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Résumé entendu en français

Cette thèse introduit une nouvelle technologie dans la recherche bolométrique de la

double désintégration bêta sans neutrinos (0νββ) développée dans le cadre du projet

CROSS dans le but de discriminer les événements α et β générés par une contamination

radioactive de surface. Cette source de fond limite actuellement la sensibilité sur la demi-

vie de la double désintégration bêta sans neutrinos dans les expériences bolométriques.

En outre, la thèse couvre l’expérience CUPID-Mo, un démonstrateur de CUPID, une

expérience bolométrique de nouvelle génération 0νββ à l’échelle de la tonne. CUPID-

Mo a récemment atteint une nouvelle limite sur la demi-vie de 100Mo, démontrant avec

succès la technologie de double lecture chaleur-lumière.

Les neutrinos, ces particules fondamentales les plus insaisissables du modèle standard

(SM), sont encore mystérieux et mal compris. On pensait qu’ils n’avaient pas de masse

dans le modèle standard, mais la découverte de l’oscillation des neutrinos a prouvé que les

neutrinos ont une masse finie. On ne sait toujours pas comment les neutrinos obtiennent

leur masse ni combien ils pèsent. Une autre question ouverte concernant les neutrinos

est de savoir s’ils sont des particules de Dirac (les neutrinos et les anti-neutrinos sont

distincts) ou de Majorana (les neutrinos et les anti-neutrinos sont identiques). La seule

façon pratique d’étudier expérimentalement cette question est de rechercher la double

désintégration bêta sans neutrinos. Ce processus peut également donner des contraintes

sur l’échelle de masse absolue des neutrinos.

La 0νββ est une transition nucléaire hypothétique avec des demi-vies de l’ordre de

T1/2>1026 ans. Elle peut se produire dans certains noyaux qui ont un nombre pair

de protons et de neutrons, et consiste en la transformation d’un noyau (A, Z) en un

isobar plus léger (A, Z+2) accompagné de l’émission de deux électrons et d’aucune autre

particule. Sa découverte prouverait que le nombre de leptons n’est pas une symétrie

de la nature, ce qui conduirait à une physique au-delà du SM. En outre, elle implique

que les neutrinos coïncident avec leurs antiparticules, ce qui permettra de déterminer

qu’il s’agit de fermions de Majorque. Le processus 0νββ est énergétiquement autorisé

pour 35 noyaux (76Ge, 82Se, 100Mo, 116Cd, 130Te, 136Xe. . . ). Sa signature est un pic

monochromatique à la valeur Q (Qββ) de la transition correspondant à la somme des

énergies cinétiques portées par les deux électrons émis. Les isotopes les plus prometteurs

et les plus souhaitables à étudier sont ceux dont la valeur de Qββ est supérieure à la



limite d’énergie de la majeure partie de la radioactivité gamma naturelle (208Tl, 2615

keV), car cela implique moins de bruit de fond dans la région d’intérêt (ROI). Un Qββ

élevé implique également une probabilité de décroissance plus élevée. Une mesure de la

demi-vie de 0νββ, dans l’interprétation la plus simple de ce processus, donnerait une

indication de la masse effective des neutrinos, une combinaison linéaire des trois masses

de neutrinos. En fait, le taux de 0νββ est inversement proportionnel au carré de la masse

effective des neutrinos. Le lien entre la demi-vie et la masse des neutrinos est connu avec

quelques incertitudes liées au choix des modèles nucléaires. Cependant, la mesure de la

demi-vie de 0νββ reste l’une des méthodes les plus prometteuses pour fixer l’échelle de

masse absolue des neutrinos.

Comme la demi-vie du processus est extrêmement longue, la recherche de cette rare

décomposition est une tâche extrêmement difficile. Une expérience doit être réalisée

avec des détecteurs radio-purs, de grande masse et de haute résolution énergétique et

une radioactivité négligeable provenant de tout autre élément que le noyau étudié, car

sinon le signal sera enterré dans le fond.

L’une des techniques les plus prometteuses pour rechercher la double désintégration

bêta sans neutrinos sont les bolomètres. Les bolomètres sont des détecteurs à basse

température constitués d’un cristal dans lequel est incorporé l’isotope candidat à la

double désintégration bêta et d’un capteur thermique couplé au cristal (généralement

collé à celui-ci). Lorsqu’une particule libère de l’énergie dans l’absorbeur bolométrique

(le cristal), elle produit des vibrations du réseau qui génèrent une augmentation de

la température du cristal mesurée par le capteur qui fait office de thermomètre. Les

bolomètres présentent de nombreux avantages, dont voici quelques-uns : haute résolution

énergétique, rendement élevé, possibilité d’amélioration pour obtenir une identification

des particules (PID) ou une discrimination de la forme des impulsions (PSD) pour rejeter

les événements de fond difficiles. Deux types de bolomètres sont considérés dans notre

travail, basés sur des cristaux de Li2MoO4 et de TeO2, intégrant les candidats double

bêta prometteurs 100Mo et 130Te respectivement.

Une partie de cette thèse est consacrée au CUPID-Mo, précurseur du CUPID, et basée

sur des bolomètres à scintillation Li2MoO4. Un bolomètre à scintillation est un bolomètre

basé sur un cristal qui émet une lumière scintillante lorsqu’une particule interagit en son

sein. La technique du CUPID-Mo est basée sur une mise à jour du bolomètre simple

de base, qui est la technologie de lecture à double chaleur-lumière. Le bolomètre à

scintillation principal, qui intègre l’isotope de désintégration double bêta, est couplé à un
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détecteur de lumière (un bolomètre également) pour enregistrer le signal lumineux. Cette

technique peut être exploitée pour se débarrasser des α’s de surface, un fond important

dans la région d’intérêt (ROI) autour de Qββ. En fait, les rendements lumineux des

particules α et des particules β/γ sont différents pour la même énergie déposée, ce qui

donne la possibilité de rejeter α en lisant simultanément la chaleur et la lumière pour

chaque événement. L’expérience CUPID-Mo a démontré avec succès cette technologie.

Elle a permis d’atteindre une nouvelle limite de la demi-vie de 0νββ de la désintégration

du 100Mo de T1/2> 1.5×1024 ans à 90% C.I., la meilleure jamais obtenue au niveau

mondial sur cet isotope.

L’autre partie majeure de cette thèse est consacrée au développement d’une nouvelle

technologie bolométrique pour se débarrasser non seulement des α de surface, mais aussi

des β de surface . Cela nous permettra d’atteindre un niveau de bruit de fond encore

plus bas dans le retour sur investissement, ce qui augmentera la sensibilité de 0νββ. La

technologie CROSS est basée sur le revêtement de la surface du cristal avec un matériau

approprié pour fournir au cristal une DSP pour les événements de surface par rapport

aux événements de masse. Le matériau de revