorber. Germanium light absorbers are
also commonly used in cryogenic experiments (see, e.g., [46] or [86, 62]). The
absorbance of a 0.5 mm thick germanium disc is shown as a reference. In
the CRESST-II experiment, silicon-on-sapphire light absorbers are used [52].
These values are included as reference.

For silicon and germanium, the absorbance can be calculated from the com-
plex refractive index and the attenuation coefficient using data from [98] and
[99] while for SOS, measured data taken from [100] is shown. The calculated
values for silicon and germanium substrates show an absorption probability of
O(50 — 70%) in the spectral range from 400 nm to 1000 nm and a slightly re-
duced absorbance below 400 nm. In SOS substrates, due to the thin (~ 50 pm)
silicon layer which is deposited onto the sapphire disc, the absorbance exhibits
a steady cut-off above ~ 500 nm.

Silicon and germanium absorbers are especially suited for the detection of
Cherenkov radiation with cryogenic light detectors since both materials show
a high absorption probability in the whole spectral range relevant for this
application.
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Figure 2.7: Optical absorption in a 0.5 mm thick silicon disc (calculated
from [98]), a 0.5 mm thick germanium disc (calculated from [99]) and a
CRESST-type silicon-on-sapphire (SOS) wafer (data taken from [100]) as
a function of wavelength.

2.4.5 Calculation of the Cherenkov Yield in TeO»

The Cherenkov yield, i.e., the total amount of emitted Cherenkov radiation
(Ecp) and the total number of emitted photons (/V,;,) can be calculated using
equations (2.8) and (2.9). For these calculations, the actual experimental
conditions are taken into account by defining a relevant spectral range where
the emitted Cherenkov radiation can actually be detected, i.e., between the
high-energy cut-off of the transmittance of TeOy or the cut-off in reflectance
of the VM2002 foil and the low-energy cut-off of the absorbance of silicon. In
the following, three different setups are considered:

e 390 — 1000 nm corresponding to the range defined by the absorbance of
the silicon substrate and the reflectivity of a detector housing covered
with VM2002 reflector foil.

e 350 — 1000 nm (room temperature) & 300 — 1000 nm (~ 15K) corres-
ponding to the ranges defined by the absorbance of the silicon substrate

and the reflectivity of a detector housing covered with a wide-range
reflector, e.g., PTFE.
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For these spectral ranges, the number of produced Cherenkov photons as well
as the total radiated energy is calculated using a constant refractive index
nreo, = 2.4. This approximation (also used in [54]) simplifies the calculation
of Ny, and E,y, (eq. (2.8) and eq. (2.9)) since no dispersion and birefringence
has to be considered. It is important to note that this estimate regards only
the production of the Cherenkov radiation, detection and light collection effi-
ciencies are not, considered here.

Using this approximation, the threshold velocity for the production of Cher-
enkov radiation is given by [y, = 0.42 (v, = 1.10) and the corresponding
threshold energy for electrons and « particles can be calculated from equa-
tion (2.7) by using the rest mass of electrons (my = 511keV) and a-particles
(mo = 3.73 GeV), respectively:

By, =~ 50keV  for electrons
Ey, =~ 375MeV  for a particles

As mentioned previously, given the threshold energy for a particles and the
energy range relevant for Ovf35-decay experiments of up to several MeV, «
particles cannot emit Cherenkov radiation under these conditions.

Neglecting the energy loss of electrons, the number of emitted Cherenkov
photons and the amount of Cherenkov radiation produced for electrons of
energy F,; in a given spectral range A\, — Amaz can be calculated by in-
tegrating equations (2.8) and (2.9) (using z = 1 for electrons) over A and
x:

1 1
Nphoton(Eer) = 2mache - sin? Oc(Eq) - ()\ Y ) -d (2.10)
and
.9 1 1
Ephoton(Eel) = mahc - sin QC’(Ee ) : )\2 - \2 -d (211)

where d is the distance traveled by the particle.

However, since the electrons loose energy while being slowed down to rest in
the crystal, the value of sin? - changes along the track®. This has to be taken
into account when performing the integration of (2.8) and eq. (2.9) along the

5The Cherenkov angle f¢ is actually a function of the distance travelled by the electron,
i.e., Oc(Ee), where the energy loss of the electron is taken into account.
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track of the electron.

Here, this calculation is performed numerically by using the stopping power of
electrons in TeO, to calculate the energy loss along the track of the electron
with an initial energy Ej, until the Cherenkov condition is no longer fulfilled.
For this calculation, a step-length of dg., = 10 yum is used and for each step,
the Cherenkov angle 0c(F,;) and the corresponding amount of Cherenkov
radiation produced in this step is calculated. The amount of Cherenkov radi-
ation produced in all steps is then summed up to obtain the total amount of
emitted light.

Energy Loss of Electrons in TeO,

Electrons with kinetic energies smaller than the Q-value of *°Te (O(2.5MeV))
loose energy primarily by ionization [1]. The stopping power for electrons in
TeO, can be calculated using the NIST ESTAR database [101] and is shown
in the top panel of figure 2.8. In the relevant energy range (Fy < 2.53 MeV),
the contribution due to radiative energy losses (Bremsstrahlung) is negligible.

The so-called CSDA range (continuous slowing down approximation range) is
a close approximation of the average track length of a charged particle being
slowed down to rest. It’s value is obtained by integrating the reciprocal of
the stopping power. The bottom panel of figure 2.8 shows the electron range
in TeO, as a function of energy.

Cherenkov Yield

Using this method, the radiated energy in form of Cherenkov radiation can be
estimated as a function of the electron’s energy. The results for the spectral
range from 390 — 1000 nm are depicted in figure 2.9 which shows the amount
of Cherenkov radiation produced and the number of produced photons as a
function of the electron’s energy. The plot furthermore shows these paramet-
ers for a second electron with energy Qss(**°Te) — E as well as the sum of
these parameters for both electrons to illustrate the characteristics of Cher-
enkov radiation emitted in the Ov38 of ¥9Te where both electrons share the
energy ()sp released in the decay.

It can be seen from figure 2.9 that the resulting Cherenkov Yield has a non-
linear energy relation, i.e., two electrons sharing an energy of ()gs produce
less light than one electron carrying the full energy.
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Figure 2.8: Top: Stopping power for electrons in TeOy (calculated using
the NIST ESTAR database [101]). The vertical line marks the Q-value
of ¥%Te at 2.53 MeV. The 33 electrons in TeO; loose energy dominantly
via ionization [1]. Bottom: Electron range (CSDA) in TeO; in the energy
region relevant for the measurement of the Ovf3 decay (Calculated using
the NIST ESTAR database [101]).

Table 2.1 lists the Cherenkov Yield and number of emitted photons in dif-
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ferent spectral ranges for the case that both electrons released in the Ovj3(
decay share the released energy (Qsp) equally. It can be seen that by using a
reflector optimized for the UV range in order to utilize the maximal possible
spectral range (e.g., PTFE foil), the amount of Cherenkov radiation could be
significantly increased. This could further improve the background suppres-
sion efficiency obtained in the measurements described in chapter 5.

/\min - /\ma:c [nm} Nph EECh [eV]
390 — 1000 170 375
350 — 1000 200 480
300 — 1000 255 680

Table 2.1: Overview of the number of Cherenkov photons produced by
two electrons equally sharing an energy of 2.563 MeV as well as the total
energy emitted in the form of Cherenkov radiation. The case 300 — 1000 nm
considers an increased transparency of TeOq at low temperatures as repor-
ted in [90]. The first line corresponds to the experimental conditions in
the present work. (The calculated values have been rounded to the next
multiple of 5.)
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Figure 2.9: The number of Cherenkov photons produced (top) and the
total energy emitted in Cherenkov radiation between A = 390 — 1000 nm.
The two electrons share an energy of E = Qgp(!3Te) = 2.53MeV and
the plots show the respective values for electrons with energy E (dashed
line) and with an energy of Qg — E (dotted line) as well the sum of these
values (solid line).
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Chapter 3

Simulation of Cherenkov
Radiation in TeO»

In the previous chapter, a novel background-suppression technique based on
the detection of Cherenkov radiation emitted by high energetic electrons in
non-scintillating crystals [54] was described. This technique can be used to
discriminate a- from e~ /v-induced events in experiments using TeOy bolo-
meters to search for the Ov33 decay of ¥9Te. The experimental aspects of
detecting the Cherenkov radiation in a cryogenic light detector have been
discussed qualitatively in section 2.4.

The amount of Cherenkov radiation produced by the two electrons emitted in
this Ov3( decay was calculated via a numerical integration of the Cherenkov
formula given in equation (2.9) to take the energy loss of the electrons in the
crystal into account. In this calculation, however, several additional aspects
are not considered. These aspects include, for example, the energy distribution
of the two electrons emitted in the Ov33 decay of 13°Te, the dispersion of the
refractive index of the TeO, crystal, the production of secondary electrons in
the energy loss processes of the initially emitted electrons. Furthermore, the
amount of Cherenkov radiation produced by electrons which are induced by
v-interactions within the crystal cannot be studied via the numerical integra-
tion of the Cherenkov equation.

In order to take these additional aspects into account, a Monte-Carlo simu-
lation based on the GEANT4! simulation toolkit [102] has been performed.
This simulation includes the statistical nature of the energy loss processes of
the electrons in a TeO, crystal and the statistical nature of the production

LGEANT is the abbreviation for “GEometry And Tracking”.

39
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process of Cherenkov radiation.

The simulation is designed with the goal of determining the amount of Cher-
enkov radiation originating from the two electrons emitted in the Ov /35 decay
of 139Te as well as the amount of Cherenkov radiation emitted by electrons
which are produced in the interaction of v rays with the TeOs crystal.

Studying the Cherenkov radiation produced by 7-induced events is relevant
for this work since a 2?8Th calibration source is used to investigate the detec-
tion of Cherenkov radiation in an actual low-temperature detector module
consisting of a TeOy crystal and a cryogenic light detector. The experimental
setup as well as the results of these measurements are described in chapter 5.
Furthermore, this simulation is used to show that the amount of Cherenkov
radiation emitted by the two electrons at the endpoint of the 55 decay of
130Te at an energy of Qgp = 2.53 MeV is very similar to the amount of Cher-
enkov radiation emitted by y-induced events in the full energy peak (FEP)
of the 2.614MeV ~ line of 2°T1. The results of this simulation show that
the FEP to the 2.614 MeV + line can be used as a proxy for the Cherenkov
radiation expected for Ov(33-decay events and that the background suppres-
sion efficiency at ()gs can be determined based on the amount of Cherenkov
radiation detected for this ~ line as well as for a-induced events, respectively.

An important parameter for cryogenic rare event search experiments employ-
ing the phonon-light technique is the light collection efficiency which describes
the fraction of the produced Cherenkov (or scintillation) light being detected
in a cryogenic light detector. In order to study the light collection efficiency,
a full optical model of the detector module, which consists of the TeOq crys-
tal, a silicon light absorber and the detector housing, has to be implemented
in the simulation along with the optical properties of all components. Per-
forming a reliable simulation requires knowledge of key optical parameters
like the absorption length of TeO, crystals, which have not yet been system-
atically studied, the reflectivity of the reflective foil, and the reflectivity of
silicon. Unfortunately, for most of these parameters only measurements at
room temperature are available. Furthermore, a full tracking of all photons
significantly increases the computational complexity of the simulation. How-
ever, the influence of certain parameters (crystal size, absorption length and
surface roughness) on the light collection efficiency is studied in a separate
simulation which is discussed in appendix A.
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3.1 Introduction

The simulation is realized using version 4.9.6.p03 of the GEANT4 simula-
tion toolkit [102]. In the following the working principle of the simulation will
be discussed.

A representation of the actual experimental setup is modeled within the sim-
ulation using volumes made of the respective materials, both of which are
defined in the so-called “Detector Construction”. For each material basic phys-
ical parameters like the elementary composition and the density are defined.
Furthermore, the optical properties (e.g., the refractive index, and absorp-
tion and scattering lengths) of the individual materials as well as the optical
properties of the surfaces of the individual volumes (e.g., the reflectivity, ab-
sorption probability, and surface roughness) can be defined.

Each simulated event is initiated by randomly generating particle parameters,
e.g., particle type, number of particles and their respective energy, direction
and position. The particles propagate through the simulated setup until they
are either absorbed in one of the simulated volumes or leave the simulated
setup. The trajectory of an individual particle is referred to as “track” and
while propagating through the setup the particles can undergo physical in-
teractions like energy-loss, scattering or the creation of secondary particles
which are then themselves tracked by the simulation. Each track consists of
numerical intervals, referred to as “step”, along which the dynamical proper-
ties of the particle (e.g., the momentum-vector and the energy-loss per unit
path length) are constant. After each step, these parameters are reevaluated.

The particles as well as the physical processes considered by the simulation for
each individual particle are defined within the so-called “Physics List”. Using
the physics list, energy thresholds for the production of secondary particles
as well as parameters influencing the step-length which is used to evaluate
the energy-loss of particles can be set.

Details of the simulation will be discussed in the following sections.
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3.1.1 Simulated Setup

To simulate the amount of Cherenkov radiation produced by 7-induced elec-
trons, the setup implemented in the simulation is modeled as a simplified
representation of the experimental setup used for the low-temperature meas-
urements performed in this work (refer to section 4.2 for a detailed descrip-
tion of the experimental setup and section 5.1 for a description of the low-
temperature detector module). This allows to also simulate the interaction
of y-rays with the cryostat structure surrounding the TeO, crystal.

A schematic drawing of the simulated setup is shown in figure 3.1. The central
component of the simulation is a TeO, crystal which is surrounded by a copper
detector holder (compare figure 5.1), the copper cold plates, and copper heat
shield of the cryostat. The simulation furthermore includes the inner vacuum
chamber (IVC) and the liquid helium dewar of the cryostat, both consisting
of stainless steel. The liquid helium dewar is surrounded by a ~ 10 cm thick
lead shielding. Due to the low expected interaction rate of v radiation in the
liquid helium surrounding the cryostat during the measurements, the liquid
helium within the dewar is not implemented in this simulation.

The simulated setup is a simplified representation of the actual experimental
setup. The level of detail of the simulated structures decreases with distance
to the TeO, crystal. The most accurately modeled components are the copper
detector holder and the cold plates of the cryostat. All parts apart from the
TeO crystal and the detector module are described by cylinders with the ap-
proximate dimensions (within several mm) of the actual components. Almost
all other internal components of the cryostat are located above the copper cold
plate (i.e., at a distance of at least 15cm) and are not included in the simu-
lated setup to reduce the computational complexity of the simulation. Figure
3.1 also indicates the position of the 228Th calibration source within the setup.

The following dimensions of the TeOy crystal are implemented: 20 x 20 x
10mm?, which corresponds to the crystal size used for the low-temperature
measurements in this work, and 50 x 50 x 50 mm?® which is a crystal size
typically used in Ovf experiments (see, e.g., [64]).
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Figure 3.1: Schematic of the experimental setup implemented in the
GEANT4 simulation [102]. See the main text for a detailed description.
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3.1.2 Optical Properties of the TeO, Crystal

Within the GEANT4 toolkit, including the birefringence of materials is not
possible when defining a refractive index. Therefore, an average refractive
index (see section 2.4.2) is implemented for the TeOs crystal in the spectral
range between 300 — 1000 nm. Since the parametrization of the refractive
index is based on room-temperature measurements, the effect of a possible
variation of the refractive index at cryogenic temperatures is studied by vary-
ing the refractive index? by £5%. Furthermore, the difference in the number
of produced Cherenkov photons between the average refractive index and a
constant refractive index ngpns:. = 2.4 was studied?.

Figure 3.2 shows the spectral distribution of the number of Cherenkov photons
produced per nm wavelength by the two electrons emitted in the Ov /35 decay
of ¥ Te within the TeO crystal (see section 3.2 for details on this simulation)
for different refractive indices (i.e., the average refractive index introduced in
section 2.4.2 as well as a wavelength independent, constant, refractive index).

The top panel shows the difference between the constant refractive index
(Neonst. = 2.4) and the average refractive index n,,,. In the simulation per-
formed with the constant refractive index, ~ 2% less light is emitted with
respect to the average refractive index. The bottom panel shows the differ-
ences between the average refractive index and the average refractive index
varied by £5%. In this case the integrals of the distributions differ by ~ +3%
with respect to the average refractive index. This leads to the conclusion
that using an average refractive index is suitable to describe the amount of
Cherenkov radiation emitted from the TeOy crystal, especially since the exact
values of the refractive indices at low temperatures are not known.

2The ordinary and extraordinary refractive index vary by < 5% with respect to the
average refractive index.
3The constant refractive index was used for the calculations performed in section 2.4.5.
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Figure 3.2: Both panels show the spectral distribution of the Cherenkov

radiation produced by 10% 0v33 events in a TeOs crystal (see section 2.4.2).

Top Panel: This plot shows the distribution for a constant (nconst. = 2.4)
and average refractive index, respectively. It can be seen that the two
distributions differ especially at low wavelengths where the deviation of
n from the constant refractive index is pronounced. The integral of both
histograms differs by ~ 2%. Bottom Panel: In this plot, the average
refractive index has been varied by +5% and the difference in the integral
is ~ £3% in both cases.
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3.1.3 Physics List

In the present simulation, the electromagnetic interaction of 7, e~, and e™ is
implemented via the following physical processes:

e”: Jonization, Bremsstrahlung, scattering, and emission of Cherenkov ra-
diation?.

Tonization, bremsstrahlung, scattering, e~ /e™ annihilation, and emission
of Cherenkov radiation.

~v: Photoelectric effect, Compton scattering, and pair production.

Optical photons® are also implemented in the present simulation. However,
the propagation of optical photons is terminated after the initial step to re-
duce the complexity of the simulation.

Several parameters are used to adjust the characteristics of the propagation
of particles and the generation of secondary particles in the tracking process
of the simulation:

e The number of Cherenkov photons generated per unit step length in
each numerical “step” of the simulation is calculated using the particle’s
properties (i.e., energy and momentum) at the beginning of the step.
This number of photons is emitted continuously along the step, even if
the particle is slowed down significantly during the step. In the present
simulation, the maximal number of photons which can be created along
the length of the step is set to one. Therefore, after the emission of
one Cherenkov photon, the dynamical parameters of the particle (mo-
mentum vector and energy loss) are recalculated. This parameter there-
fore limits the effective step-length of electrons and positrons within
the TeOy crystal .

o The generation of secondary particles can be limited by setting an energy
threshold Ej;, below which no secondary particles are being created and
tracked®. In GEANTA4, this cut is implemented as a so-called “cut-off”

4Within GEANT4, emission of Cherenkov radiation is only possible in materials where
a refractive index is defined.

5In the framework of GEANT4, a photon is called optical when its wavelength is much
greater than the typical atomic spacing [102]. The handling of optical photons is detached
from the handling of « particles.

In the simulation, no secondary particle are being created below this threshold. However,
the corresponding energy is registered as an energy deposition within the specific volume.
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length which is internally converted into the corresponding energy Fy,.
In the present work, a value of 10 um was used for electrons, positrons
and gammas. This cut corresponds to a threshold of ~ 44 keV for the
production of secondary electrons in TeO,. This value is below the
energy threshold for the production of Cherenkov radiation within TeOs,.

o The step length (i.e., the length of a numerical interval) of a particle is
controlled by setting a “nominal” and minimal step length. The nominal
step length is defined as the fraction fy., of the stopping length of
the particle. The minimal step length is defined as an absolute step
length l,,;,. In this simulation, a fraction of fg., = 0.2 and a minimal
step length of [,,;,, = 100 pm is used. If the remaining track-length is
smaller than the minimal step length, the particle is absorbed within
the volume and the remaining energy of the particle is registered as an
energy deposition within the volume.

3.1.4 Event Generation and Detection

At the beginning of each event, primary particles are injected into the simu-
lation by one of the following event generators which have been implemented
in the simulation:

o A 228Th ~ calibration source which is located between the lead shielding
and the liquid helium dewar (see figure 3.1) is used to simulate the ex-
perimental conditions of the low-temperature measurements performed
in the present work (see chapter 5). The v rays are emitted isotropically
from the source position. From the ?2Th decay chain, the y-emitting
isotopes 212Pb, 212Bi and 2°®T1 with their respective branching ratios
and line intensities are simulated. The calculation of the normalized
emission probabilities is based on a simulation toolkit described in [103].
Furthermore, this event generator can be used to start the emitted +’s
randomly distributed within the volume of the TeOs crystal.

o 130Te OvBB-decay events in the TeO, crystal are generated by using
initial conditions for the two emitted electrons (i.e., their energy and
angular distributions) which are generated independently of this simula-
tion using the DECAY4 [104] event generator’. A set of initial conditions
(O(10° — 10°) events) is generated with DECAY4 and then loaded into
the simulation. For each event, a random entry of this set is sampled

"In principle, initial conditions for all other isotopes which are implemented in DECAY4
could be used as well.
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and the two electrons start propagating from a random position within
the crystal (the same position is used for both electrons).

In addition to these event generators, the default generators already imple-
mented in the GEANT4 simulation toolkit can be used for the generation
of events.

The initial particles then start to propagate through the simulated setup and
may undergo any physical process defined in the physics list. The initial and
any secondary particles which are created are tracked until they leave the
setup or are absorbed?®.

For each event, the total energy deposited within the TeO, crystal as well as
the total amount of Cherenkov radiation emitted by electrons or positrons
within the TeO, crystal are stored®.

The influence of different experimental conditions (like the influence of dif-
ferent absorber materials and reflective foils as discussed in section 2.4) is
studied by defining a sensitive spectral range. This spectral range is defined
by the lower (Apin) and upper (Ayq.) boundary wavelength and only photons
which have a wavelength in this spectral range are registered. These paramet-
ers are chosen to reflect limitations of the spectral range which are given by
the experimental conditions, i.e., the absorption cut-off of TeO,, the cut-off
in reflectivity of VM2002 or the wavelength at which silicon becomes almost
transparent for the emitted Cherenkov radiation. The different spectral ranges
considered in this simulation are listed in table 3.1. The spectral range between
390 nm and 1000 nm is used by default since it reflects the experimental con-
ditions for the low-temperature measurements performed in the present work.

8Particles are absorbed if their remaining track length is smaller than the minimal
step-length which is defined in the simulation. The particle’s energy is registered as an
energy deposition within the respective volume.

9In GEANT4, no energy conservation for optical photons is implemented. That is to
say, the energy emitted via Cherenkov radiation is not subtracted from the particle’s energy.
However, the energy loss via Cherenkov radiation is included in the model describing energy
loss of electrons and positrons.
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Amin — Amaz  Description

390 — 1000  VM2002 reflector foil and silicon light-absorber
350 — 1000  PTFE reflector and silicon light-absorber
(The transmission cut-off of TeOq at room temperature is used)
300 — 1000  PTFE reflector and silicon light-absorber
(The transmission cut-off of TeO2 at cryogenic temperatures is used
90])

Table 3.1: Different spectral ranges used for the simulation of Cherenkov
radiation in TeOs crystals and the corresponding experimental setups.
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3.2 Cherenkov Radiation from OvfS3-Events

In this section, the Cherenkov radiation produced in TeO, by the two elec-
trons emitted in the 0vB33 of ¥°Te will be discussed. For this part of the
simulation, a 50 x 50 x 50 mm? TeO, crystal is used since a larger fraction
of events deposit the full energy within crystals of this size compared to the
20 x 20 x 10 mm?® crystal which is used in the low temperature measurements
in this work!©.

In a first step, the initial conditions of the two electrons emitted in the Ov5p3
decay of 1¥Te (i.e., the energy and angular distributions of the electrons) are
generated using DECAY4 [104], a software written to simulate the energy
and angular distribution of particles emitted in radioactive decays'!. Figure
3.3 shows the energy and angular distributions of 10® simulated events of the
0v3f decay of 3 Te.

These primary events which describe the two electrons emitted in the Ov5S3
decay in the GEANT4 simulation (section 3.1) are generated by:

1. Selecting a random starting point within the TeOq crystal.

2. Randomly selecting a sample containing the energy and directional
information of the two electrons from the set of events pre-generated
using DECAY4.

Figure 3.4 shows a scatter plot of the energy deposited within the TeO, crys-
tal versus the amount of Cherenkov radiation emitted in each event. A total
of 10° events have been simulated. The spectrum features a mono-energetic
line at the Q-value (Qps(**"Te) = 2.53MeV) of the decay, a characteristic
feature of the Ovf35 decay. Furthermore, a tail towards low energies is visible.
This tail consists of events where part of the energy is carried away (i.e., by
electrons or bremsstrahlung photons escaping the crystal). In the simulation,
~ 88% of all events are fully contained within the TeO, crystal, i.e., these
events fully deposit the energy released in the decay within the crystal. This
corresponds to the physical detection efficiency for Ov 53 events in the crystal
and the value obtained here is in good agreement with the value (87.44+1.1%)

10The distribution of the emitted Cherenkov radiation is identical for both crystal sizes.
However, the fraction of events which fully deposit the released energy within the crystal
depends on the dimensions of the crystal (see figure 3.4).

UFor the simulation of the initial parameters used in this work, process 1 (0v33 with
neutrino mass , 0% — 0 transition, 2n-mechanism) implemented in [104] is used.
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Figure 3.3: These plots show the energy (left panel) and angular (right
panel) distribution of **Te 0v33 decay events simulated using DECAY4
[104]. In the left panel, the black and red curves show the individual
energy distributions of the two electrons emitted in the decay and the blue
curve (indicated by the arrow in the left panel) shows the sum-energy of
both electrons. The sum spectrum is truncated in order to allow a better
visualization of the energy distribution of the individual electrons. In the
right panel, the angle between the two emitted electrons is shown.

reported by the CUORICINO collaboration for crystals with the same dimen-
sions [105].

The histogram in figure 3.5 shows the distribution of the total amount of
energy emitted as Cherenkov radiation by the events at the Q-value of the
decay. The distribution is well described by a normal distribution. The width
of the distribution is caused by the statistical nature of the energy-loss pro-
cesses and of the production process of Cherenkov radiation. From the fit,
the average amount of energy released as Cherenkov radiation is determined
to be ~ 384 ¢eV. The variance of the distribution is o ~ 47 V.

Similar simulations are performed for the other spectral ranges which are
given in table 3.1. These simulations are performed for the average refractive
index and for constant refractive index. The results of these simulations, sum-
marized in table 3.2, show that the calculated values (see section 2.4.5) and
the values simulated with the constant refractive index are in good agreement.
A small difference between the values obtained in the simulations performed
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Figure 3.4: Plot of the total amount of Cherenkov radiation produced
by the two electrons emitted in the 033 decay of 13°Te as a function
of the energy deposited in the TeOs crystal. A sensitive spectral range
from 390 nm to 1000 nm was used. A total of 10° Ov/33 events have been
simulated. The tail of events below the peak corresponding to the depos-
ition of the full energy (Qpg) is caused by part of the energy being carried
away undetected, i.e., by electrons or bremsstrahlung photons escaping
the crystal. In the simulation, ~ 88 % of all events deposit the full energy
within the crystal.
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with the constant and the average refractive index (see section 2.4.2) is present.
This difference can be explained by the slightly different spectral shapes of
the emitted Cherenkov radiation (compare figure 3.2).

The values presented in table 3.2 clearly show that in order to achieve an
optimal light collection efficiency for the Ovf55 events, the “sensitive” spec-
tral range has to be maximized. The experimental conditions in the low-
temperature measurements performed in this work correspond to a sensitive
spectral range from 390 — 1000 nm (compare table 3.1). The sensitive spectral
range could be extended into the UV spectrum by using a reflector foil with
a higher reflectivity in the UV range (e.g., by using PTFE foil). If the full
spectral range from 300 to 1000 nm can be utilized!?, the detectable amount
of Cherenkov radiation can be increased by ~ 85%.

)\min - )\maz [nm] Eph,calc [GV] Eph,const. [GV] Eph,avg. [GV]
n 2.4 2.4 2.3-3.0
390 — 1000 375 384 384
350 — 1000 480 494 499
300 — 1000 680 697 721

Table 3.2: The amount of Cherenkov radiation produced in the spectral
ranges given in table 3.1. The calculated values (Epp cqic) are taken from
table 2.1. The simulated values (Epp const. and Epp qv9.) are obtained by
fitting a gaussian function to the histogram of the amount of Cherenkov
radiation produced at Qs (see figure 3.5). For the simulated values both
a constant refractive index of nconst. = 2.4 and an average refractive in-
dex ngyg. (see section 2.4.2) is used. The calculated values and the values
simulated with the constant refractive index are in good agreement. The
difference between the simulated values Epp, const. and Epp 409, can be ex-
plained by the slightly different spectral shape of the emitted Cherenkov
radiation (compare figure 3.2).

12The full spectral range can be utilized if the amount of Cherenkov radiation which can
be detected in a cryogenic light detector is only limited by the absorption cut-off of TeOq
and the cut-off of silicon at ~ 1000 nm (compare section 2.4).
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Figure 3.5: Histogram of the amount of Cherenkov radiation produced
by Ov3p events which are fully contained within the crystal. The red line
shows the gaussian function fitted to the histogram. The width of the
distribution is due to the statistical nature of the energy-loss processes
and of the production process of Cherenkov radiation.
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3.3 Cherenkov Radiation from vy-Induced Events

In order to evaluate whether the suppression efficiency between a and e~
events at Qgs(**Te) can be deduced from a v calibration measurement per-
formed with a ??®Th source, Monte-Carlo simulations studying the charac-
teristics of Cherenkov radiation produced by the electrons induced by
interactions have been performed.

Such a calibration measurement is motivated by the relatively small energy
difference between the full energy peak of the 2614 keV ~ line of 2°°T1 and the
energy released in the Ov33 decay of '*Te (Qgs(*?°Te) = 2.53 MeV). There-
fore, both kinds of interactions are expected to result in similar amounts of
produced Cherenkov radiation. This indicates that the amount of Cherenkov
radiation produced by 7 induced events could be used as a proxy for the
amount of Cherenkov radiation expected to be produced by Ovf5S events in
a low-background measurement.

In the following, simulations performed for both, a relatively small 20 x 20 x
10 mm? TeO, crystal, which is used for the low temperature measurements
performed in this work, and for a larger 50 x 50 x 50 mm?® crystal, a size com-
monly used in Ov53 experiments, are discussed. The initial vs are generated
using the 22Th event generator described in section 3.1.4.

Figure 3.6 shows a 2 dimensional histogram of the energy emitted as Cheren-
kov radiation versus the total amount of energy deposited in the TeO4 crystal
for the simulated events. The most prominent features are the various + lines
which are induced by the #2Th ~-source. The energies of the individual lines
is given in section 5.3.2. This 2D histogram qualitatively resembles the actual
measured data shown in figure 5.19 (for the simulation, energy resolution is
taken into account).

In the Compton continuum corresponding to the 2.614 MeV ~ line, the events
are mainly induced by single Compton scattering. Events where multiple
Compton scatters occur or where an additional electron is produced by the
Compton-scattered electron, lead to a reduced light yield due to the non-linear
energy relation of the emitted Cherenkov radiation (compare section 2.4.5).

Events involving pair production in the TeO, crystal lead to the generation
of at least two charge carriers and therefore, the amount of Cherenkov ra-
diation produced for these events is reduced due to the non-linear energy
relation of the emitted Cherenkov radiation (compare section 2.4.5). In the
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bottom panel of figure 3.6, all events produced due to pair production in
the crystal are highlighted in red. The single- and double escape peak are
caused by one or both of the 511 keV +’s from the et annihilation escaping the
crystal undetected. These events give rise to a band of events with reduced
light yield. The intensity ratio between the single escape peak, the double
escape peak and the full energy peak depends on the size of the crystal, i.e.,
a full energy deposition is more likely in a larger 50 x 50 x 10 mm?® compared
to a smaller 20 x 20 x 10 mm? crystal, due to the increased interaction volume.

The bottom panel of figure 3.7 shows a histogram of the amount of Cherenkov
radiation produced by events in the full energy peak of 2°T1. The shape can
be explained by the top panel of this figure which shows a 2D histogram of
number of the electrons produced in the crystal for each event against the
amount of Cherenkov radiation emitted. It can be seen that the full energy
peak is produced by events where several electrons are produced in each event.
The reduction of the average amount of emitted Cherenkov radiation with
increasing number of electrons produced in an event can clearly be seen.

To study the production of Cherenkov radiation by y-induced electrons in lar-
ger crystals (such as the crystals currently employed by experiments searching
OvpBf decay with TeOs bolometers), the simulation has also been performed
with a 50 x 50 x 50 mm? TeO, crystal.

Since the distribution of the amount of Cherenkov radiation produced by
~ induced events in the full energy peak is independent on whether the ~’s
originate from outside or from inside of the crystal, this simulation was per-
formed with 22Th ~’s started randomly distributed inside the crystal. This
significantly reduces the computational complexity of the simulation.

The bottom panel of figure 3.8 shows a histogram of the amount of Cheren-
kov radiation produced by events in the full energy peak of the 2.614 MeV v
line for 2°8T1 in this crystal size. Since the probability of multiple Compton
scatters is increased due to the larger interaction volume, the average number
of electrons is also increased (see top panel of 3.8). This leads to a reduction
of the average amount of Cherenkov radiation emitted by the electrons. The
overall characteristics of the energy distribution of the emitted Cherenkov
radiation is, however, compatible with the smaller crystal (see figure 3.7).
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Figure 3.6: Top Panel: Density plot showing the amount of Cherenkov
radiation produced vs. the energy deposited in the TeOy crystal with
dimensions 20 x 20 x 10mm?. For the single and double escape peak
(SEP and DEP, respectively) of the 2.614 MeV + line of 2°8T1 (full energy
peak, FEP), the amount of Cherenkov radiation is reduced compared to
the Compton continuum. This is due to the fact that these lines can be
attributed to events involving pair production in the TeOqy crystal and

therefore the Cherenkov radiation is generated by at least two electrons.

Bottom Panel: A scatter plot of the simulated events. The red dots mark

all events which involve pair production.



58

3. Simulation of Cherenkov Radiation in TeO,

Number of electrons

Counts / 10eV

20

18

16
Reduction of (E,)

14 s .
with increasing n,-

12

10

(ne-) = 6.6

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 1 1 I 1

100 200 300 400 500 600 700
Emitted Cherenkov Radiation [eV]

o]
o

0

1200

1000

(Epn) = 397¢eV
o =56eV

800

600

400

200

100 200 300 400 500 600 700 800
Emitted Cherenkov Radiation [eV]

Figure 3.7: Bottom panel: Distribution of the produced Cherenkov
radiation for events in the full energy peak (FEP) of the 2.614keV ~ line
of 208T1 for a TeOs crystal with dimensions 20 x 20 x 10 mm?. An average

energy of (Epp) =~ 397 eV is emitted by the electrons as Cherenkov radiation.

The variance of the distribution is ~ 56eV. Top panel: 2D histogram
of the number of electrons produced by an event in the full energy peak
against the amount of emitted Cherenkov radiation. The reduction of the
average amount of emitted radiation with increasing number of electrons
can clearly be seen. On average, ~ 6.6 electrons above the GEANT4
production threshold (Ey,(TeO2) ~ 44keV in this work) are produced per
event.
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Figure 3.8: Bottom panel: Distribution of the produced Cherenkov
radiation for events in the full energy peak of 2°T1 for a TeOy crystal
with dimensions 50 x 50 x 50 mm?®. An average energy of (E,,) = 375eV
is emitted by the electrons via Cherenkov radiation. The variance of the
distribution is ~ 61eV. Top panel: 2D histogram of the number of elec-
trons produced by an event in the full energy peak against the amount
of emitted Cherenkov radiation. The reduction of the average amount of
emitted radiation with increasing number of electrons can be clearly seen.
On average, ~ 7.4 electrons above the GEANT4 production threshold
(En(TeO32) ~ 44 keV in this work) are produced per event.
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3.4 Summary

The simulations performed in the present work provides a method for determ-
ining the amount of Cherenkov radiation emitted by the electrons produced in
different kinds of interactions. The amount of Cherenkov radiation can be de-
termined within a given spectral range which is chosen based on experimental
conditions, e.g., the transmission cut-off of TeO,, the absorption cut-off of
silicon, or the cut-off in reflectivity of the light-reflecting foil ( VM2002). The
values obtained from the simulation can be used to qualitatively study differ-
ent experimental conditions with respect to the detectable signal. The results
clearly show that by using a reflective foil with a higher reflectivity in the
UV range, the amount of detectable Cherenkov radiation can be increased
by a factor of ~ 2.

Figure 3.9 shows the distribution of the Cherenkov radiation produced in
the full energy peak of the 2.614 MeV ~ line of 2°*T1 for the two investigated
crystal sizes (20 x 20 x 10 mm? and 50 x 50 x 50 mm?) as well as the Cherenkov
radiation produced at the Q-value of the 0v33 decay of '3°Te. It can be seen
that the individual distributions have a very similar shape. However, due to
the increased interaction volume in the larger crystal'3, a tail at lower energies
is observed in this case. These results show that this full energy peak can
indeed be used as an indicator for the Cherenkov radiation expected for Ov33
induced events.

In an actual experiment, the average amount of Cherenkov radiation detected
with a cryogenic light detector is related to the produced amount of Cheren-
kov radiation via the collection efficiency' €..;. < 1. The measured spectrum
is therefore expected to be similar to the plot shown in figure 3.9, however,
with a reduced mean of the distribution!®.

13This leads to an increased probability of creating secondary electrons, which, due to
the non-linear energy relation of the emitted Cherenkov radiation, lower the amount of
Cherenkov radiation produced.

14The collection efficiency can be estimated by dedicated simulations such as the simu-
lation described in appendix A.

15Gince a-induced events are not expected to produce Cherenkov radiation within the
TeOg crystal, a distribution of events centered around zero is expected. The width of this
distribution is given by the statistical fluctuations of the noise present in the light detector
used to measure the Cherenkov radiation.
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Figure 3.9: Normalized spectra of the amount of Cherenkov radiation
emitted for OvSS induced events fully contained within the crystal (black
line) as well as v induced events in the full energy peak of the 2.614 MeV
v line of 298T1 for a 20 x 20 x 10mm?® TeOy crystal (blue line) and a
50 x 50 x 50mm3 TeOy crystal (red line). All histograms are normalized
to unity. It can be seen that in the larger crystal, e™ /v induced events
produce a tail towards lower energies which is due to the increased average
number of electrons produced by - interactions in the larger interaction
volume compared to the smaller crystal.
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3. Simulation of Cherenkov Radiation in TeO,




Chapter 4

Experimental Techniques

4.1 Detector Fabrication

4.1.1 Production of IrAu Transition Edge Sensors

For the transition edge sensors used in this work, superconducting IrAu thin-
films were produced using a dedicated ultra high vacuum (UHV) system by
means of electron beam evaporation [106, 107]. The system consists of two
separate vacuum chambers, a main chamber which is used for the deposition
of Ir and Au thin-films and a load-lock which is used to insert substrates
into the main chamber. An overview of the system is depicted in figure 4.1.
The two vacuum chambers are separated by a gate-valve and are evacuated
by a turbo-molecular pump and a roughening pump each. The residual pres-
sure in the main chamber is O(10~% mbar) and O(10~% mbar) in the load lock.

The main chamber is equipped with an LN, shield, cooled to a temperature
of 77 K, which acts as an additional adsorption pump. Residual gas molecules
are gettered on the cold surface, thereby reducing the pressure in the main
chamber to O(107'° mbar). The composition of the residual gas in the main
chamber can be monitored using a quadrupole mass-spectrometer (Quadrex
200, Leybold). The recipient of the main chamber is equipped with heating
bands on the outside which can be heated up to 180 °C. After venting the main
chamber for maintenance, the recipient evacuated again and then baked-out
in order to remove residual gas and water molecules adsorbed on the recipient
walls. Using this procedure, a pressure of 10~ mbar can be reached within
~ 24h.

In order to keep the main chamber evacuated over the course of multiple
deposition cycles, the substrates are inserted into the main chamber via the
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Load lock Gate-valve
Transfer rod
Main chamber housing
Electronics-rack the electron-gun, materi-
al crucibles, substrate
heater and quartz-crystal
deposition monitor

Mass spectrometer

Figure 4.1: Overview of the ultra high vacuum (UHV) system dedicated
to the deposition of iridium and gold thin-films. The system consists of a
main chamber housing the electron-beam gun and the material crucibles
and a load-lock which is used to transfer substrates into the main chamber.
The load-lock and the main chamber are separated by a UHV tight gate-
valve. After evacuating the load-lock, the substrates can be transferred to
(and extracted from) the main chamber using a transfer-rod. Inside the
main chamber, the substrates can be heated using a boron-nitride contact
heater and the thickness of the deposited metal films can be monitored
using a quartz-crystal deposition monitor.
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load lock using a magnetic transfer rod.

For the deposition of Ir and Au thin-films, a dual-crucible electron beam
gun (model 528, Telemark, USA) is used. The iridium is placed directly into
the built-in copper crucible, while the gold is placed into a graphite crucible
liner. The raw evaporation materials used are 99.999% Au (MaTecK GmbH,
Germany) and 99.99% Ir (Equipment Support Company, USA,).

The thickness of the deposited thin-films is monitored using a quartz-crystal
deposition monitor (model IL820, Intellemetrics Global Ltd, United Kingdom).
The deposition monitor controls a tantalum shutter between the crucible and
the substrate holder and is used to automatically terminate the deposition
process once the desired film thickness is reached.

The temperature of the substrates which are being using metallized with
the IrAu thin film can heated using a Boron-Nitride contact heater. The
temperature of the heater is measured using a type K thermocouple and can
be actively stabilized between ~ 30°C and 500 °C. Stabilization is realized
using a programmable process controller (model Eurotherm 3504, Invensys
Systems GmbH, Germany) which measures the heater temperature via the
thermo couple and controls the power dissipated in the heater.

The IrAu thin films used in this work consist of three layers which are produced
in the following order [108]:

e A 5nm iridium “sticking” layer is deposited onto the carrier substrate
at a temperature of 300°C and a rate of 0.03nm/ sec.

o A 70nm gold layer is deposited onto the sticking layer at a temperature
of 150 °C using a deposition rate of 0.14 nm/ sec.

e A 40nm iridium layer is deposited onto the gold layer at room-temperature
(~30°C ) at a rate of 0.03nm/ sec.

o After the deposition process is finished, the substrates are annealed at
a temperature of 210°C for 2h. This step is required to improve the
steepness of the superconducting phase transition [76].

In this work, all IrAu thin films are deposited onto 5 x 3 x 0.5mm? silicon
carrier substrates using the tantalum shadow mask [59] depicted in figure
4.2. In this way, 8 substrates can be prodced at the same time. The carrier
substrates are high-purity n-type silicon substrates with a resistiviy p >
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9k cm and are orientated in the <100> direction (all carrier substrates are
obtained from Crystec GmbH, Germany).
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Figure 4.2: Schematic drawing of the rectangular tantalum shadow mask
(20 x 40 mm?) within a round (@ = 2”) tantalum holder [59]. This shadow
mask is used for the deposition of IrAu thin-films onto 5 x 3 x 0.5 mm?
silicon carrier substrates. The letters (A to H) correspond to the relative
positions of the substrates within the shadow mask. The position of the
substrates relative to the quartz-crystal deposition monitor (“DM”) within
the main chamber is also depicted.

4.1.2 Fabrication of Aluminum Contacts

The aluminum contact electrodes necessary to apply the NL voltage to
Neganov-Luke amplified cryogenic light-detectors are fabricated using a pho-
tolithographic lift-off process consisting of the following principle steps:

o Production of a photolithographic lift-off mask on top of the silicon
substrate.

» Removal of the natural silicon oxide layer on the surface of the substrate
and deposition of a thin aluminum film onto the silicon substrate and
the lift-off mask by means of argon ion sputtering.

e Removal of the lift-off mask.
o Annealing of the aluminum contacts and the substrate.

In the following these steps are described in more detail.
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Photolithographic Lift-Off Process

For the deposition of the aluminum electrodes, a photolithographic lift-off
mask is used. Therefore, the silicon substrate is almost completely covered
with a thin film of photoresist, only the areas where the aluminum will be
deposited directly onto the substrate remain uncovered.

The production of a photolithographic lift-off mask involves the following
steps:

o Cleaning of the substrate in an ultrasonic bath using (analytical grade)
acetone and isopropyl alcohol.

o Application of the negative photoresist and the substrate and spinning
it at 3000 rpm for 30sec to produce a thin layer of photoresist with
homogenous thickness. The photoresist used is maN 440 (micro resist
technology GmbH, Germany).

« Baking of the photoresist at 95°C for 6 minutes on a hot plate.

o Alignment of the photomask® on the substrate using a mask-aligner
MA1002 (SUSS MicroTec AG, Germany) and exposing the photoresist
to UV light from a mercury-vapor lamp for 120 sec.

e Developing the photoresist for 50 to 60 seconds. This etches the esist
everywhere it was not exposed to UV light. The developer used is MA-D
3325 (micro resist technology GmbH, Germany).

e Removing any remaining developer by rinsing the substrate in ultra-
pure water.

Sputtered Aluminium Films

The aluminum electrodes are deposited onto the substrates using a multi-
purpose argon ion sputtering system (manufactured by Veeco Instruments,
USA). A schematic representation of the system is depicted in figure 4.3.
The main component of the system is the deposition chamber housing the
plasma source (a DC-Kaufman plasma source [109]), a rotatable target holder
(capable of holding three different sputtering targets simultaneously), the sub-
strate holder and the deposition monitor.

IThe photomask contains the pattern of the electrode structure which will be deposited
onto the substrate. The photomask used within the present work was obtained from ML&C
GmbH Jena, Germany.
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Figure 4.3: Schematic representation of the argon sputtering system
used for the production of aluminum electrodes on the silicon substrates of
cryogenic light-detectors with Neganov-Luke amplification. The main part
of the system is the deposition chamber housing the plasma source (a DC-
Kaufman plasma source [109]), the sputtering targets and the substrate
holder with an attached deposition monitor. The substrate holder can be
moved into the ion beam in order to expose the surface of the substrate
to the Ar-ion beam. This is used to clean the substrates’ surface and to
remove the natural silicon oxide layer (e.g., SiO2) at the surface of the
substrate. The shutter is used to initiate and terminate the sputtering
process.
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The deposition chamber is evacuated using a cryo-pump and the residual
pressure in the system is O(107° mbar). The argon plasma is produced in
the Kaufman type plasma source and the argon ions are accelerated onto
the sputtering target by a DC voltage applied between the source and the
acceleration grid.

The sputtering process can be initiated and terminated using a shutter
between the acceleration grid and the target. The thickness of the depos-
ited thin films with a quartz crystal deposition monitor (comparable to the
system installed in the IrAu deposition facility 4.1.1).

Prior to the deposition of a aluminum thin-film, the substrate is turned
into the Ar-ion beam for ~ 30sec. This step is performed to remove the
natural silicon oxide layer and is necessary to produce a well defined metal-
semiconductor interface (see [61]). Within this thesis, aluminum thin-films
with a thickness of 500 nm are produced at a deposition-rate of 0.2—0.3 nm/ sec.

Removal of the Photolithographic Lift-Off Mask

After the aluminum deposition, the photoresist is removed in an ultrasonic
bath using acetone and the substrate is again cleaned in an ultrasonic bath
using acetone, isopropyl alcohol and ultra-pure water.

Annealing of Aluminum Contacts

Annealing of the silicon substrates and the deposited aluminum electrodes is
performed in a high-temperature annealing furnace in a dedicated silica glass
tube [61].

The annealing process consists of the following steps:

o Evacuating the glass tube using a membrane pump and flushing the
glass tube with forming-gas 95/5 (a gas mixture containing 95% No
and 5% Hy) or ultra-pure nitrogen gas (purity 6.0). Throughout the
annealing process, the glass tube is constantly flushed with the gas.

» Heating the furnace from room temperature to 400 °C with 300°C/ h.
e Annealing the substrate at 400 °C for 30 minutes.

« Cooling the furnace back to room temperature with 300°C/ h.
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4.2 Cryostat

The cryostat used to perform the measurements with cryogenic detectors
discussed in the present work is operated in the shallow underground labor-
atory (UGL) of the Physics Department at Technical University Munich —
located in Garching, Germany — which provides a shielding of ~ 15 meter
water-equivalent (m.w.e.) against cosmic ray particles. The shielding consists
of at least 6 m of gravel and soil in each direction, reducing the flux of the
hadronic component by ~ 100% and the flux of atmospheric muons by a
factor of ~ 3 [110].

The cryostat has been used previously for low-background measurements in
the framework of the solar neutrino experiment GNO [111, 112] and is there-
fore surrounded by a ~ 10 — 15 cm low-activity lead shielding against ambient
radioactivity and an active muon veto system to identify muon induced events
in cryogenic particle detectors. The cryostat, together with the shielding and
the muon veto is situated in a ~ 2m deep pit within the laboratory. Calib-
ration sources can be inserted into the setup using an access tube located
between the liquid helium dewar and the lead shielding. A schematic drawing
of the setup is shown in figure 4.4. For the measurements presented in this
work, the active muon veto system is not used. Details about the muon veto
can be found in [111]. For the development of novel cryogenic light detectors
and for the characterization of new target materials in the framework of cur-
rent and future rare-event search experiments (CRESST-II [52], EURECA
[58] and future experiments searching for the neutrinoless double beta decay),
within the present work several new components have been installed in the
setup:

e A 4-channel SQUID system (see section 4.3.2).

» Optical fibers to calibrate cryogenic light detectors using the LED cal-
ibration technique (see section 4.3.3).

» Additional wiring required for the operation of Neganov-Luke amplified
light detectors (see section 4.3.3) and for a potential future operation
of cryogenic detectors with NTD (Neutron Transmutation Doped ger-
manium thermistors) readout.

« A new VME based data acquisition system (see section 4.3.4).

In the following, the operation of the *He/*He refrigerator as well as the
operation of cryogenic detectors will be discussed.
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Figure 4.4: Schematic representation of the low-temperature setup oper-
ated in the shallow underground laboratory in Garching, Germany. The
main component of the system is a *He/*He dilution refrigerator with a
base temperature of ~ 12mK. The system is also equipped with an ex-
ternal lead shield and an active muon veto which surrounds the sides and
the top of the lead shield. The low-temperature detectors are mounted
inside the inner vacuum chamber of the dilution refrigerator.
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3He/*He Dilution Refrigerator

The low temperatures of down to ~ 15 mK required for the operation of cryo-
genic detectors equipped with IrAu TES readout are generated by a *He/*He
dilution refrigerator (model Kelvinoz 100, Oxford Instruments plc, UK). The
refrigerator has a cooling power of ~ 140 uW at 100 mK and with detectors
installed, a base temperature of ~ 12 — 14 mK is achieved on a regular basis.
A detailed description of the working principle of a *He/*He dilution refriger-
ator can be found, e.g., in [113, 114].

The system can be cooled from room temperature to the base temperature
in ~ 30 h. The main steps of a typical cool down are:

« Evacuation of the inner vacuum chamber (IVC) to ~ 1-107° mbar.

o Filling the IVC with ~ 1cm? of *He exchange gas and pre-cooling the
cryostat to 77 K using liquid nitrogen (LNy) filled into the dewar (see
figure 4.4).

e Removal of LNy from the dewar.

« Filling the dewar with liquid helium (LHe) and cooling the cryostat to
~ 4.2K.

« Removal of the *He exchange gas via evacuation of the IVC and a
built-in adsorption pump.

« Cooling to ~ 1.8 K using a *He evaporation cooler (1K pot).
 “Condensing in” of the 3He/*He mixture into the mixing chamber.

o Gradually initiating the circulation of the condensed-in mixture within
the mixing circuit and performing the cool-down to mK temperatures.

The LHe dewar has a capacity of ~ 60 L and operation of the cryostat con-
sumes ~ 10L of liquid helium per day due to evaporation from the dewar
and the 1K pot. Therefore, the LHe dewar has to be refilled every 4-5 days.
In the present work, the cryostat was continuously operated for up to ~ 4
weeks.

Below the mixing chamber, the cryostat is equipped with a cylindrical exper-
imental chamber (= 98 mm, h = 300 mm). Detectors are thermally coupled
to a copper cold-plate at the top of the experimental chamber.
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Mounting of Cryogenic Detectors

A typical Neganov-Luke light detector is shown mounted inside an annealed
copper holder in figure 4.5. The detector is held by Sintimid clamps which
act as both thermal and electrical insulation. The holder is equipped with
several copper bond pads for the electrical connection of the detector to the
SQUID readout circuit and to apply the Neganov-Luke voltage. The detector
is connected to the bond pads by means of ultrasonic wedge bonding using
25 pm aluminum bond wires and an additional thermal link between the TES
and the copper holder is established using a 25 ym gold bond wire.

Copper holder

b, 20 x 20mm? silicon absorber
‘timid clamps
mer substrate
Al bond wires (electrical contact) &
Au bond wires (thermal link)

Bondpads for TES readout

Bondpads and Al bond wires for NL voltage

Figure 4.5: Neganov-Luke light detector mounted inside an annealed
copper holder. A silicon TES carrier (5 x 3 x 0.5 mm?) is glued onto the
20 x 20 x 0.5mm? silicon light absorber. The detector is held by three
Sintimid clamps which act as a thermal and electrical insulation. The
electrical connections for the TES readout and to apply the NL voltage
are realized by 25 um Al bond wires. The TES is thermally coupled to the
copper holder via a 25 um Au bond wire. (The aluminum electrodes on
the backside of the silicon absorber are not visible).

The holder is fixed onto the cold plate using a Sintimid rod and a thermal link
is provided by a copper wire of ~ 1 mm diameter. To stabilize the holder at
temperatures above the mixing-chamber temperature, the holder is equipped
with a thermometer (typically a calibrated Speer resistance thermometer)
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and a heater resistor.

The details of the temperature stabilization and the detector readout will be
described in the following sections.

4.3 Measurement Electronics

4.3.1 Temperature Stabilization of Cryogenic Detect-
ors

The temperature of the detector holder is measured using a calibrated Speer-
type resistance thermometer?. The resistance of the thermometer is measured
using a four-point resistance bridge (model AVS-47, Picowatt, Finnland) and
the thermometers show typical resistance values in the range of 15 — 35 k(2
at the base temperature of the cryostat (Tyese =~ 12 — 14 mK).

The temperature can be actively stabilized at a temperature Thoiger > Thase
by applying a dissipating heating power to a resistive heater also mounted
on the detector holder. This power is regulated by a PID controller (model
TS-530, Picowatt, Finnland) which is connected to the resistance bridge. The
resistive heaters are fabricated from strain gauges with a room temperat-
ure resistance of ~ 120 (obtained from Vishay Micro-Measurements, USA)
which are glued onto an annealed copper block using Stycast 2850FT epoxy
resin. The temperature of a stabilized detector holder during ~ 2 days of
measurement time is shown in figure 4.6.

The cryostat is equipped with wiring for the installation of four individual
thermometer/heater pairs of which two pairs can be operated simultaneously.
Wiring supplied by the cryostats manufacturer is used above the 4.2 K stage of
the cryostat while below this stage, the wiring is provided by superconducting
NbTi twisted-pair wires in CuNi matrix (obtained from GVL Cryoengineering
GmbH, Germany) to reduce the thermal load on the mixing chamber. At the
4.2 K stage, the thermometer signals are filtered using RC low-pass filters with
a cutoff-frequency of f3gp = 80kHz to prevent the pickup of high frequency
electronic noise which can influence the resistance measurement. A schematic
drawing of the temperature control circuit is shown in figure 4.7.

2All thermometers used in this work were obtained from Dr. K. Neumaier
( Walter-Meissner-Institut fir Tieftemperaturfoschung, Garching).
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Figure 4.6: This plot shows the temperature of a low-temperature de-
tector holder, stabilized at ~ 23.8 mK over the course of ~ 45h. Temperat-
ure values were sampled once every second. The left plot shows a gaussian
fit to a histogram of the recorded temperatures. The average temperature
is 23.81 £ 0.01 mK (1o width). The right plot shows the time dependence
of the recorded temperature. A linear fit to the data shows that the tem-
perature can be considered to be constant within £10u K (the fitted slope
is 1.1-107°mK/ h).
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Figure 4.7: Schematic drawing of the electrical circuit used to stabilize the
temperature of a detector holder at mK temperatures. The thermometer
resistance Ry is read-out using a four-point resistance bridge (AVS-47).
The resistance bridge is connected to a PID controller (TS-580) which
controls the power dissipated in a heating resistance Ry to maintain a set
resistance value.
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4.3.2 SQUID System

As discussed in section 2.1, particle interactions within the absorber of a cryo-
genic detector rise the TES temperature and therefore induce a change in the
TES resistance. This change in resistance is read-out using a matching low-
impedance readout scheme based on Superconducting Quantum Interference
Devices (SQUIDs). As mentioned before, within the present work the cryostat
has been equipped with four independent SQUID read-out channels which
allow the operation of four low-temperature detectors during one cool-down
of the cryostat.

To translate these temperature induced resistance variations into an electrical
signal, the TES film (characterized by Rrgs) is connected to a readout cir-
cuit schematically depicted in figure 4.8. The electrical circuit consists of a
shunt resistance Rgpyn: which is parallel to the TES film (characterized by
the resistance Rrps) and the input coil (Lgg) of a SQUID?. The electrical
connections between the resistances and the input coil of the SQUID are
made using NbTi wires which are superconducting at the temperatures used
to operated the detector and the SQUID.

When a constant bias current Ig;,s is applied to the circuit, it splits across
both branches of the circuit according to Kirchhoft’s law:

Rshunt
[ - [ ias ° 41
TS b Rshunt + RTE'S ( )

A change in the TES film resistance therefore alters the branching ratio of
the currents in the two branches of the circuit. The current change in the
TES branch of the circuit induces a change of the magnetic field (ABinput coil)
in the input coil of the SQUID which is then translated into voltage signal.

An introduction to the working principle of SQUIDs can be found in [115, 116].
In this work, so-called de-SQUIDS, which consist of a superconducting loop
which is intersected by two Josephson junctions, are used. The shielding
current Ig in the SQUID depends strongly on the flux ®4 through the area
A enclosed by the superconducting loop [115]:

Is(®4) = 21.sin (61 il 52) cos (7”}%1) (4.2)
2 o,

I, is the critical current of a Josephson junction, d; o are the phase differences

3Superconducting Quantum Interference Device, a very sensitive magnetometer which
can be used to translate small changes of a magnetic field into a voltage signal.
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SQUID

Figure 4.8: Schematic of the electrical circuit used to readout temperature
changes of the TES film. A shunt resistance Rgpyun: is in parallel to the
TES film resistance Rrgg and the input coil of a de-SQUID. The circuit is
biased with a constant current Ip;,s. Changes in the TES resistance alter
the current through the TES branch of the circuit and induce a change
(ABinput coil) of the magnetic field in the input coil of the SQUID.

across the individual junctions, ® 4 is the flux through the superconducting

loop and ®; = & ~ 2.0710~> Wb is the magnetic flux quantum. The current

2e ™

Is(®4) shows a periodicity with ®y.

The SQUID is biased with a constant current Isgprp which is superimposed
to the screening current Ig and the corresponding voltage drop across the
SQUID exhibits the same periodicity with ®, as Is. Therefore, if the voltage
drop across the SQUID is measured, the magnetic flux through the supercon-
ducting SQUID loop can in imprinciple be measured very precisely. However,
the SQUIDs response function is highly non-linear and therefore the SQUID
is operated with an additional electronic feedback system. The employed
Flux-Locked-Loop (FLL) electronics (feedback system) compensates the flux
through the SQUID loop via the flux induced by an additional feedback
coil (@ peegpack)*- The feedback system linearizes the response function of the
SQUID and increases its dynamic range.

When operated in FLL mode, the output of the FLL electronics is propor-

4The magnetic field in the feedback coil is generated by a current applied to the coil
via the wire-pair @ shown in figure 4.10.
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tional to the change of the magnetic flux through the SQUID which is itself
proportional to the current flowing through the input coil of the SQUID:

A‘/SQUID X A(I>a X ABinput coil X AITES

A schematic representation of the SQUID readout electronics (FLL electron-
ics) is shown in figure 4.9. Using this SQUID system, the current changes in
the TES branch of the readout circuit (included by the temperature variations

in the absorber) can be measured very precisely via the change in magnetic
flux though the SQUID loop.
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Figure 4.9: Schematic drawing of the SQUID readout electronics [117]
used in this work. The electronics consists of a SQUID module mounted
at the 1.8 K stage of the cryostat and a flux-locked loop (FLL) electronics
module operated at room temperature. The input coil is connected to the
TES readout circuit (figure 4.8). Changes in the TES resistance induce a
magnetic field through the SQUID.

The SQUIDs and readout electronics used in this work were obtained from
Supracon Jena®. The four SQUIDs (model CSblue, Supracon Jena, Germany)
are mounted inside a superconducting niobium housing to shield external
magnetic fields and are installed at the 1.8 K stage of the cryostat. The four
shunt resistances® are mounted in copper boxes below the mixing chamber.
In order to ensure a reliable cooling of the shunt resistance, it is coupled to
the to copper box using epoxy resin (Stycast 2855FT). The shunt-box also

Sformerly operating as JeSEF - Jena Superconductive Electronics Foundry, Germany.
5The the individual shunt resistors have a resistance of Rghun: = 50m§) at room
temperature.
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acts as an electrical shielding for the shunt resistance. Figure 4.10 shows a
schematic representation of the complete read-out system.

The wiring above the 1.8 K stage of the cryostat is provided by twisted-pair
copper wires while the wiring below this stage is provided by superconduct-
ing NbTi (Te = 9.2K) twisted-pair wires (all wires are obtained from GVL
Cryoengineering GmbH, Germany). The twisted-pair wires are additionally
shielded by a CuNi mesh and all wires are thermally coupled to the 4 K, 1.8K,
750 mK and 100 mK stage of the cryostat to reduce the thermal load on the
mixing chamber.

The TES bias current (Iy;,s) is provided by a floating current source which
can provide an adjustable current in the range from several nA to 10 mA.
The current source is operated outside the cryostat at room temperature.
To prevent the pick-up of electronic noise, the bias wires are filtered by a
balanced RC low-pass filter with cut-off frequency of f3qg = 30 kHz.
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Figure 4.10: Schematic view of the detector readout installed in the
3He/*He cryostat. The SQUIDs are mounted at the 1.8 K stage of the
cryostat and the shunt resistance is mounted below the mixing chamber at
mK temperatures. The wiring from room-temperature to the 1.8K stage of
the cryostat is provided by twisted-pair copper wires and below the 1.8 K
stage of the cryostat, the wiring is provided by superconducting NbTi
(Te = 9.2K) twisted-pair wires. All wires are thermally coupled to the 4 K,
1.8 K, 750 mK and 100 mK stage. The TES bias current is provided by a
floating current source operated outside the cryostat at room temperature.
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4.3.3 Operation of Neganov-Luke Light Detectors

The operation of Neganov-Luke amplified cryogenic light detectors requires
additional wiring to apply the voltage between the aluminum electrodes on
the silicon light absorber and an optical fiber to perform energy calibrations
based on the LED calibration technique and also to regenerate NL light
detectors [60].

Neganov-Luke Wiring

Three dedicated twisted-pair wires are installed in the cryostat to apply
the Neganov-Luke voltage to up to three NL light detectors. The voltage
required for the operation of such light detectors is generated by a single-
channel floating voltage source (model HCB 0,14-1250, FuG Elektronik GmbH,
Germany). The voltage source provides a voltage between 0 and +1250 V and
a maximum current of £100 yA. A balanced RC-filter at room temperature
is used to prevent the pick-up of high-frequency noise. The wiring from
room temperature to the 4 K-stage of the cryostat is made from shielded
twisted-pair brass wires and the wiring from the 4 K to the mK-stage is made
from shielded, super-conducing NbTi twisted-pair wires. Plugs at the mixing
chamber are used to connect the detectors to the Neganov-Luke voltage.

LED System

For the energy calibration of cryogenic light detectors, short pulses of light
generated by a light emitting diode (LED), are used. The LEDs are operated
outside the cryostat at room temperature and the light is guided onto the
light detector using optical fibers.

A custom made vacuum feed-through for the optical fibers, based on standard
BNC connectors, depicted in figure 4.11, was constructed. The feed-through
is sealed using Stycast 1266 epoxy resin (Emerson-Cuming) and the LED is
operated inside a light-tight BNC plug. Two optical fibers (d ~ 0.5mm) lead-
ing from room temperature to the experimental chamber below the mixing
chamber are installed in the cryostat.

For the measurements performed in this thesis, blue LEDs (A = 430 nm,
Roithner Lasertechnik, Austria) are used. The short light pulses used to deposit
energy in the low-temperature light detector, e.g., for the energy calibration
described in section 5.3.1, are generated by driving the LED with rectangular
voltage pulses (typical parameters are: pulse width At,,;sc = 250 ns, voltage
Viep ~ 1.4 — 3 V), generated by an arbitrary waveform generator (model
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Figure 4.11: Image of the custom-made LED housing (left) and vacuum
feed-through for the optical fibers (right). Then the feed-trough is sealed
using Stycast 1266 epoxy resin.

HMF2525, HAMEG Instruments). These parameters lead to an instantaneous
(within the time resolution of typical low temperature light detectors) energy
deposition in the light detector. The arbitrary waveform generator can be
controlled via a serial computer interface. All parameters of the waveform
generator can be set via this interface. This allows to automatically set dif-
ferent LED intensities for the calibration of the light detector.

4.3.4 Data Acquisition System

The data acquisition (DAQ) system is based on the VME (Versa Module
Europa) bus architecture. The system is based on the DAQ systems de-
veloped in [118] and the readout software is being developed in [119, 120].

The DAQ system consists of the following components:

« An 8 channel 16 bit FADC (flash analogue to digital converter) module
(model SIS3302, Struck GmbH, Germany) with a sampling rate of up
to 100MS/s (million samples per second) and a resolution of 16 bits
each. Six channels with an input range of 0 to 20V are used to record
data from cryogenic detectors and two channels with an input range of
0 to 3V are dedicated to the readout of the AVS47 resistance bridges
described in section 4.3.1. A DC-offset can be superimposed on the
signal via a built-in DAC (digital to analogue converter).
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« A VME controller module (model V2718, CAEN S.p.A., Italy).
o A VME crate housing the FADC and VME controller modules.

o A DAQ PC used to read-out the digitized data from the FADC module.
In order to prevent an electrical connection between the DAQ PC and
the VME system, the PC is equipped with an A2818 optical link card.
This allows communication between the PC and the VME controller
via an optical link based on the CONET protocol.

A schematic representation of the VME DAQ system is depicted in figure 4.12.
The input range of each channel of the FADC module can be shifted individu-
ally by adding a DC voltage to the input signal using a 16 bit DAC (digital to
analogue converter). Since the SQUID electronics (see section 4.3.2) are not
designed to operate with voltage added to the signal, additional impedance
matching amplifiers (operational amplifiers with a constant gain of unity) are
used to separate the FADC input from the output of the SQUID electronics.

SIS3302 8-
channel ADC

DAQ Computer with V2718 VME [

optical link card A2818 Controller ©|8
©]
©}
optical link VME bus ©
< > < g o}
©]
©}

o1

Figure 4.12: Schematic representation of the VME data acquisition sys-
tem used for the measurements performed in this work. The data is di-
gitized using a 8 channel FADC module (Struck SIS3302) with an input
range of 0 to 20V (and 0 to 3V on the channels dedicated to the readout
of the four-point resistance bridges) with 16 bits resolution and a sampling
rate of up to 100MS/s each. The digitized signal is read-out via a VME
controller module (CAEN V2718) by a dedicated DAQ PC equipped with
an optical link card (CAEN A2818). The VME controller communicates
with the ADC module via the VME bus and with the DAQ PC via an
optical link.

Acquisition of Superconducting Phase Transitions

The DAQ system can be used to record the superconducting-to-normal phase
transitions of [rAu TES films. To perform an accurate measurement, the TES
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temperature has to be swept slowly (~ 10 —20 mK/ h) through the transition
region while constantly measuring the corresponding film resistance:

o The film resistance can be determined by applying a sinusoidal” bias
current with a peak-to-peak amplitude Alpg;.s (typically 1...10uA)
to the TES readout circuit (figure 4.8) and recording the correspond-
ing SQUID response. By fitting the SQUID response with a sinusoidal
function, the peak-to-peak amplitude AVgqyrp of the SQUID signal
can be determined. Using the known values for the SQUID amplifica-
tion Asqurp ([Asqurp|="V/4) and the resistance of the installed shunt
Rsnunt, the corresponding film resistance Rrpg can be calculated from
the SQUID signal:

AT was * A
Rres = Rshunt - ( BAVSQUiZUID — 1)

o To sweep through the transition region, the PID heater controller (sec-
tion 4.3.1) can be controlled by the DAQ PC using a GPIB® interface.
The AVS4T7 resistance bridge provides a voltage signal which is propor-
tional to the measured resistance of the thermometer mounted on the
detector holder. This signal is then digitized using one of the dedicated
ADC channels with reduced input range. Using the calibration function
of the resistance thermometer, the corresponding temperature can be
calculated.

Typical transition curves are depicted in section 5.3.

Acquisition of Detector Events

The SQUID signals from a cryogenic detector operated in a working point?
are digitized using one of the six input channels of the FADC that provide
an input range of 0 to 20 V. To prevent aliasing, the signals are filtered using
an RC low-pass filter with a cutoff frequency of fsyp = 80 kHz.

An internal trigger of the FADC module, whose threshold can be set indi-
vidually for each channel, is used to save events from the cryogenic detectors.

7 A sinusoidal current can be generated by applying a sinusoidal voltage signal (generated
by a function generator) to the input of the current source described in section 4.3.2. This
voltage is converted into a current within the current source.

8GPIB is an abbreviation for General Purpose Interface Bus.

9A working point is characterized by the temperature of the detector holder (which is
actively stabilized) and the applied bias current Ig;qs.
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Since the trigger is initiated once a set threshold is exceeded, any non con-
stant (i.e., time dependent) DC offset on the signal has to be removed before
triggering!®. This is achieved by splitting the SQUID signal into a raw data,
signal and a trigger signal, both of which are fed into the FADC module. The
trigger signal is filtered using an additional RC high-pass filter (f3;5 = 8 Hz)
to remove the DC component of the signal. To be able to lower the trigger
threshold, the trigger signal is additionally filtered using an RC low-pass filter
with a cut-off frequency of f3gp = 1.7 kHz which removes high frequency noise
contributing to the signal. This, however, also leads to a slight distortion of
the signal which increases the trigger-walk of the threshold trigger. Figure
4.13 shows the “raw” signal (blue line, the pulse is only filtered by an 80 kHz
low-pass filter'!) and the trigger signal (red line) for a sample pulse. The
effect of filtering the raw signal (i.e., reduction of the high frequency noise
and distortion of the signal) can be seen. The trigger walk has to be con-
sidered when determining the pulse height by means of a template fit [119]
(see section 5.4).
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Figure 4.13: This plot shows both, the raw signal (blue line) and the
trigger signal (red line) for a typical event in a cryogenic light-detector.
The trigger signal is filtered using a 8 Hz high-pass filter in order to remove
the DC component of the signal and a 1.7 kHz low-pass filter to remove
high frequency noise from the signal. The “raw” signal is filtered using
only a 80kHz low-pass filter to prevent aliasing.

10The operational mode of the SQUID electronics leads to a varying DC offset.

Tn the frequency domain, only frequencies smaller than ~ 10kHz contribute to the
signal. Therefore, filtering the signal using an 80 kHz low-pass filter does not influence the
signal [119]



Chapter 5

Measurements with a
Cryogenic Detector Module

In this chapter, measurements of the Cherenkov radiation emitted from a
TeO, crystal operated as a cryogenic phonon detector with a NL amplified
cryogenic light detector will be discussed. The goal of these measurements is
to show that a discrimination between v induced events, which have an event
signature similar to Ov 3 events, and « induced events, which are considered
a dominant background source in current generation Ovf[ experiments, is
possible on an event-by-event basis. The measurements will show for the
first time that, at energies close to the Qs value of *Te of ~ 2.5 MeV, an
a-discrimination of 2 99% is possible while simultaneously accepting 99.8%
of v induced events (which have an event signature similar to the expected

Ov(33 signal).

In order to determine the suppression efficiency between o and e~ /+ induced
events, measurements with a cryogenic detector module, consisting of a TeO,
phonon and a NL light detector, irradiated with a '47Sm a-source and a ?*Th
~v-source have been performed.

5.1 Experimental Setup

The measurements performed in this work were performed with, a detector
module consisting of a TeOs phonon detector and a Neganov-Luke amplified
cryogenic light-detector. For the phonon detector, a 20 x 20 x 10 mm? TeO,
crystal with a mass of ~ 24 g is used while the silicon absorber of the light
detector is 20 x 20 x 0.5 mm? in size. Both detectors are based on the compos-
ite detector design [73], using IrAu-based transition edge sensors evaporated

87
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onto 5 x 3 x 0.5mm? silicon carrier substrates which are then glued onto
the individual absorbers. The basic working principle of such detectors is
described in section 2.1. The fabrication of IrAu transition edge sensors and
the fabrication of aluminum electrodes for NL light detectors are described
in section 4.1.1 and section 4.1.2, respectively.

The detector holder is mounted onto a cold plate below the mixing cham-
ber of the *He/*He dilution fridge (see section 4.2) by means of a Sintimid*
rod which provides thermal and electrical insulation between the detector
holder and the cryostat. A defined thermal link between the cold plate and
the detector holder is established via a ~ 1 mm diameter copper wire. The
temperature of the detector holder is actively stabilized at a temperature of
~ 42mK using the technique described in section 4.3.1.

Figure 5.1 shows a schematic drawing of the detector module. The inner
surface of the detector holder is covered with a light reflecting polymeric foil
(3M® VM2002) to increase the collection efficiency of the Cherenkov radi-
ation emitted from the TeO, crystal in the cryogenic light detector. Only
the parts for mounting the detectors and additional openings in the detector
holder, required for the bondpads for the TES readout and for the application
of the NL voltage to the light detector, are left uncovered. For the energy
calibration of the NL light detector, an optical fiber (see section 4.3.3) is used
to guide light pulses generated by a LED operated outside the cryostat into
the detector holder.

During the measurements, the phonon detector is irradiated by a ?*Th ~
calibration source, placed outside the cryostat at a distance of ~ 28 cm in the
source lift indicated in figure 4.4, and a 47Sm « source placed directly below
the TeO, crystal (see figure 5.1) at a distance of ~ 0.5cm. The «a source is
described in section 5.2).

It should be noted that the reflective foil (3M® VM2002) is also scintillating
and that it can therefore not be used in future experiments employing the
background suppression technique studied in this work?. This is due to the fact

1Sintimid is a polyimide with good mechanical properties at low temperatures. It fur-
thermore provides good thermal and electrical insulation. The material used in the present
work is Tecasint 1011, obtained from ENSINGER GmbH, Germany.

2Within this background suppression scheme, signal-like (e~ /7) events are characterized
by an energy deposition in the TeOs crystal and a simultaneous signal in the cryogenic
light detector induced by the Cherenkov radiation emitted by highly energetic electrons
within the crystal. a-induced background events on the other hand are characterized by a
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NL Light-Detector

(Aluminum electrodes on bottom side)

\ Sintimid Clamps

3 Reflective Foil
NS (3M® VM2002)

Copper Housing

Optical Fiber

TES — D

TeO, Crystal

> PTFE Clamps
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40 (not visible)
Figure 5.1: Schematic cut-away view of the detector module used for the
measurement of Cherenkov radiation emitted from a TeOq crystal by a-
and y-induced events. A 20 x 20 x 10 mm? TeOs crystal is mounted inside
a copper detector housing by means of four PTFE clamps. The Neganov-
Luke amplified cryogenic light-detector is mounted using three Sintimid
clamps. The inner surface of the copper housing is covered by a reflective
polymeric foil (3M® VM2002). In order to perform an energy calibration
of the light detector, an optical fiber is used to guide light from a LED
operated at room-temperature directly into the detector housing. The
temperature of the copper housing is actively stabilized at ~ 42 mK. The
aluminum electrodes of the NL light detector are located on the bottom
side of the detector and are not visible here.

that a particles emitted at the surface of the crystal can produce scintillation
light in the reflective and scintillating foil and therefore mimic the event
signature of e~ /y-induced events.

signal in the TeOs crystal and no simultaneous light emission from the crystal.
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5.2 4Sm a-Source

In order to irradiate the TeO, crystal with « particles of an energy close to
the Q-value of the Ov3f decay of "*'Te (Qgs = 2.53 MeV) a "Sm a-source
is used.

Since no commercial source was available for the measurements in the present
work, a custom made « source, consisting of a sheet of natural samarium, was
employed. Natural samarium contains ~ 15% of *"Sm [88], an a-decaying
isotope of samarium with a half-life of 1.06 - 10" yr [121]3. The specific «
activity of natural samarium is ~ 124 Bq/g and the energy of the « particles
emitted in the decay of 1*7Sm is ~ 2.31 MeV. Their range* within the mater-
ial used to build the source is ~ 6 um which indicates that only « particles
emitted at or close to the surface of the source can reach the crystal. Since
« particles not produced directly at the surface of the source lose part of
their energy within the source, a flat spectrum of energy-degraded a events
is expected.

Within the detector module, the source is placed in a groove machined into
the bottom copper lid below the TeOs crystal and is fixed therein using
low temperature varnish (also known as IMI-7031 or GE, obtained from
Budzylek SCB GbR, Germany). The dimensions of the samarium sheet are
~ 13 x 13 x 1mm?. Figure 5.2 shows a photograph of the samarium source,
mounted inside the copper lid and partly covered by a light reflecting foil (3M©
VM2002). An area of ~ 10 x 10 mm? is left uncovered to provide a direct line
of sight between the source and the TeO, crystal which is mounted directly
above the a source (distance ~ 0.5cm). In order to prevent scintillation light
from « particles which interact directly with the reflective foil, the surface of
the foil facing the samarium source is covered by an ~ 60 ym thick Kapton
tape.

To estimate the event rate expected from the source, it is assumed that the
“active” volume is 10 mm x 10 mm x 6 gm and only a-particles emitted within
the solid angle covered by the crystal (~ 2/3m) are considered. This leads to
an expected a event rate of O(0.1Hz) in the TeO, crystal.

3Since the other a-decaying isotopes of samarium are either only abundant in traces
(*46Sm) or too long-lived (148Sm) [88], their contributions to the total activity can be
neglected.

4The range of the 2.31 MeV a-particles, emitted in the decay of 7Sm, within samarium
has been determined using the SRIM (The Stopping and Range of Tons in Matter) simula-
tion software [122].
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Figure 5.2: Photograph showing the sheet of natural samarium, used as
an « source, mounted inside the bottom copper lid of the detector module.
The copper lid is covered with a light reflecting foil (3M® VM2002) to
increase the light collection efficiency in the detector module. Only an
area of ~ 10 x 10mm? is left uncovered to provide a direct line of sight
between the source and the TeOq crystal which is mounted directly above
the source at a distance of ~ 0.5 cm.
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5.3 Cryogenic Detectors

5.3.1 Neganov-Luke Amplified Light Detector

The Neganov-Luke amplified light detector (internal designation Si593D)
consists of a 20 x 20 x 0.5 mm? high-purity p-type silicon substrate (specific
resistivity p > 6 k{2 cm at room temperature, both sides of the substrate are
highly polished (“epi-polished”) which acts as a light absorber. The phonon
signals, induced by the absorbed photons, are read-out using a superconduct-
ing IrAu TES which is evaporated onto a 5 x 3 x 0.5mm? silicon carrier
and then glued to the top of the absorber using an epoxy resin with good
thermal properties at cryogenic temperatures (Epo-Tek 301-2, obtained from
John P. Kummer GmbH, Germany). The fabrication of TESs is described in
section 4.1.1.

On the bottom side, the silicon substrate is equipped with four aluminum elec-
trodes (each 18 x 0.2 mm? in size and ~ 500 nm thick, the distance between the
electrodes is ~ 6 mm) which are used to generate the electric field required for
the operation of the light detector in the Neganov-Luke amplified mode (refer
to section 2.2 for a description of the working principle of NL light detectors
and to section 4.1.2 for a description of the production process). This electric
field is generated by a so-called Neganov-Luke voltage Vi which is applied
between adjacent electrodes. Figure 5.3 shows a schematic of the electrode lay-
out as well as the way the voltage is applied between the individual electrodes.

The super-to-normal-conducting transition of the TES, which has a trans-
ition temperature of To ~ 63mK and a transition width of ATy ~ 3mkK,
is depicted in figure 5.4. The detector holder is stabilized at a temperature
of ~42mK (indicated by the red line in figure 5.4). This temperature is
optimized to operate both the light detector and the TeO, phonon detector
(see section 5.3.2) simultaneously. The TES is heated to the working point in
the transition region by applying a bias current of Ig;,s &~ 110 pA.

For this detector, a Neganov-Luke voltage of up to ~ 110V can be applied
between the electrodes. Above this voltage, sudden break-downs of the sub-
strate occurred which are likely caused by a current flowing across the absorber
surface which leads to an immediate heating of the detector, the holder and
the mixing chamber to temperatures of 100 — 200 mK. During the measure-
ments presented in this work, the device was operated continuously for periods
of up to ~ 42h with a voltage of Viy;, = 70V applied between the electrodes.
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Figure 5.3: Schematic drawing illustrating the layout of the aluminum
electrodes on the Neganov-Luke (NL) light detector $i593D. The dimen-
sions of each strip are 0.2 x 18 mm? and the distance between the strips is
~ 6 mm. The thickness of the aluminum electrodes is ~ 500 nm. The dotted
lines indicate the way the NL voltage is applied between the electrodes.
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Figure 5.4: Super-to-normal-conducting transition curve of the IrAu TES
used to readout the heat signals of the Neganov-Luke amplified light-
detector (Si593D). The transition temperature of the TES is T ~ 63 mK
and the transition width is AT ~ 3mK. The transition curve was recorded
by sweeping the temperature of the detector holder between ~ 40 mK and
~ 75 mK| starting from below the transition temperature. A bias current
of 1 uA was used to record this transition curve by means of the technique
described in section 4.3.4. The red line indicates the temperature (~ 42 mK)
used to stabilize the detector holder during the measurements discussed
in this work.
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Energy Calibration without Applied Neganov-Luke Voltage

The energy calibration of the cryogenic light detector is performed using a
calibration scheme based on the counting-statistics of the photons absorbed
by the light detector as described in [59, 60] and [61]. At first, the calibration
of the light detector without an applied NL voltage will be described®.

For the calibration, the light detector is illuminated with short light pulses of
various intensities, generated by a LED operated outside the cryostat at room
temperature (compare section 4.3.3). Since the NL light detectors described
in this work are primarily developed in the framework of direct dark matter
search with CaWQ, crystals, a LED® matching the scintillation spectrum of
these crystals is used. However, the wavelength of the LED can be adapted
to match the spectral response of other scintillating crystals as well. As will
be discussed later, matching the LED to the spectral shape of Cherenkov ra-
diation, due to the wide energy spectrum, was not possible in the present work.

The data acquisition system is triggered in coincidence with the LED signal
and the raw pulses of the events in the light detector are recorded. For each
individual event, the corresponding pulse height of the light detector is then
determined in an offline analysis using a template fit on the raw pulses from
the light detector (for a description of the applied fit refer to [119]).

Figure 5.5 shows several pulse-height spectra corresponding to the different
LED intensities used in this calibration measurement. Following [59, 60], the
pulses corresponding to an individual LED intensity are characterized by a
mean pulse height x and a peak width o;,;. These parameters are determined
by fitting a gaussian function to each individual pulse-height spectrum as
illustrated in figure 5.5.

In the case of a linear detector response, it is assumed that the total photon
energy (FE) for each detected light pulse in the cryogenic light detector is

5During the LED calibration measurements and measurements with calibration sources
performed without an applied NL voltage, both NL electrodes were connected to ground
potential outside the cryostat via an 50 (2 resistance.

5A blue InGaN LED (Apgp = 430 nm, corresponding to E,;, &~ 2.9€V), model LED430-
06 from Roithner Lasertechnik, Vienna, Austria is used.
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directly proportional to the pulse height () of the heat signal’, i.e.:

E
E=Ey,-N="2.2=b.z (5.1)

a
where I, is the average energy of the detected photons and N is the number
of detected photons. The parameter a = < is a conversion factor between the

pulse height = and the number of detected photons N.
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Figure 5.5: This figure illustrates the method used to derive the paramet-
ers required for the LED calibration technique. For each LED intensity, a
histogram (blue lines) of the corresponding pulse heights (obtained from a
template fit [119] of the raw pulses) is fitted with a gaussian function (red
lines) to determine the average pulse height = and the variance oo.

Equivalently, the parameter b = E,,/a = N - Ep, /o (b is given in units
[eV/Ch.]®) is a conversion factor between the total energy and the corres-
ponding pulse height. These scaling factors can be determined using the LED

calibration technique.

"This assumption, however, is only valid for an instantaneous energy deposition in
the light detector as it is expected for the LED calibration as well as the Cherenkov
radiation emitted from TeOs crystals. For light detected from CaWOy crystals (e.g., in
the CRESST-II experiment [52]), the time constant of the scintillation process leads to
an energy deposition that is no longer instantaneous. See [61] for a description of the
scintillation process in CaWOQy.

8The pulse height is measured in units of ADC channels of the data acquisition system.
Throughout the present work, the abbreviation Ch. is used for ADC channels.
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The peak width o4, (derived from fitting a gaussian function to the amplitude
spectrum (compare figure 5.5)) corresponding to a certain LED intensity
is assumed to depend only on contributions independent from each other,
i.e., electronic noise (o), position dependence (0,,s), charge trapping (o)
etc. and a contribution due to photon counting statistics (o,), and can be
expressed as [59, 60]:

U?ot(E) = U;h(E) + O-gl + Ut2r + 012205 + .. (52)

Furthermore, an energy dependence of all other contributions apart from the
photon counting statistics is neglected. In this case, the peak width can be
written as [59, 60]:

Oiot(E) = 05 + 0y (E) (5.3)

where the term o3 accounts for all energy independent contributions? and
opn(E) describes the contribution due to photon counting statistics (on(N) = vV N).
This contribution can be written in terms of ADC channels as [59, 60]:

opn(z) =a-on(N)=a- VN (5.4)

The total peak width'® can then be written as [59, 60]:

Oror(7) = \Jo + 02 (2) = \JoR +a2- N =\JoF +a-2  (55)

This relation is referred to as “calibration function” and is used to describe the
parameters (i.e., oy,(2)) which are obtained by fitting the spectra correspond-
ing to the individual intensities with a gaussian function (compare figure 5.5).

Figure 5.6 shows a plot of the obtained parameters for the LED calibration
measurement shown in figure 5.5'!. Both the constant term oy as well as the

9The term o can be interpreted as the width of the baseline (o1) of the light detector,
i.e., the statistical fluctuation of the noise present in all recorded pulses. Similar to figure 5.5,
a pulse height spectrum of events where no light pulses are present can be fitted with a
gaussian function to determine ogy. Here, a value of ogy, = 16.5 £ 0.3 Ch. is obtained.
0Here, oy is given in units of ADC channels.

" This calibration was performed prior to the measurement described in section 5.6.
Since the operational conditions (i.e., the working point and the noise present during the
measurement) can slightly change between individual measurements, e.g., if the cryostat
has been refilled between measurements, the calibration measurements are performed
prior to each measurement. In order to ensure operation in the correct working point, an
active detector stabilization technique has to be employed. The operation of Neganov-Luke
amplified cryogenic light detectors with with an active stabilization similar to the method
used by the CRESST-II experiment [123, 124] is currently being investigated [125].
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Figure 5.6: This plot shows the data points (black points) obtained
from the measurement performed with NL light detector Si593D shown in
figure 5.5. The error bars along both axis indicate the 1o errors from the
gaussian fit. A calibration function (equation (5.5)) is fitted to the data
points (red line) to obtain the constant noise term oy and the conversion
factor a between the pulse height and the number of detected photons. The
additional y-axis on the right shows the corresponding energy resolution
of the detector in eV and the additional x-axis on the top shows the pulse
height in keV.
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scaling factor a are obtained by fitting the calibration function (eq. (5.5)) to
the data points. The resulting fit function is also shown in figure 5.6 (red line).
From the fit the following parameters are obtained for this measurement:

o0 = 16.29 £ 0.19 [Ch.] (5.6)
a = 0.97 £+ 0.02 [Ch. /photon)] (5.7)

The errors correspond to the 1o errors of the fit. The corresponding energy
scale can also be calculated from the fit parameters of the fitted calibration
function (eq. (5.6) and (5.7)):

b=2.97+0.06[eV/Ch.] (5.8)

and, therefore, the constant term oy corresponds to 48.5 £ 1.1¢V.

The energy resolution of the detector can also be written in terms of the
detected energy as:

Oiot(E) = /02 - 02 + Epy - E (5.9)

where E, is the average energy of the detected photons and E is the total
energy detected by the light detector. In figure 5.6, the energy resolution in
eV is given on the right y-axis while the energy E in keV is given on the
upper x-axis.

The LED calibration technique has several advantages compared to a calib-
ration performed with °Mn x-rays emitted by a °*Fe source, which provides
two 5°Mn X-ray lines at 5.9keV and 6.5 keV and is commonly used to perform
an energy calibration of cryogenic detectors:

a) For the measurements performed in this work, the energy provided
by these X-ray lines is much higher than the expected signal of <
O(400eV) due to Cherenkov radiation. Therefore, the light detector
resolution at low energies cannot be determined using a °Fe calibration.
In [59, 60, 61] it was found that the energy scales obtained with an LED
calibration and with a ®®Fe calibration are in very good agreement within

<1%.

b) The absorption of 5Mn X-rays leads to a localized energy deposition
giving rise to O(1500) electron-hole pairs'? while the absorption of

12This value can be obtained from the total energy (~ 6keV) and the average energy
required to create an electron-hole pair (3.64¢V [78]) in silicon.
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optical photons in the spectral ranges relevant for both direct dark
matter search with CaWQ, as well as for the background suppression
in TeOs leads to single electron-hole pairs distributed over the absorber
surface.

¢) The light detector can be calibrated using light with a wavelength
matching the scintillation spectrum of the specific crystal used in the
experiment.

d) As has been shown in [59], the detector’s response, when operated in NL
mode, to ®*Mn x-rays is different compared to the response to optical
photons. This effect arises from the localized energy deposition (see [59]
for details).

In the measurements performed in this work (see section 5.5 and section 5.6)
the cryogenic light detector is used to detect Cherenkov radiation emitted by
electrons within a TeO, crystal. The emitted Cherenkov radiation follows a
broad spectral shape with a ~ 1/x2 wavelength dependence (see figure 3.2 for
a simulated spectrum) and the detected spectrum furthermore depends on
the optical properties of the TeO, crystal, the light reflecting foil, and the
silicon absorber (i.e., their respective reflectivity, transmission, and absorp-
tion spectra). Therefore, the average detected wavelength is very likely to be
different from the wavelength used during LED calibration and therefore also
the detector resolution with respect to the detected Cherenkov photons.

The energy calibration obtained with the LED calibration technique is also
applied to the measurements where Cherenkov radiation is detected. It is
therefore assumed that the energy scale derived using the LED calibration
technique (i.e., the detected energy corresponding to a certain pulse height of
the heat signal in the light detector) does not depend on the wavelength of
the detected photons (i.e., it is assumed that all deposited energy is converted
into heat'?). In the present work this aspect has not yet been not studied,
however, measurements with LEDs of different wavelengths are planned in
order to study this aspect [125, 127].

13Depending on the energy of the created electron-hole pairs (and therefore depending
on the energy of the absorbed photons), part of the absorbed energy could be lost due
to trapping of the charge carriers in defects within the absorber [126]. Furthermore, part
of the emitted Cherenkov spectrum is emitted in the spectral range between ~ 300 nm
and ~ 390 nm, where one photon can, with a certain probability, produce more than one
electron-hole pair [79]. Depending on the light collection within the detector module (see,
e.g., section 2.4), part of these photons could also be absorbed in the light detector. These
effects could, in principle, affect the conversion of the absorbed energy into heat.
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Thermal Gain and Energy Calibration with Applied NL Voltage

When a cryogenic light detector is operated with a Neganov-Luke voltage Vi,
applied between the electrodes and irradiated by photons with an average
energy I, the expected theoretical thermal gain Gy, can be calculated from
equation (2.4) in section 2.2. The experimentally observed thermal gain G,
can be determined by comparing LED calibration measurements performed
both with and without applied NL voltage.

With applied NL voltage, the average pulse height xq, of a light signal with
a certain intensity is amplified by the factor G.,, and results in pulses with
an average pulse height xnz(Vyr):

enL(Vve) = zov - Geap(Vivr) (5.10)

The thermal gain can then be derived by averaging the gain obtained from
several peaks which have known intensities [61]:

zn: zine(Vive) (5.11)

i=1 Z; 0V

Gexp VNL

3\+—‘

Due to the trapping of the drifted charge carriers in impurities and defects,
leading to reduced drift lengths of the charge carriers, the observed gain is
typically smaller than the theoretically predicted value. Furthermore, due to
the potential accumulation of charge carriers in the vicinity of the aluminum
electrodes (compare discussion in [59]), the thermal gain can decrease over
time when the detector is exposed to ionizing radiation and optical photons.

The energy scale of the Neganov-Luke amplified pulses can be deduced solely
from the measured thermal gain by introducing a new scaling factor which
takes the amplification of the signal into account [61]:

aNL(VNL) =a- Gexp(VNL) (5-12)
b (Ve) = b/Geap(Vr) (5.13)

therefore linking the energy scale obtained from the 0V calibration to the
measurement with applied NL voltage V.

Typically, the thermal gain is obtained from a LED calibration measurement
performed with applied NL voltage. However, the energy scale can in principle
also be derived in this way when the spectrum of the light emitted from the
crystal does not match the wavelength emitted by the LED or is not exactly
known (e.g., for Cherenkov radiation as mentioned before when discussing
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the LED calibration without applied NL voltage) by obtaining the thermal
gain from the signal amplification observed for certain reference points, e.g.,
the average amount of light detected from + lines (which can be identified
using the energy deposition in the phonon detector). However, it should be
noted that this aspect also requires further studies.

Energy Resolution with Applied NL Voltage

The application of the LED calibration technique to cryogenic light-detectors
operated with applied Neganov-Luke voltage with the goal to determine the
energy-dependent energy-resolution is discussed in great detail in [61].

Assuming that operating the NL light detector with applied voltage only
results in an amplification of the heat signal and that any other effects can
be neglected, the expected detector resolution can be derived from equation
(5.5):

O'NL(JZ') = \/0'(2) +a- Gexp<VNL) - T (514)

and equivalently, the energy resolution can be written as:

oNL(E) = /03 - 02/ Grap(Vii)? + Epn - B (5.15)

In this case, the improvement in energy resolution can be attributed to an
increased signal-to-noise ratio, i.e., a relative reduction of the constant term
oo and therefore an overall increase of the energy resolution.

It has been shown in [61] that, with applied NL voltage, the detector resolu-
tion is no longer described by the model used without applied NL voltage.

When operated with applied NL voltage, additional energy-dependent con-
tributions to the energy resolution become important: In [61], an extended
model of the detector resolution with applied NL voltage has been introduced:

oni(e) = /o3 + oonL(Var) +a- Geap(Vivr) -7+ 02, + 02, (5.16)

which takes additional uncertainties in the amplification process of the heat
signal (and therefore an uncertainty in the effectively measured energy) into
account:

o The term oo n.(Vyr) describes additional, energy independent, contri-
butions to the detector noise, introduced by the application of the NL
voltage (compare also [59]).
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o The term oo (Vr) = y/cee(Vr) - & o< v/N describes an uncertainty in
the amplification process of the heat signal induced by each electron-
hole pair, i.e., by each absorbed photon, due to an incomplete charge
collection of the generated electron hole pairs, caused by reduced drift
lengths.

o The term 0,.(Vyr) = \/¢re(VL) - 22 < N describes an uncertainty in
the amplification process of the heat signal due to an uncertainty in the
number of drifted electron-hole pairs, caused by a recombination of the
charge carriers while being drifted in the electric field.

A detailed description motivating the introduction of these terms and their
dependence on the NL voltage is given in [61]. The energy resolution cor-
responding to eq. (5.16) can be obtained by multiplying (5.16) with the
conversation factor of (5.13):

UNL(-’I:) - \/0'8 + UOJVL(VNL)Q +a- Gewp(VNL) - T+ U?C + O'gc . bNL(VNL) (517)

Figure 5.7 shows the energy resolution obtained from an LED calibration
measurement (triangular data points with error bars and dashed red line)
performed with a NL voltage of Vi, = 70V applied between the electrodes
together with the previously discussed LED calibration without NL voltage
(circular data points with error bars and solid blue line, compare figure 5.6)'*.
The figure furthermore shows the expected energy resolution given by equa-
tion 5.15 (blue dashed line). It can be seen that the data with applied NL
voltage cannot be described using the model given in equation 5.15 but is well
described by the model taken from reference [61] (given in equation (5.16)).
Below an energy of ~ 1400 eV, the energy resolution of the detector operated
with applied NL voltage improves compared to the calibration performed
without applied NL voltage. Above this energy, the additional terms in eq.
(5.9) lead to an energy resolution which is worse compared to the measurement
performed without NL voltage.

The observed thermal gain is Geyp (Vv = 70V) = 10.8 £ 0.1 (see eq. (5.11))
while the theoretical thermal gain expected form equation (2.4) (section 2.2)
is Gy, (T0V) = 25.3, i.e., a factor of ~ 2.5 larger than the observed value. The
1o threshold of the NL detector with applied NL voltage is onr(z = 0) =
7.8 £ 0.2¢eV, corresponding to an increase in the S/N ratio by a factor of
6.2 +0.1.

14This calibration was performed prior to the measurement discussed in section 5.6.
The obtained fit results are: og n(70V) = 23.0 £ 0.2 Ch, ¢,.(70V) = 5.01 £ 0.37, and
Cee(TOV) = (1.69 £ 0.55) - 10~%. The width of the baseline during this measurement was
opr, = 28.3+0.2Ch.
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Figure 5.7: Energy resolution of the NL light detector without applied
NL voltage (circular data points and solid blue curve corresponding to eq.
(5.9)) and with applied NL voltage (triangular data points and dashed red
fit curve corresponding to eq. (5.16)). Below ~ 1400V, the resolution of
the light detector improves when operated in NL mode while above this
energy, the additional terms in eq. (5.16) lead to a worse energy resolution.
However, in the energy interval relevant for the detection of Cherenkov
radiation emitted from a TeOq crystal (0—400 eV, compare, e.g., chapter 3),
the resolution is significantly improved. The dashed blue line shows the
expected energy resolution for a NL amplified cryogenic light detector as
described by eq. 5.15.
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Time Dependence of the Neganov-Luke Amplification

As reported in [59, 60], Neganov-Luke amplified cryogenic light detectors can
exhibit a reduction of the pulse height over time when operated with applied
NL voltage, which is caused by a reduction of the observed thermal gain. In
[59, 60] this reduction is explained by an accumulation of charge carriers in
defects in the vicinity of the aluminum electrodes. These charge carriers are
expected to build up an internal counter-field to the externally applied NL
voltage and in this way effectively reducing the voltage applied across the
substrate with time. These defects are likely generated during the production
process of the electrodes. In [59], a reduction of the pulse height by ~ 20%
within ~ 1h was reported at a photon flux of approximately 50keV/sec's.

In [61], a novel production process for the aluminum electrodes was developed
which includes an additional process to anneal the silicon absorber after the
deposition of the aluminum electrode strips (see also section 4.1.2). Due to
this additional step, the number of defects below the aluminum contacts is
significantly reduced leading to no observable decrease of the pulse height

with time!©.

The light detector described in the present work was manufactured according
to the new production process proposed in [61], however, the annealing step
was performed under Ny atmosphere instead of a forming gas atmosphere. A
dedicated measurement where the light detector was irradiated by a constant
photon flux has been performed to assess the reduction of the observed pulse
height with time. Figure 5.8 shows the obtained pulse heights versus the
corresponding time stamp. The data points are fitted using a function of the
form:

A(t) = Ao+ exp(pr +p2 - t) (5.18)

5The photon flux is an important parameter when comparing measurements with dif-
ferent detectors since the rate by which the pulse height decreases depends on the number
of electron-hole pairs created by each light pulse (i.e., the reduction depends on the rate
by which the available defects and traps are filled by charge carriers.).

During the measurement presented in [61] the light detector was irradiated with a
comparable photon flux and no significant decrease of the pulse height was observed.
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Figure 5.8: Time dependence of the measured pulse height of pulses recor-
ded with the Neganov-Luke light detector (Si593D) used for the measure-
ments in this work. The device is operated with a NL voltage of Vi, = 70V
and irradiated with light pulses from the blue LED at a rate of 20 Hz. The
average pulse height corresponds to a detected energy of ~ 3keV and,
therefore, the photon flux corresponds to ~ 60 keV/sec. During the 18 h
measurement, the pulse height is reduced by ~ 12%. The data points are
fitted using the function given in equation (5.18).
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and the following parameters are obtained:

Ag = 8397.4 +4.9[Ch]
p1 = 7.358 + 0.003
p2 = —0.083 £ 0.001 [1/h]

During the measurement, the light detector was exposed to a photon flux
of ~ 60keV/sec and a reduction of the pulse height of only ~ 12% was
observed after 18 h which corresponds to a reduction of ~ 0.7% in 1 h, a factor
~ 30 less than the reduction reported in [59, 60]. The observed reduction is
an important factor which significantly influences the time interval between
necessary regenerations of the detector. However, the influence of the specific
atmosphere used during the annealing process has to be studied further in
future experiments to improve the reproducibility of the fabrication process.

Summary

Using the LED calibration technique, it could be shown that the energy resol-
ution of the light detector increases significantly at low light energies between
0—400¢V (the energy range relevant for the detection of Cherenkov radiation
emitted form a TeO, crystal in the present work) when operated with applied
NL voltage compared to the operation of the detector without applied NL
voltage.

Furthermore, it could be shown that the light detector can be operated con-
tinuously for extended periods of time without regeneration. This aspect is
very significant for the application of NL detectors for rare event search ex-
periments (e.g., direct dark matter search experiments like CRESST-II or
future experiments searching for the neutrinoless double beta decay) which

are expected to take data continuously for up to several years!”.

Until now, the achieved thermal gain is smaller than the theoretically expected
value (compare also measurements performed in [59, 60] and [61]) and only
relatively low voltages can be applied between the electrodes. The origin of
these issues is currently being investigated and within the present work, a
new manufacturing technique to produce the aluminum electrodes has been
devised (see appendix A). First measurement show promising results, allowing

17The event rate in cryogenic rare event search experiments is typically < O(1 Hz), much
smaller than the event rates within the present work, and, therefore, the operational time
between the regeneration of NL light detectors is also expected to be significantly extended.
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of voltages of up to ~ 600V to be applied between the electrodes [128]. First
NL-amplified light detectors based on this new fabrication technique are
presently also under investigation [127].

5.3.2 TeO,; Phonon Detector

The phonon detector used for the measurements performed in this work (in-
ternal designation Si591D) consists of a 20 x 20 x 10 mm3 TeO, crystal with a
mass of ~ 24 g. Figure 5.9 shows the phonon detector mounted inside the cop-
per detector holder where the crystal is held by means of four PTFE clamps.
The inner surfaces of the detector housing are almost completely (see below)
covered by the same light reflecting foil (3M® VM2002) also used for the other
parts of the detector module. All surfaces of the TeO, crystal are roughened
to reduce trapping of the produced Cherenkov radiation within the crystal
due to total internal reflection. (The influence of surface roughening on the
light collection efficiency is, for example, described in [129] and is confirmed
by the simulations performed in appendix A).

The detector is equipped with an IrAu TES (a circular film, @ ~ 2mm),
which is evaporated onto a 5 x 3 x 0.5mm? silicon carrier and then glued to
the crystal using epoxy resin (Epo-Tek 301-2). The TES is used to measure
the heat signal induced by particle interactions in the crystal and the super-
to-normal-conducting transition of the TES film is shown in figure 5.10 (the
fabrication of IrAu thin films is described in section 4.1.1). The TES has a
transition temperature of T ~ 55 mK and a transition width of ATy ~ 5 mK.
The temperature of the detector holder is, as mentioned in section 5.3.1, sta-
bilized at a temperature of ~ 42 mK which is optimized for the simultaneous
operation of the phonon and light detector. The TES of the TeOs phonon
detector is heated to the working point in the transition region by applying
a bias current of Ip;.s ~ 72 uA.

The TES is connected to the readout circuit using 25 ym diameter aluminum
bond wires and the thermal coupling between the TES and the heat bath
is realized using two 25 um gold bond wires. The housing is not completely
covered by the reflective foil since small openings are required by the PTFE
support structure and the bond pads to reach into the detector holder. A
significant amount of the emitted light (~ 1/3, value obtained using the sim-
ulation described in appendix A) can escape the detector module. Thus, for
future measurements, the coverage with the reflective foil will be increased
further to achieve an improved light collection efficiency.
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PTFE Clamps

Detector Holder ——
Reflective Foil

TeOs Crystal

Al bond wires
TES Carrier
Au bond wires

Bond Pads

Figure 5.9: Photograph showing the 20 x 20 x 10mm? TeO, crystal
mounted inside a copper detector holder by means of four PTFE clamps.
To read out the heat signal induced by particle interactions, the crystal is
equipped with an IrAu TES, evaporated onto a silicon carrier substrate
which is glued to the absorber using Epo-Tek 301-2 epoxy resin. The inner
surface of the holder is covered with the same light reflecting foil used for
all other components of the detector module (3M® VM2002). All sides of
the crystal are roughened to increase light collection efficiency within the
detector module [129].
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Figure 5.10: The super-to-normal-conducting transition of the TES used
to measure the heat signal from the TeOs phonon-detector Si591D is shown.
The transition curve is measured with a bias current of 1 yA. The red line
indicates the temperature (~ 42mK) used to stabilize the detector holder
during the measurements discussed in this work.
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Energy Calibration

The energy calibration of the TeOy phonon detector is performed using vari-
ous 7 lines present in the pulse height spectra of the measurements performed
with the 22Th ~ calibration source. The source is placed outside the cryostat
in the source lift between the liquid helium dewar and the lead shielding
(as discussed in section 5.1, see also figure 4.4) at approximately the same
height as the TeO crystal. The distance between the source and the crystal
is ~ 30 cm and the total activity of the source is ~ 30kBq. Due to the small
solid angle covered by the crystal and the cryostat parts which are located
between the source and the detector, the event rate in the TeO, crystal was
only O(5 Hz).

The calibration source provides several v lines which are used for the calib-
ration: 583 keV, 861 keV and 2614 keV of 2°T1 and the 727 keV line of 2'2Bi.
Furthermore, the single escape peak (SEP) of 28T1 at 2104 keV is used for
the calibration. Due to the relatively low energy resolution of the detector,
the double escape peak (DEP) of 2%T1 at 1593 keV and the 1620keV ~ line
of 212Bi cannot be separated and, therefore, this peak is not used for the
calibration. Additionally, the 511keV line, originating from ~s which cause
pair-production in the material surrounding the crystal, can be used for the
calibration'®. The energies of all ~ lines are taken from [130].

Figure 5.11 shows several pulse height spectra'? in the energy interval around
the individual v peaks as well as the results of gaussian fits performed to
determine the mean pulse height corresponding to the individual v lines. The
background to the individual v peaks is modeled by: an exponential in the
fit performed to determine the mean pulse height corresponding to the peaks
at 511keV, 583 keV, 727keV, and 861keV, and the full energy peak of the
2614keV ~ line (*°®T1). For the single escape peak (corresponding to the
2614 keV ~ line) at 2104 keV, a flat background is assumed. The mean pulse
heights obtained by the fit are given in table 5.1. Figure 5.11 also shows the
corresponding fit results.

Figure 5.12 shows the pulse heights obtained from the ~ calibration measure-
ment (see figure 5.11) versus the respective « energy of the different ~-lines

18The data corresponds to the measurement discussed in section 5.6 where also an 47Sm
«a source was present below the phonon detector. Events induced by this source add a
constant offset to the spectrum below ~ 2.3 MeV but do not affect the peak positions of
the ~ lines.

19The pulse height is obtained from a template fit on the raw data (see section 5.4).
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E, [keV] (z) [Ch
e Jet 511 keV 1821.6 + 1.2
2087 583 keV 2073.9 + 0.7
212 727 keV 2591.5 + 2.5
2087 861 keV 3072.2 + 4.1
208T] SEP 2104 keV 7532.2 + 8.1
208T] FEP 2614 keV 9334.0 + 2.0

Table 5.1: Mean pulse heights (x) in the phonon detector corresponding
to the individual 7-lines. The values are obtained from the fits shown in
figure 5.11.

used for the energy calibration. The data points are fitted using a linear
function y = po + p1 - E. The relative deviations of the data points from
the fit function are also shown in figure 5.12 (bottom panel). The following
parameters are obtained from the fit:

po=—81+1.9[Ch]
p1 = 3.574 + 0.002 [Ch. /keV]

The detector shows a linear response in the energy range relevant for the
measurements performed in this work (O(0 — 3000keV)).

Figure 5.13 shows an energy spectrum obtained with the 20 x 20 x 10 mm?
TeO, crystal with logarithmic scale. The events depositing energies larger
than ~ 3MeV in the crystal are caused by muon interactions in the crystal
or the cryostat?’.

The relative detector resolution at the full energy peak of the 2.614 MeV ~v-line
of 28T is ~ 2.5% (FWHM, corresponding to ~ 66 keV) and is by a factor of
~ 10 lower than the energy resolution achieved by the CRESST experiment
with CaWO, crystals and TES readout [131]. Possible explanations for this
behavior are a poor glue-interface between the crystal and the silicon TES

20Within the present work, the detectors are operated in a shallow underground laborat-
ory where a muon flux of O(20/(m?s)) is observed [110]. This leads to a high trigger rate
of the muon veto system (= 300Hz), and, therefore, the identification of muon-induced
events could not be performed reliably in the energy range below ~ 3 MeV where a large
number of events is present. However, the veto system can be used to identify = 98% of
all events above 3 MeV, where only few events are present, to be coincident with events in
the muon veto system. Refer to [111] for a description of the muon veto system.
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carrier substrate or an acoustic mismatch between the crystal material (TeO)
and the carrier material (Si), caused by the different Debye temperatures of
silicon and TeO, (see [66] for a discussion of the acoustic mismatch in cryogenic
detectors with directly evaporated TES.)?!.

21Gince only one TeO, crystal and only one TES with a transition temperature matching
matching that of the light detector (57593D) were available for the measurements performed
in this work, no further tests could be performed.
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Figure 5.11: These plots show the results of the fits performed to de-
termine the pulse heights of the individual ~-lines recorded in the TeOs
phonon detector. The pulse heights obtained from these fits are given in
table 5.1. The models used to describe the backgrounds to the individual
peaks are given in the main text.
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Figure 5.12: Top panel: Mean pulse heights corresponding to the various
v lines versus their respective energy. The error bars are too small to be
visible. The data points are fitted using a linear function y = pg + p1 - F,
shown as a red line in the plot. The results of the fit are given in the main
text. Bottom panel: Deviations (in channels) of the data points from the
values expected from the fitted function which is indicated by the dashed
red line. The detector shows a linear response in the energy range relevant
for the measurements performed in this work (0 — 3000keV).
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Figure 5.13: Energy spectrum measured with the TeOs crystal using an
external 222Th source. The relative detector resolution at the full energy
peak of the 2.614 MeV ~-line of 2Tl is ~ 2.5% (FWHM, corresponding
to ~ 66keV). This spectrum also contains events from the 47Sm source,
however, the contribution of these events to the spectrum can be neglected
due to the low rate emitted by the a source (O(0.1Hz)) compared to the
20871 ~ source (O(5Hz)). Several v lines can be identified as well as the
single- and double-escape peaks (SEP and DEP, respectively) and the full
energy peak (FEP) of the 2.614 MeV 7-line of 2°°TI. The events above
2.614 MeV ~v-line are induced by muons passing through the setup.

6000




5.4. Data Analysis 117

5.4 Data Analysis

In this section, the analysis of the obtained raw data will be described. For
the cryogenic detectors used in this work it is generally assumed that the
pulse height () of the heat signal is a measure for the deposited energy (F),
i.e., x « E. The heat signal induced by a particle interaction and measured
with the TES is superimposed by electronic and microphonic noise present
in the measurements??. Since the frequency spectrum of the noise present in
the recorded data is almost flat (compare discussion in [119]), the recorded
samples can be assumed to be independent of each other and the recorded
raw data can be analyzed using the template fit described in [119]. This fit
is performed in order to determine the pulse height of the heat signal from
the recorded data by fitting a template pulse, which is obtained by averaging
similar recorded pulses, to the raw-data pulses.

Since the signals studied in the present work lead to correlated signals in both
low-temperature detectors of the detector module (i.e., the heat signal induced
by particle interactions in the TeOy crystal and the heat signal induced by
the Cherenkov light absorbed in the cryogenic light detector) a simultaneous
template fit of both detectors is performed. A dedicated software developed
in [119] to analyze the raw signals recored with the data acquisition system
described in section 4.3.4 has been extended in the present work to perform
the template fit simultaneously on the raw data of two detectors.

The template pulses used to analyze the measurements with the low-temperature
detector module discussed within the present work are generated using events
from the same set of events®® obtained from the full energy peak of the
2614 keV v line (*°®T1). Basic quality cuts (comparable to the cuts described
in [119]**) are applied to the raw data and pulses of similar amplitude and
shape (determined by the decay time of the pulses) are averaged to obtain
the template pulse. Figure 5.14 shows template pulses from the measurement
with applied NL voltage (see section 5.6)?°. In order to obtain the pulse height
from the template fit, the template pulses are normalized to unity.

22The electronic noise is due to the pickup of high-frequency electronic signals in the
measurement electronics while the microphonic noise originates from mechanical vibrations
ob the setup, e.g., due to vibrations of the pumping lines.

Z3Since the simultaneous measurement of the phonon and the light signal leads to a time
correlation between the events in both detectors, the template pulses have to be generated
from the same set of events.

24Gince the detectors operated within the present work differ from the detector used in
[119], the absolute values of the applied cuts are different.

25For each measurement, individual template pulses are created.
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The template fit is performed with the goal of obtaining the pulse height of
the heat signal from the raw data. The free parameters of the fit are a shift?s
of the position of the template pulse along the time axis to account for trigger
walk due to the filtering of the trigger signal (see section 4.3.4), an offset of
the template to account for an incorrect determination of the baseline?”, and
the amplitude of the template pulse which gives the pulse height of the heat
signal. For a certain shift of the template pulse, the x? of the fit is minimized
to find the corresponding pulse height and offset (see description of the fit in
[119]). The optimal shift of the template pulse is determined by minimizing
the x? values obtained for each individual shift [119]. Since the signal in the
phonon channel is much larger compared to the signal in the light channel
(see, e.g., figure 5.15), the shift of both channels is determined by using the
optimal shift determined for the phonon channel. For the amplitude and offset
of the light channel, the values corresponding to this shift are used. The result
of such a template fit is shown in figure 5.15 which depicts a typical event
induced by the deposition of the full v energy of the 2614 keV ~ line (?°*T1).
Spurious and unphysical events (i.e., electronic noise in the acquired data,
pile up, events containing SQUID resets) are removed by applying basic data
quality cuts to the data of both channels. Furthermore only well fitted events,
based on the goodness-of-fit (x?), are accepted [119].

The parameters obtained for the template fit shown in figure 5.14 are given
in table 5.2.

Fit parameter TeO, phonon detector NL light detector
Pulse height [Ch.] 9237.1+114 482.6 + 3.2
Offset [Ch.] 35.3+4.9 —25.44+0.8

Table 5.2: Fit parameters obtained for the template fit shown figure 5.14.

This method is used to process the raw data of the measurements where both
detectors of the cryogenic detector module are operated simultaneously. For
the LED calibration measurements, no simultaneous fit is performed.

26The shift is given in units of pulse samples, the time between individual samples is
determined by the sampling rate of the DAQ system.

2TThe signals have a varying constant offset (compare section 4.3.4) which is removed in
the analysis of the data by subtracting the mean value of the baseline (typically determined
from the first 15 % of the pulse) from the raw signal, thereby setting the baseline to zero.
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Template Pulse: TeO2 Crystal
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Figure 5.14: The templates pulses of both the phonon detector (red
line) and the light detector (black line) for the measurements discussed
in section 5.6. Both template pulses are obtained (using the same set of
events) from the full energy peak of 2°*TI. Basic quality cuts (comparable
to the cuts described in [119]) are applied to the raw data of both detectors.
Pulses of similar shape are selected via their respective decay time. For
each measurement, individual template pulses are generated. To extract
the pulse height from the template fit, the template pulses are normalized
to unity.
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Figure 5.15: This figure shows the raw pulses of the light detector (top)
and phonon detector (bottom) for a ~ 2600 keV ~-induced event in the
detector module shown in figure 5.1. The light detector is operated with
a NL voltage of Viyr, = 70V applied between the electrodes. The red line
in both plots shows the result of a template fit which is performed for
both channels simultaneously. The free parameters of the fit are a shift
of the template position along the time axis, a constant offset, and the
amplitude of the fitted template. The pulse parameters obtained from the
fit are given in the main text.
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5.5 Measurement without Applied Neganov-
Luke Voltage

In order to evaluate whether a separation between a and e~ /v induced events
is possible when the NL light detector is operated without applied NL voltage,
a ~ 16 h measurement with the detector module described in section 5.1 has
been performed. The detector module is irradiated by both a ?2Th v source
and a "Sm « source (see section 5.1).

Figure 5.16 shows a 2-dimensional histogram of the energy calibrated pulse
heights for the events (in the NL light detector and the TeO, phonon de-
tector) acquired in this measurement®®. The color coding of the histogram
corresponds to a logarithmic scale in order to allow a better visualization
of the events above ~ 1MeV where only a relatively low count rate is ob-
served. In the figure, an inclined band of y-induced events extending up to
the 2.614 MeV ~-line and above this v line, pu-induced events can bee seen.
The slope of this band is due to the Cherenkov radiation detected for these
events. Furthermore, the double escape peak (at ~ 1592keV) correspond-
ing to the 2.614 MeV + line of 2°°T1 can be seen. The other y-lines induced
by the 2?2 Th source can only be vaguely identified (see section 5.3.2 for an
energy spectrum of the phonon detector). The plot furthermore contains a-
induced events from the *7Sm source with a maximal energy of 2.3 MeV. Due
to the low intensity of the o source?, these events cannot be clearly identified.

In order to study the suppression efficiency of o from e~ /~ induced events
based on the amount of Cherenkov radiation detected for these events, two
reference regions®® are defined for which the signal in the light detector will
be studied further. An « reference region between 2000 and 2300 keV and a
pure e~ /vy-reference region (from 2581 keV to 2647 keV) corresponding to the
full width at half maximum (FWHM) of the full energy peak (FEP) of the

28For the LED calibration corresponding to this measurement values very similar to
the calibration without applied NL voltage described in section 5.3.1 were obtained (o =
16.28 + 0.17 and @ = 0.96 + 0.02). The width of the baseline in the light detector during
this measurement amounts to og;, = 15.2 & 0.3 Ch.

2The expected rate of a-induced events (O(0.1Hz)) is much smaller compared to the
rate of y-induced events (O(5Hz)).

30The reference regions are chosen based on the measurement with applied NL voltage
discussed in section 5.6. The upper limit of the « reference region corresponds to the energy
of the a particles emitted in the decay of 7Sm while the lower limit of this reference
region is chosen to maximize the number of o events in this region while simultaneously
preventing a strong overlap with the e~/ events from this region.
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Figure 5.16: A 2-dimensional histogram of the energy-calibrated data
(pulse heights in the phonon and light detector) obtained during a ~ 16h
measurement with a TeOg phonon detector and a NL light detector (see
section 5.1). The light detector was operated without a voltage applied
between the aluminum electrodes. Basic data quality cuts have been ap-
plied to the data (comparable to the cuts described in [119]). The spectrum
contains events from a 7Sm «a source, placed directly below the TeO,
crystal, events from a 22®Th  calibration source, placed outside the cryo-
stat, and muon-induced events which are visible above the 2614 keV ~ line.
No separation between the a- and y-induced events is possible under these
conditions. See also [55].
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2614keV v line (**®T1) . The « reference region is expected to contain events
from the *7Sm source as well as from the Compton continuum induced by
the individual v lines emitted from the 2°T1 source while the e~ /v reference
region is expected to contain only v-induced events.

Figure 5.17 shows the distribution of the energy detected in the light detector
for the two reference regions. The distribution of the amount of Cherenkov
radiation detected within the e~/ reference region is fitted using a single
normal distribution (red histogram and line in figure 5.17). Due to the de-
tector resolution and the significantly lower count rate of a-induced events3!,
the individual contributions to the a reference region cannot be disentangled.
Therefore, the « reference region is also fitted using only a single gaussian
function (black histogram and line in figure 5.17)32. The signal in the light
detector, corresponding to the Cherenkov radiation detected in both refer-
ence regions is well described by the respective fit functions. The results of
the individual fits are given in table 5.3. Furthermore, since the a-induced
events are expected to give rise to a continuous energy spectrum between
0 — 2300 keV, the contribution due to a events cannot be clearly identified.
Such an identification would be possible with a crystal which has an intrinsic
« contamination since in this case, the a-induced events would give rise to a
distinctive line (compare discussion in section 5.2).

From these results it can be concluded that, under these conditions, no separ-
ation between a and e~ /y-events is possible and a light detector with a higher
sensitivity is required, i.e., with a lower energy threshold and an improved
energy resolution.

In chapter 3 it was shown that the amount of Cherenkov radiation detected
at the FEP of the 2.614 MeV 4-line (?®T1) can be used as an indicator for
the expected amount of Cherenkov radiation produced by the two electrons
emitted in the 033 decay of 3Te. Since no Cherenkov light is expected to
be produced by the a-induced events in the TeO crystal, it is assumed that
the distribution of the signal in the light detector for a-induced events in the
a-reference region can be extrapolated up to the endpoint of the Ov53 decay
at Qﬁg = 2.53 MeV.

As will be shown in section 5.6, the individual distributions (o and e~ /) in
the « reference region can, however, be separated when the light detector is

31The respective rates are R(e™/v) = O(5Hz) and R(a) = O(0.1Hz).
32For this region, a fit with two gaussian functions could not be performed reliably.
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Figure 5.17: This plot shows the results of a fit to the energy detected
in the light detector for the « reference region between 2000 and 2300 keV
(black histogram and line) and the e~ /7 reference region (red histogram
and line) corresponding to the full width at half maximum of the full energy
peak of the 2614 keV + line (?°*T1). This measurement was performed with
no NL voltage applied between the aluminum electrodes, the corresponding
2-dimensional histogram for this measurement is shown in figure 5.16.
Both reference regions are fitted using a single normal distribution. The
results of these fits are given in table 5.3. In the « reference region, the
contribution due to « events cannot be distinguished from e~ /v induced
events and therefore no separation of these events is possible. As can be
seen in figure 5.20, these events can be separated when the light detector is
operated with a NL voltage of Vi, = 70V applied between the electrodes.
See also [55].
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AFE [keV] xo [eV] o [eV]
(reference regions)
a&e /vy 2000 — 2300 64.6 £0.7 48.8 £0.6
e~ /v (FEP) 2581 — 2647 81.2+0.9 44.0+£0.9

Table 5.3: Values obtained for the mean zg and the standard deviation o of
the individual normal distributions fitted to the light-energy distributions
for the measurement performed without applied NL voltage (shown in
figure 5.17). AFE gives the energy range in the phonon detector used to
define the individual reference regions.

operated with an applied NL voltage. This is due to the reduced threshold
of the light detector when operated with NL voltage (see section 5.3.1).

5.6 Measurement with Applied Neganov-Luke
Voltage

In the previous section it was found that a separation between « and e~/
induced events is not possible given the observed energy threshold of the light
detector when operated without applied NL voltage.

However, as has already been shown in section 5.3.1, the threshold and energy
resolution of the cryogenic light detector at low light-energies increases signi-
ficantly when the detector is operated with a NL voltage applied between the
aluminum electrodes. In order to further study the effect of this increased light
detector sensitivity on the background suppression capabilities of a cryogenic
detector module with a TeOs crystal and a NL light detector, a measurement
similar to the measurement described in the previous section has been per-
formed.

During the measurement described in this section, the ?*2*Th ~ source as
well as the 7Sm « source (compare section 5.1 and section 5.2 for the posi-
tion of the v source and a description of the a source) were irradiating the
detector module. The light detector was operated continuously for ~ 42h
with a Neganov-Luke voltage of Vi, = 70V applied between the electrodes.
This measurement also marks the first time a cryogenic NL amplified light
detector has been operated continuously for such extended periods without
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being regenerated (compare, e.g., previous measurements performed in [60]
where NL amplified light detectors have been operated continuously without
regeneration for measuring times of O(1 — 2h)).

In the following details of this measurement as well as the results will be
discussed.

5.6.1 Reduction of the Neganov-Luke Amplification

As already discussed in section 5.3.1, the Neganov-Luke light detector used for
the measurements performed in the present work exhibits a reduction of the
thermal gain with time when operated with applied Neganov-Luke voltage.
Figure 5.18 shows a plot of the pulse height in the light detector for events
in the full energy peak of the 2.614 MeV + line of 2Tl (FWHM) versus the
corresponding time stamp of the event during a ~ 42h measurement. The
reduction of the pulse height, caused by a reduction of the thermal gain which
is explained by an accumulation of charge carriers in the vicinity of the alu-
minum electrodes (compare, e.g., [59, 61]), can be clearly seen.

To describe this reduction of the thermal gain with time, the data points®?
are fitted using a linear function of the form A(t) = Ag + pgeer - t, where Ay is
the initial pulse height of these events at the beginning of the measurement
and pgeer is the decrease per unit time. The following parameters have been
obtained from the fit:

Ay =403.140.1[Ch]
Pdeer = —0.769 = 0.005 [Ch. /h]

Under the present measurement conditions, the reduction of the pulse height
of the signals in the light detector amounts to ~ 8% during the 42 h measure-
ment>34.

33The error of the pulse height is obtained from the template fit (compare section 5.4).

34Tt should be noted that the reduction of the signal amplitude determined here can not
be directly compared to the measurement described in section 5.3.1 since the experimental
conditions were different: In the present measurement, the event rate as well as the average
amount of light detected for each event are significantly smaller than in dedicated measure-
ment performed where only the LED was used to irradiate the light detector. Furthermore,
in the measurement discussed here, also the 2?Th ~ source is irradiating the light detector
directly in addition to the Cherenkov radiation detected from the TeOs crystal. A direct
energy deposition due to v radiation can cause the generation of a large number of free
charge carriers which can then lead to a faster reduction of the thermal gain.



Figure 5.18: This plot shows the time dependence of the pulse height
in the light detector for the full energy peak of the 2.614 MeV ~ line of
208T1. The pulse height decreases by ~ 8% over the course of the ~ 42h
measurement due to a reduction of the Neganov-Luke amplification. This
reduction of the thermal gain with time is explained by an accumulation
of charge carriers in the vicinity of the aluminum electrodes. The red solid
line shows a linear fit to the data points. See the main text for a discussion
of this fit and the reduction of the pulse height.
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This reduction of the pulse height effectively leads to a reduction of the
signal-to-noise ratio which in turn leads to a reduced separation between
a- and e~ /y-induced events and limits the measurement time in which a
certain separation between the individual kinds of events can be achieved
(see section 5.7 for the determination of the suppression efficiency between
these events). The initial thermal gain of the light detector can be restored by
regenerating the detector as described in [59, 60| (i.e by switching off the NL
voltage and flushing the detector with photons from an LED, thereby remov-
ing the accumulated charge carriers). Since the detector used for the present
measurements shows a significantly improved performance with respect to
the reduction of the thermal gain with time compared to the measurements
performed in [59, 60], no measurement over multiple regeneration cycles were
performed in this work.

As discussed in [59], such a reduction of the thermal gain can in principle be
taken into account by correcting the pulse heights according to a fit function
describing the reduction of the pulse height of the signal in the light detector
with time(e.g., the fit shown in figure 5.18). However, since the measurement
discussed in this section is performed with the goal of discriminating events
which produced light (i.e., e~ /7-induced events) from events which are ex-
pected to produce no light (i.e., a-induced events), such a correction is not
practical since the suppression capabilities are based on the achieved signal-
to-noise ratio. This is due to the fact that the correction of the pulse heights
can not increase the signal-to-noise ratio and therefore cannot improve the
separation between these different kinds of events.

5.6.2 Energy Calibration of the Light Detector with
Applied Neganov-Luke Voltage

As discussed in section 5.3.1, an energy calibration of the NL light detector
when operated without applied NL voltage, can be performed using the LED
calibration technique. In addition, a method for deriving the energy calibra-
tion for measurements performed with applied NL voltage was introduced in
section 5.3.1.

This method can be applied to measurements where the spectrum of the
wavelengths emitted by the LED matches the spectrum detected from, e.g.,
a scintillating crystal. However, in the measurements discussed in the present
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work, the average wavelength of the Cherenkov radiation detected from the
TeO, crystal is likely to be different from the average wavelength in the cal-
ibration measurement performed with an LED??. This fact also influences
the observed thermal gain (which depends on the average number of electron-
hole pairs drifted in the electric field generated by the NL voltage) in the
measurement where Cherenkov radiation emitted from the electrons within
the TeO, crystal is detected compared to the LED calibration measurement.

In the measurement discussed here, the thermal gain in the light detector for
signals induced by Cherenkov radiation emitted from the TeOs crystal is de-
termined using the average pulse height in the light detector for events in the
full energy peak of the 2.614 MeV + line of 2°T1 (FWHM) as a reference point.
In this case, a thermal gain of ~ 14.8 at the beginning of the measurement is
determined by comparing the average pulse height of the detected Cherenkov
light with and without applied NL voltage. For this measurement, the en-
ergy calibration of the light detector operated without NL voltage (obtained
using the LED calibration technique described in section 5.3.1) is corrected
accordingly. Therefore, the conversion factor between pulse height and the
corresponding energy (see equation (5.13)) is calculated using the thermal
gain of the detected Cherenkov radiation.

It has to be noted furthermore that, in order to determine the suppression
efficiency between v and e™ /v events, an absolute energy calibration of the
light detector is not required.

5.6.3 Results

A 2-dimensional histogram of the energy-calibrated pulse heights of the cryo-
genic light detector versus the TeOy phonon detectors (the pulse heights are
obtained by fitting the raw data with a template fit as described in section 5.4)
of the events acquired in the measurement described in this chapter is shown
in figure 5.19. It can be seen that the distribution of events induced by the
228Th ~ source as well as muon-induced events (inclined band) can be clearly
separated (already by eye) from the « induced events (horizontal band) at en-
ergies greater than ~ 2000 keV. A pure e~ /7-reference region, corresponding

35This is due to the fact that the produced Cherenkov radiation follows a continuous
spectral shape which has a wavelength dependence of approximately o 1/A\2. In addition
it has to be considered that the spectral shape of the Cherenkov radiation detected in the
light detector, and therefore also the average detected wavelength, depends on the spectral
response of the reflective foil, of the light absorber, and on the transmission of the TeOq
crystal.
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to the full width at half maximum (FWHM) of the full energy peak (FEP)
of the 2614keV v line of 2®T1 (2581 keV to 2647keV), is used. For the a
reference region, an energy interval between 2000 keV (an energy where both
the a and e~ /v induced events can be separated by eye®®) and 2300keV (the
maximal energy emitted in the o decay of *"Sm within the source, compare
section 5.2) is chosen.

Figure 5.20 shows the histograms of the energies detected in the light detector
for both, the o and the e~ /7 reference region. In this measurement, where the
light detector is operated with a NL voltage of Vi, = 70V, the distributions
of o and e~ /7 events within the « reference region can be described using
two independent normal distributions characterizing the contributions due to
a-induced events (black dashed line) and e~ /v-induced events (black dotted
line), respectively. The distribution of e~ /v events from the full energy peak
of the 2.614 MeV ~ line of 2°T1 is fitted using a single normal distribution.
The individual distributions are characterized by the mean energy detected
in the light detector xy and their respective variance o. The results of the fits
to the individual reference regions are given in table 5.4.

E [keV] zg [eV] o [eV]
(reference regions)
a-events 2000 — 2300 29+0.3 7.1+£0.3
e~ /v-events 2000 — 2300 65.6 = 0.2 204£0.2
e~ /y-events 2581 — 2647 77.5£0.3 19.5+0.2

Table 5.4: Values obtained for the mean xg and the standard deviation o of
the individual normal distributions fitted to the light-energy distributions
shown in figure 5.20. The energy ranges of the individual reference regions
in the phonon detector are also given in the table. In comparison to
the results obtained in the measurement with the light detector operated
without applied NL voltage, it can be seen that in the present measurement
with applied NL voltage, the reference region from 2000 — 2300 keV can
clearly be described by two normal distributions (corresponding to o and
e~ /v induced events, respectively).

Since the energy calibration of the light detector was performed with the
thermal gain determined at the beginning of the 42h measurement and a

36This lower limit of the a reference region was also chosen since it provides a sufficient
number of events to perform a fit on the « events.
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Figure 5.19: This figure shows a 2-dimensional energy spectrum of the
events recorded with the detector module consisting of a 20 x 20 x 10 mm?
TeO4 crystal and a NL amplified cryogenic light detector, operated with a
NL voltage of Vi, = 70V. A 228Th source, placed outside of the cryostat,
and a 47Sm source, placed directly below the TeOs crystal, were irradiating
the detector module (compare section 5.1). In this plot several kinds of
events are visible: the inclined band consists mainly of v events induced
by the 228Th source as well as muon-induced events which can be seen at
energies above ~ 3 MeV in the TeOg crystal. The horizontal band between
0 —2300keV contains « events induced by the 7Sm source. To determine
the discrimination efficiency between a-induced events an e~ /y-induced
events, two reference regions are defined. A pure e~ /7 region around the
full energy peak of the 2614 keV ~ line of 2°¥T1 and an « reference region
between 2000 — 2300 keV. The « region also contains e~ /v events induced
by the v source. The distribution of the energy detected in the light detector
for these regions is shown in figure 5.20. See also [55].
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Figure 5.20: This plot shows the results of a fit to the distributions of the
energy detected in the NL light detector for the e~ /7 reference region (red
histogram and solid line) and of the energy detected for the « reference
region (black histogram and dashed lines). In this measurement, the light
detector was operated with a NL voltage of Viyr, = 70V applied between
the aluminum electrodes. The « reference region is fitted with two gaussian
functions while the e~ /v reference region is fitted with a single gaussian.
The functions fit the respective spectra very well. The separation between
a and e~ /y-induced events will be discussed in section 5.7.
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decrease of the gain by ~ 8% during this measurement is observed, this results
in an apparent reduction of the average detected light energy. As a result, the
mean light energy of the events in the e~ /7-reference region (obtained from
the gaussian fit) is slightly reduced with respect to the mean value obtained
from the measurement performed without applied NL voltage.

It can be seen from the fit results given in table 5.4 that for the a-induced
events an offset corresponding to a light energy of 2.9¢eV is observed even
though no Cherenkov radiation is expected to be produced for these events.
The exact cause of this offset could not be determined. However, several
indications point towards a correlated noise (or crosstalk) between the signals
of the phonon and the light detector which leads to an offset when the data
is analyzed with the correlated template fit:

o Since the signals in the phonon channel of these events, corresponding to
an energy deposition between 2000 — 2300 keV in the TeO, crystal, are
much larger than the signals in the light channel (where no pulses are
visible by eye), the fitted shift of the template fit (compare section 5.4) is
determined using the phonon channel. Thus, the position of the template
pulse in the light channel is fixed to the value obtained from the phonon
channel and therefore the fit parameters in the light detector correspond
to this shift. When the light channel is fitted independently from the
phonon channel, a mean pulse height corresponding to zero is observed,
i.e., no offset is present. Similarly, when empty-baseline events with no
signal in both detectors (obtained from randomly-triggered events) are
fitted, the mean pulse height of these events is compatible with zero.

e The width of the distribution of a-induced events corresponds to the
width of the baseline obtained from the empty-baseline samples”. This
indicates that in fact no photons were absorbed in the light detector for
these events and just empty baselines were recorded. Otherwise, e.g.,
when one photon with an average energy of E,;, = 2.9eV would have
been absorbed, an increased width due to photon counting statistics
would be expected. This is, however, not observed.

o A separate measurement where only the o source was present showed
that the offset in the light channel is constant and energy independent.

3"The width of the distribution of a-induced events in the light detector during this
measurement amounts to o, = 35.1 &+ 1.2 Ch while the baseline width (obtained from
empty baseline samples) is op;, = 34.9 + 0.4 Ch. The broader baseline compared to the
LED calibration measurement performed prior to this measurement is due to increased
electronic noise, probably caused by the high-voltage power supply of the muon veto.
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If a light production mechanism for « particles were present, this process
would be expected to be energy dependent®®.

The fit parameters obtained from this measurement can now be used to
determine the suppression efficiency between a-induced events from the «
reference region and e~ /v-induced events from the v reference region. This
will be discussed in the next section.

5.7 Determination of the a-Suppression Effi-
ciency

An important aspect for experiments searching for the Ov33 decay of 13Te
with TeOy bolometers is a high signal acceptance in the region of interest
(ROI) in a narrow (AE =~ 100keV) energy interval around (s since any cuts
on the data (i.e., to discriminate background events or to remove unphysical
events) can also reduce the exposure of the experiment and consequently
reduce the sensitivity to 7% (compare chapter 1). However, it is also crucial
to significantly reduce the amount of background events in the ROI around
Qpp to further increase the sensitivity to Ty

Therefore, an active background suppression technique, such as the method
studied in this work, aiming to discriminate a-induced background from signal
events on an event-by-event basis effectively has to fulfill two requirements:
providing a high signal acceptance in the ROI while simultaneously discrim-
inating a large amount of background events with high efficiency.

In this work, the discrimination efficiency between v and e~ /v induced events,
caused by the *"Sm and ?®Th sources, respectively, is determined by the fit
parameters obtained for the a- and e~ /7 reference region described in the
previous section (see table 5.4).

For a certain signal acceptance (given in [%]) a corresponding acceptance
threshold in the light detector can be calculated from the fit parameters ob-
tained in the e~ /v reference region® by using the cumulative distribution
function (CDF) corresponding to the fitted normal distribution. Here, the
signal acceptance threshold is chosen such that at least 99.8% of the events

38In general, light production processes such as scintillation or Cherenkov radiation are
energy dependent.

39In an actual experiment searching for 0v33 decay, these parameters could also be
obtained, as is done here, from an ?2*Th + calibration campaign.
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within the full width at half maximum of the full energy peak of the 2614 keV
7 line (*°®T1) are accepted. This corresponds to an energy which is 30 below
the mean of the light energy distribution of the Cherenkov radiation detected
for the events in the e~ /v reference region from 2581 — 2647 keV. From the
parameters given in table 5.4, a signal acceptance threshold?’ of 19.0eV can
be determined for the measurement with applied NL voltage.

The percentage of a events above this threshold (i.e., the leakage of a events
into the signal region) can also be calculated using the parameters given in
table 5.4. For the present measurement and a signal acceptance of 99.8% in
the e~ /7y region, the number of a-induced events above this threshold is < 1%.
The distributions of the events recorded with applied NL voltage and the
obtained acceptance threshold are shown in figure 5.21. These results show
that the level of a-induced background events can be reduced by ~ 2 orders
of magnitude by using the phonon-light technique.

The results of the measurements performed in this work show for the first
time that an highly efficient event-by-event discrimination (i.e., providing a
high signal acceptance and a large suppression of background events simultan-
eously) between o and e~ /7 induced events with energies close to Qgs(***Te)
can actually be achieved by detecting the Cherenkov radiation emitted by
electrons within the TeO, crystal [54] with NL amplified cryogenic light de-
tectors.

Discussion

A highly efficient background suppression is particularly relevant for the next
generation of Ov 3 [-decay experiments with TeOy bolometers. In these experi-
ments, the achievable sensitivity strongly depends on the background level in
the region of interest (ROI) around Qgp (see, e.g., [132]). By the CUORE-0
(Cryogenic Underground Observatory for Rare Events) experiment [64], a
level of a-induced background events of 0.019 cts/keV /kg/yr in the energy
interval between 2.7 MeV and 3.4 MeV is reported. This o background is also
expected to be present in the ROI around Qgs(**Te) at ~ 2.5 MeV.

Given the background level achieved by the CUORE-0 experiment, the CUORE
experiment [44], anticipates an a-background level of the order of 0.01 cts/keV /kg/yr
in the ROI (see, e.g., [64]) which is expected to be dominated by a-induced

400nly events with a light energy larger that the threshold value are accepted as “signal-
like” (i.e., 8B-like) events. Events with a light energy below this value are considered
background events.
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Figure 5.21: For this measurement with applied NL voltage (compare
figure 5.19 for a 2d histogram of the data), a signal acceptance threshold
of 19eV (vertical dashed line) is obtained, corresponding to a signal ac-
ceptance of 99.8% in the e~ /v reference region (red histogram and solid
line). The percentage of a-induced events (black dashed line) above this
threshold is < 1%. See also [55].
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background events [84, 62].

The suppression efficiency determined in the present work therefore allows
to anticipate the contribution due to a-induced events to the background
level in the ROI for next generation Ov33-decay experiments employing the
phonon-light technique with NL amplified light detectors. Using the back-
ground level anticipated by the CUORE experiment, the background level in
future experiments would correspond to ~ 107 cts/keV /kg/yr (resulting in
a background level close to zero for an exposure on the ton x year scale).

Therefore, the background suppression technique investigated experimentally
in the present work can provide an important contribution to future genera-
tion Ov3p-decay experiments. It should, however, be noted that the success of
employing this background suppression technique depends on the assumption
that the excellent energy resolution and background level in the ROI achieved
by current experiments (see, e.g., [64]) can be maintained when operating
additional light detectors required for the detection of the emitted Cheren-
kov radiation. Especially the potential introduction of additional background
sources into the experiment (e.g., via radioactive contaminations in the wiring
required to operate the additional detectors or in the light-reflecting foils used
to increase the light collection efficiency) has to be investigated by experi-
ments adapting this background suppression technique.

Due to practical reasons*!, the crystals employed in cryogenic experiments
searching for the Ov33 decay have masses of ~ 500 — 1000 g. It is therefore
important to show that the background suppression efficiency achieved in the
present work can also be achieved with such larger crystals. In previous meas-
urements which used TeO, crystals with a mass of 117 g [86] and 750 g [62]
and germanium light detectors with NTD readout to measure the Cherenkov
radiation, no highly efficient background suppression could be achieved. In
a recent measurement [63], however, it could be shown that the background
suppression demonstrated in the present work (see also [55]) can also be
achieved with a larger (mass 285g) TeOy crystal.

In order to fully evaluate the potential of this background suppression tech-
nique, further systematic studies regarding the influence of various experi-
mental parameters (e.g., the size and geometry of the TeO, crystal, the light

4By using larger crystals, the number of required readout channels can significantly
be reduced. This is especially important for experiments operating total detector mass of
O(1ton).
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reflecting foil used to increase the light collection efficiency in the detector
module, and the absorber material of the light detector) as well as the optical
properties of the TeOy crystals (i.e., mainly regarding the absorption and
scattering lengths in TeOs) on the background suppression efficiency have to
be performed.



Chapter 6

Summary and Outlook

The Neganov-Luke effect provides a method to significantly increase the sens-
itivity of cryogenic light detectors at low energies. The heat signal, induced
by the absorption of photons in a semiconductor absorber operated at cryo-
genic temperatures, is amplified by drifting the produced charge carriers in
an applied electric field. In addition to the signal amplification, this also
leads to an improvement of the signal-to-noise ratio of the detector and, con-
sequently, to an increased sensitivity. Previously, Neganov-Luke amplified
light detectors have been studied in the framework of the direct dark matter
search experiments CRESST-II and EURECA. In the work presented here,
the application of Neganov-Luke amplified cryogenic light detectors for the
background suppression in non-scintillating TeOs bolometers, which are be-
ing used in cryogenic experiments searching for the Ov/33 decay, has been
demonstrated for the first time.

The development of active background suppression techniques is particularly
relevant for future generation Ov(33-decay experiments which strive to reach a
sensitivity of ~ 10meV for the effective neutrino Majorana mass (correspond-
ing to a sensitivity on the Ov33-decay half life of ~ 102" — 1028 yr). The key to
achieve this projected sensitivity is a significant reduction of the radioactive
background in these experiments. A novel background suppression technique
for cryogenic experiments employing non-scintillating target crystals (such as
TeOs crystals) in the search for Ov35 decay is based on the simultaneous de-
tection of the Cherenkov radiation emitted by high-energetic (O(2 — 3 MeV))
electrons within the crystal using a cryogenic light detector and the heat
signal in the main target crystal. Using this technique, a-induced events
(which produce no Cherenkov radiation) can efficiently be discriminated from
e~ /~-induced events (which produce a small amount of Cherenkov radiation).
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To validate the potential of Neganov-Luke amplified light detectors for this
background suppression technique, a new cryogenic detector module consist-
ing of a ~ 24 g TeO, crystal (20 x 20 x 10 mm?®) and Neganov-Luke amplified
cryogenic light detector (a 20 x 20 x 0.5 mm? silicon substrate equipped with
four aluminum electrodes deposited onto the side of the substrate facing the
crystal) has been successfully operated in the shallow underground laboratory
at the Technische Universitat Miinchen.

For the application of this background suppression technique in future Ov(35-
decay experiments it is important to show that a highly efficient suppression
between - and e~ /~-induced events can be achieved at energies close to the
Qps value of Te (~ 2.5MeV). Therefore, the TeOy crystal is irradiated
with « particles from a *"Sm a-source (which provides a continuous, energy
degraded, spectrum of « particles with a maximal energy of ~ 2.3 MeV) and
by ~ rays from a ??*Th source (providing 2.614 MeV ~s from the decay of
298T1). It could be shown by simulations that the amount of Cherenkov radi-
ation produced by « interactions in the full energy peak of the 2.614 MeV ~
line is practically identical to the amount of Cherenkov radiation expected
for Ov35-decay events of ¥°Te.

Within the present work, the light detector is operated with a Neganov-Luke
voltage of Vi, = 70V applied between the electrodes. The heat signal in-
duced by the absorption of photons in the silicon substrate could be ampli-
fied by a factor of ~ 10.8 and an improvement in the signal-to-noise ratio of
~ 6.2 could be reached. By employing a novel LED-calibration technique, the
energy-dependent resolution of the light detector was evaluated and a signi-
ficant improvement of the energy resolution at low energies could be achieved.
The 1o energy resolution of the light detector, when operated with applied
Neganov-Luke voltage, was found to be ~ 7.8¢eV. In a ~ 16 h measurement,
performed without a Nevanov-Luke voltage applied to the detector, no sup-
pression between a- and e~ /v-induced events as obtained. However, during a
~ 42 h measurement performed with a Neganov-Luke voltage of Viy, =70V
applied to the detector, a suppression of 2 99% of alpha induced events could
be achieved while at the same time accepting 99.8% of the singal-like e~ /7y
events. These results indicate that the background level in Ov(3-decay experi-
ments employing TeOs crystals could be improved by ~ 2 orders of magnitude.

The results of the measurements performed in this work show for the first
time that a highly efficient event-by-event discrimination between a and
e~ /v induced events with practically no reduction in signal acceptance can
be achieved using Neganov-Luke amplified cryogenic light detectors. Showing
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that such a highly efficient background suppression can be realized in practice
is an important milestone in the development of an active background suppres-
sion for the next generation of Ov 35 experiments employing TeO, bolometers.

To apply this background suppression technique in future-generation Ov33-
decay experiments, a better systematic understanding of the individual res-
ults concerning the background suppression efficiency obtained by different
groups investigating this technique has to be reached (see discussion in sec-
tion 5.7). This includes studying the influence of different crystal properties
(i.e., crystal size, crystal shape, surface roughness, and absorption and scatter-
ing lengths), different light detector materials (i.e., silicon, germanium, and
silicon-on-sapphire), and light reflecting materials like VM2002 or PTFE foils
on the collection efficiency of the emitted Cherenkov radiation. The Monte-
Carlo simulations performed in this work show that roughening the surface of
the crystal as well as the absorption length in TeO, crystals have significant
influence on the light collection efficiency. Furthermore, the simulations also
indicate that, by employing a light reflecting foil with a high reflectivity in
the UV spectrum, the amount of Cherenkov radiation which can in principle
be detected could be doubled.

The next step in the development of Neganov-Luke amplified cryogenic light
detectors will be an increase in the size of the light absorber (i.e., to sizes
of 40 x 40 mm? or larger) in order to make this technology compatible with
the larger-sized crystals currently employed by direct Dark Matter and Ov(33-
decay experiments. It is furthermore important to study the origin of the
reduced thermal gain and the relatively low voltages applicable to silicon-
based Neganov-Luke light detectors since the sensitivity and signal-to-noise
ratio could be significantly increased if the full potential of this technology
could be utilized. First indications point towards a significant influence of
the photolithographic lift-off process on the achievable detector performance
which leads to a significant reduction of the applicable voltages. In appendix
B an improved manufacturing technique for Neganov-Luke light detectors is
described and first measurements with cryogenic detectors produced accord-
ing to this technique are currently in preparation.
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Appendix A

Monte-Carlo Simulation of the
Light-Collection Efficiency

This appendix describes first results of a Monte-Carlo simulation, performed
to study the collection efficiency of Cherenkov radiation in a TeOy detector
module. The simulation is based on a similar simulation for CaWO, crystals
which has been carried out in [74]. The simulation has been adapted to
incorporate the experimental conditions relevant for detecting Cherenkov
radiation from TeO, crystals.

Setup

This Monte-Carlo simulation uses, as the simulation described in chapter 3,
version 4.9.6.p03 of the GEANT4 simulation toolkit [102]. In this simula-
tion, only the propagation of optical photons within the simulated setup is
implemented. Their propagation is determined by the optical properties of the
individual materials (e.g., the refractive index and absorption and scattering
lengths) and the optical properties (e.g., the reflectivity and surface rough-
ness) of the boundary surface between different media (e.g., TeOg-vaccum or
vaccum-VM2002).

The setup implemented in the simulation, as shown in figure A.1, resembles a
simplified model of the detector module used for the low-temperature meas-
urements’. The simulation includes a TeO, crystal and a silicon light absorber
and the whole setup is completely enclosed by a reflective foil (3M® VM2002).
The simulation includes the dimensions of the TeO, crystal (20 x 20 X 10 mm?)

!The present setup does not take any support structure required to mount the crystal
and light detector within the housing into account, i.e., the PTFE and Sintimid clamps
described in section 5.1 are not simulated.
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and light detector (20 x 20 x 0.5mm?) used in the low-temperature meas-
urements described in chapter 5 as well as the dimensions for a hypothetical
detector module employing a 50 x 50 x 50 mm?® TeO, crystals. In the latter
case, the size of the light detector is adapted accordingly (50 x 50 x 0.5 mm?).
The distance between the crystal and the light detector is 1cm and the dis-
tance between the reflective housing and the crystal and the light detector is
0.5 cm. These values are constant throughout all simulations.

Silicon Light Absorber
: ~—+— 20 x 20 x 0.5 mm? or
50 x 50 x 0.5 mm?

10 mm

TeO,y Crystal
50 x 50 x 50 mm? or
20 x 20 x 10mm?

Reflective Housing
(VM2002)

5 mm

Figure A.l: Schematic drawing of the geometry of a detector module
consisting of a TeO, crystal and a silicon light detector, as implemented
in the Monte-Carlo simulation.

In the simulation, a simplified model of the optical properties of the TeO,
crystal is implemented. Since no implementation of birefringent materials
is possible using standard GEANT4 methods, an average refractive index
(see figure 2.5) is implemented in the simulation. Unfortunately, the absorp-
tion and scattering length of the TeO, crystal used in the low-temperature
measurements are unknown. The author is only aware of absorption length
measurements for a similar TeO, crystal, published by the Rome group [85, 91],
which show values that differ by a factor of ~ 2 (~ 38cm and ~ 80cm) in
the spectral range above ~ 320 nm. Since no values for the scattering length
in TeO, are available, this parameter is not implemented in the simulation?.

2The scattering length is a parameter which also has influence on the light collection
efficiency since, due to scattering, the angle between the photons’ trajectory and the crystal
surface can be changed. This affects the probability of the photon to escape the crystal.
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To study the influence of different absorption length in the simulation, an
wavelength-dependent absorption length is modeled according to the following

equation:
Laps(N) = lo - 1/2(1 + erf((A — Acuross)/AN) (A.1)

which is an approximation of the values given in [85, 91]. The parameter
lo describes the constant absorption length above the cut-off wavelength
Acutoff = 325nm and the term AN = 5nm implements a finite transition
width between the transparent and non-transparent region. Figure A.2 shows
the spectral shape of the three implemented absorption lengths (Io = 20, 60, 100 cm).
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Figure A.2: Different absorption lengths as a function of wavelength. The
absorption lengths implemented in the simulation are modeled according

to equation (A.1) using Acytofr = 325 nm and AX = 5nm.

As has been shown in [74], the absorption length has significant impact on
the observed collection efficiency, i.e., favoring longer absorption length. This
is due to the fact that a significant amount of the produced light is trapped
inside the crystal due to total internal reflection at the crystal surfaces. In
TeO,, the critical angle for total internal reflection is only 6, ~ 24° (assuming

a refractive index of n = 2.4).

In the future, systematic measurements of the optical properties of TeO, crys-
tals, especially with respect to the absorption and scattering lengths, have
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to be carried out in oder to perform extensive studies of the optimization
potential of the collection efficiency.

The surface of the crystal is implemented to be either polished or roughened.
The surface properties are implemented using the method described in [74].
The roughened surface is modeled using randomly oriented micro-facets and is
described by a single parameter o, which characterizes the normal distributed
angle o between the micro-facet normal and the average surface normal. Here,
the value of oy, = 45°, as used as used in [74], is implemented. For future
simulations, a measurement of the roughness of surface crystals is planned
and will be compared to the values obtained for CaWOQ, crystals in [74].

100 |- .
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X ]
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Z |
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Figure A.3: Wavelength dependent reflectivity of the silicon light detector
(calculated using values given in [98]) and the reflective foil (3M® VM2002)
(using data from [96]) used to cover the detector housing.

At the surface of the silicon light detector and the reflective housing, the
optical photons are either reflected or absorbed, according to the respective
efficiencies implemented in the simulation. The reflectivity of the VM20023
foil is taken from a room temperature measurement [96] and is implemented
according to [74]. The reflectivity of the silicon light detector is calculated

3 As discussed in [74], the scintillation properties are not implemented in the simulation.
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using room temperature values from [98]. Figure A.3 shows the reflectances
implemented in the GEANT4 simulation. The absorption efficiency for both
the light detector and the VM2002 foil is unity in the whole spectral range,
i.e., all optical photons which are not reflected are absorbed at the surface of
the respective volumes.

As in [74], for each simulation run 5000 events are generated at random po-
sitions inside the crystal. The angular and polarization distribution of the
photons is modeled according to the method implemented in [74], i.e., for
each event 10000 photons with random linear polarization are emitted over
a solid angle of 47, which describes the generation of scintillation light very
well. However, the produced Cherenkov radiation is emitted on a cone with
an opening angle of ©¢ relative to the charged particles direction. This could
lead to a larger statistical uncertainty in the light collection efficiency, de-
pending on the direction in which the particle moves (e.g., towards the light
detector or away). The energy of the photons is sampled according to the
spectral shape obtained from the simulation described in chapter 3 (see fig-
ure 3.2). For future simulations, the implementation of the event generators
described in chapter 3 is planned which allows to study possible differences
in the collection efficiency for different kinds of interactions (e.g., v or e~
induced events). Nonetheless, the method implemented here is expected to
yield the correct average collection efficiency.

Challenges for the Experimental Validation of the Sim-
ulation

In contrast to scintillating crystals, the experimental validation of the sim-
ulation code for non-scintillating crystals is more challenging. In [74], meas-
urements with a photomultiplier tube (PMT) were performed to validate the
simulated collection efficiencies. Events due to Cherenkov radiation produced
by ~ interactions, e.g., in the glass of the PMT can in principle be distin-
guished from scintillation events based on their time evolution (i.e., Cherenkov
events lead to prompt signals (decay time 7 < 1 us) while scintillation events
are characterized by the decay time of the scintillation (7 = O(10us)). This
however is not possible in this case since only Cherenkov events are expected.
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Results

In a first step, the light collection efficiency in the detector module shown in
figure A.1 is studied for a TeO, crystal of 20 x 20 x 10 mm? in dependence of
the absorption length in the crystal. The simulations were performed for both
a crystal where all sides are roughened as well as for a crystal where all sides
are perfectly polished. The two panels of figure A.4 show the fraction of the
produced number of photons which is absorbed in the individual components
of the detector module for both cases.

From these plots it can clearly be seen that roughening the surfaces increases
the amount of light which can escape the TeO, crystal by a factor of 2 — 3,
depending on the absorption length. A significant amount of light is absorbed
in the reflective foil due to the cut-off in reflectivity at ~ 390 nm (compare to
figure A.3 and section 2.4.3). It can be seen that for a crystal with polished
surfaces, a large fraction of the light is trapped inside the crystal due to total
internal reflection.

This simulation was also performed for a detector module which is not com-
pletely covered by the reflective foil and additionally contains openings in the
detector housing which are comparable to the actual detector module (com-
pare figure 5.1) used for the low-temperature measurements in the present
work?. In this simulation, all crystal surfaces are roughened. The results of
the simulation is shown in figure A.5. It can be seen that a significant amount
of light escapes the detector module® through these openings, resulting in
a light collection efficiency which is reduced by a factor of ~ 1/3. The col-
lection efficiency determined for this detector module® is compatible with
the light collection efficiency determined in chapter 5. Therefore, by further
increasing the coverage with reflective foil in the actual housing used for the
measurements, the light collection efficiency achieved in the low-temperature
measurements performed in the present work could be significantly improved.

4These openings are required to facilitate the electrical feed troughs and bond pads.

5Tt should be noted that the fraction of light escaping the module also includes light
in the spectral range below ~ 390 nm otherwise which would be absorbed in the reflective
foil.

5The actual coverage with reflective foil, due to the support structure required to
mount the detectors within the module, is likely smaller than in the simplified geometry
implemented in the simulation which only features openings in the reflective housing.
Therefore, the values obtained here can be as considered upper limits of the actual light
collection efficiency.
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In order to determine the effects of the absorption length and surface rough-
ening, the simulation is also performed using a larger crystal with dimensions
of 50 x 50 x 50 mm3. The reflective housing is scaled up from the reflective
housing used to simulate the 20 x 20 x 10 mm?® crystal. The results of this
simulation are shown in figure A.6. It can be seen that roughening the crystal
surface increases the amount of light which can escape from the crystal by
a factor of 2 2 (a result similar to the increase observed for CaWO, crys-
tals [74]) and that a signifiant amount of light is absorbed in the reflective foil.

It can be concluded that, in order to maximize the light collection efficiency in
such a cryogenic detector module, roughening the crystal surfaces is essential
and that the light collection efficiency could be significantly increased by using
a reflective foil with a higher reflectivity in the UV spectrum.

Future Developments and Improvements

The results of these simulations show that the light collection efficiency can
be significantly increased by roughening the surface of the TeO, crystal. The
simulation furthermore shows the importance of the absorption length of the
TeO, crystal, a parameter currently not yet systematically investigated for
crystals used in Ov53 experiments. Future experiments planning to integrate
the phonon-light technique in an experiment using TeO, crystals will be re-
quired to systematically study the optical properties of the employed crystals.

For the future, the following improvements of the simulation are planned:

o Implementation of more accurate optical parameters of TeOs crystals
(i.e., the refractive index measured at cryogenic temperatures, systematic
measurements of the absorption and scattering lengths) once they are
available.

o Implementation of the event generators described in section 3.1.4 into
this simulation to study effects of Cherenkov radiation produced by
electrons of different origin (e.g., Ov$f induced or v induced).

o Implementation of additional reflector materials, especially reflectors
with a high reflectivity in the UV range (e.g., PTFE foil).

 Implementation of additional light detectors (e.g., Germanium, SOS see
[74]) to study the differences in the light collection efficiency for these
absorbers.
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o Determination of the actual TeO, crystals surface roughness using a
surface profiler as described in [74].
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Figure A.4: Results of the simulation concerning the light propagation
in a detector module (consisting of a 20 x 20 x 10 mm?® TeOy crystal and a
20 x 20 x 0.5 mm? silicon light detector placed inside a reflective housing
(compare figure A.1)) showing the fraction of the initially produced light
which is absorbed in the individual components of the detector module.
All sides of the crystal are either roughened (top) or polished (bottom). It
can be seen that roughening the crystal surfaces increases the amount of
light which can escape the crystal by a factor of ~ 2 — 3.
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Figure A.5: Results of the simulation concerning the light propagation
in a detector module (consisting of a 20 x 20 x 10 mm? TeOy crystal and a
20 x 20 x 0.5 mm? silicon light detector placed inside a reflective housing
which features openings similar to the openings present in the detector
module used for the low-temperature measurements in this work (compare
figure A.1 and section 5.1)) showing the fraction of the initially produced
light which is absorbed in the individual components of the detector module.
All sides of the crystal are roughened. It can be seen that a significant
amount of light escapes the detector module undetected. By optimizing
the coverage of the reflective foil in the detector module used for the low-
temperature measurements, a significant improvement of the total amount
of collected Cherenkov light could be achieved.
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Figure A.6: Results of the simulation concerning the light propagation
in a detector module (consisting of a 50 x 50 x 50 mm® TeO5 crystal and a
50 x 50 x 0.5 mm? silicon light detector placed inside a reflective housing
(compare figure A.1)) showing the fraction of the initially produced light
which is absorbed in the individual components of the detector module. All
sides of the crystal are either roughened (top panel) or polished (bottom
panel). It can be seen that roughening the surface significantly increases the
amount of light which can escape the crystal by a factor of 2 2. However,
a large fraction of the light is absorbed in the reflective foil (Acyt—off ~
390 nm). The light collection efficiency could be significantly increased by
using a reflective foil with a higher reflectivity below 390 nm.
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Appendix B

New Production Process for
Aluminum Contacts

Motivation

As discussed in this work and in [59] and [61], the potential of NL light detect-
ors is currently limited by the observed reduction of the thermal gain with time
and the fact that the theoretical expected thermal gain can not be not achieved
currently. Furthermore, only relatively small voltages of O(100 — 150 V) can
presently be applied to NL light detectors. The first point has been studied in
[61] and the new production process described therein leads to significantly
lower reduction of the gain with time. The last two points are likely correl-
ated since both are affected by the surface of the substrate (i.e. the reduced
gain compared to the expected value is likely caused by trapping of charge
carriers in impurities and defects at the absorber surface. These defects at
the absorber surface are also likely to aid the formation of currents flowing
across the substrate surface once the break-through voltage is exceeded). If
higher voltages could be applied across the substrate, it is very likely that
the observed thermal gain and therefore also the achievable improvement in
the signal-to-noise ratio will increase.

Recent measurements [128] indicate that the photolithographic lift-off process
used during the deposition of the aluminum electrodes on the silicon absorber
(similar to the process described in section 4.1.2) has a negative impact on
the voltage which can be applied between the electrodes. Once the photo-
lithographic process has been performed, the voltage which can be applied
across the surface of the substrate is significantly reduced from O(600 V) prior
the application of the photoresist to < 100V after photolithographic process
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is completed. This is likely due to residue of the photoresist remaining on
the substrate surface and defects induced during the handling of the substrate.

To overcome the limitations caused by the relatively low applicable voltage, a
new production method based on the deposition of the aluminum electrodes
via a shadow mask is proposed. In the following, this new method will be
discussed in detail.

Modified Production Technique

For the deposition of well defined aluminum contacts on the silicon absorber
substrates of NL light detectors, there are mainly two commonly used pro-
duction methods:

 Thin-film deposition using a photolithographic lift-off process (compare
section 4.1.2).

« Thin-film deposition using a metallic shadow mask (compare e.g. [59])

The second production process has also some several disadvantages since a
direct contact between the metallic shadow mask (typically made from a sheet
of tantalum) and the semiconductor absorber can also lead to damages on
the crystal surfaces and metallic residue, two effects which have been found
to reduce the performance of such light detectors.

Therefore, a modified production method is proposed which allows the fab-
rication of the aluminum electrodes using metallic shadow masks. In the new
method, the aluminum film is deposited onto a substrate which is mounted
inside a special detector holder, depicted in figure B.1. The substrate is placed
into a PTFE holder and is directly covered with a thin (O(50 — 100 pum))
PTFE or Kapton foil. The metallic shadow mask is placed above this foil.
The PTFE or Kapton foil is cut out on the same positions as the shadow
mask. Springs inside the substrate holder are used to ensure a firm contact
between the substrate and the shadow mask.

This fabrication technique has several advantages compared to the photo-
lithographic lift-off process:

a) The number of production steps is significantly reduced, i.e. the application
and removal of the photoresist as well as the baking and exposure to UV light
are not required anymore. This furthermore reduces the risk of accidentally
damaging the silicon substrate.
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Figure B.1: Schematic representation of the substrate holder conceived
for the new production process of aluminum electrodes.

b) The risk of damaging the silicon substrate during the deposition process
is also reduced since the substrate is only in contact with “soft” materials,
i.e. Kapton or PTFE.

First measurements already show [128] that by using this production method
in combination with the annealing step described in [61] much larger voltages
can be applied between the electrodes. First measurements with cryogenic
light detectors produced with to this modified method are in preparation [127].

Due to the low melting point of PTFE of 600K, this fabrication method
cannot be used in cases where the substrate is heated during the deposition
process (i.e. to increase the adhesion of the metallic film to the substrate)
where typically temperatures of up to 500 °C are required.

Furthermore, the structures of the shadow mask are currently limited to a
minimal width of ~ 500 ym and are limited in their complexity since they
have to be either milled or cut using a circular saw. However, by employing
laser-cutting techniques, micro machining of structures as small as < 100 um
in thin metal sheets (e.g. stainless steel) can be achieved.

For the fabrication of smaller sized structures, a slightly different fabrication
method is proposed which employs shadow masks made from thin silicon or
sapphire substrates [133]. Fine structures in silicon substrates can be pro-
duced by means of chemical etching, a technique widely used in the micro
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fabrication of semiconductor devices. In this way, shadow masks with very
fine structures could be produced. This technique also allows the deposition
of the metallic thin films at much higher temperatures and additionally, the
materials used for the fabrication of the shadow mask can be selected to have
a high radio-purity. This aspect could also be important for rare event search
experiments.

First Results

In [128], first measurements of the current-voltage characteristic of silicon
substrates with NL electrodes have been performed in order to determine
influence of different production steps on the voltages applicable across a
substrate. The voltage is applied between the electrodes using a high-voltage
source (model HCB 0,14-1250, FuG Elektronik GmbH, Germany) and the
corresponding current is measured using the current meter built into the
voltage source. The voltage is applied to the substrate with both positive
and negative polarity. Figure B.2 shows the current-voltage characteristic of
a silicon substrate with NL electrodes which are manufactured according to
the process described in section 4.1.2 during various steps of the production
process (i.e., for an untreated substrate as delivered by the manufacturer,
for a substrate cleaned in an ultrasonic bath, and after the deposition of the
aluminum electrodes). All curves have been measured at at temperature of
4K using a LHe-dipstick [128]. The steep rises in the current-voltage charac-
teristics indicates the “break-through” of the substrate which is characterized
by a current of several uA flowing suddenly across the substrate!. It can be
seen that the break-through occurs at much lower voltages after the aluminum
electrodes have been deposited onto the substrate using the photolithographic
process®. Figure B.3 shows the current-voltage characteristics for a substrate
where the electrodes have been manufactured according to the new process
described here (i.e., via a shadow mask). It can be seen that break-throughs
occur only at relatively high voltages of ~ 500V when this new process is
employed. The observed behavior was reproducible for multiple substrates

'Due to the high specific resistivity of the silicon substrates used for these measurements
(p ~ 20kQcm at room temperature) [128], it is very likely that the current is flowing across
the surface of the silicon substrate and not through the bulk.

2For the current-voltage characteristics for the untreated substrate and after the clean-
ing step, the substrate was contacted directly via ultrasonic wedge-bonding. After the
deposition of the aluminum electrodes, the electrodes were contacted via ultrasonic wedge-
bonding.
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[128).

These results indicate that the fabrication of the aluminum electrodes via a
photolithographic lift-off process significantly reduces the voltages applicable
to the substrate and therefore also the achievable thermal gain, which is likely
caused by the generation of defects at the surface of the substrate during the
photolithographic process. The potential of this new fabrication process with
respect to the performance of realized NL light detectors will be evaluated in
measurements which are currently in preparation [127].
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Figure B.2: Current-voltage characteristics for a silicon substrate with
NL electrodes fabricated according to the photolithographic lift-off process
described in section 4.1.2. It can be seen that a current is flowing across
the substrate at relatively low voltages of ~ 200V once the aluminum
electrodes have been deposited onto the substrate. Data taken from [128].
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Figure B.3: Current-voltage characteristics for a silicon substrate with
NL electrodes fabricated according to the new production process involving
the deposition of the electrodes by means of a metallic shadow mask. It
can be seen that a voltages of up to ~ 500V can be applied between
the electrodes. This is a significant improvement compared to the results
obtained for substrates manufactured using a photolithographic lift-off
mask. Data taken from [128].
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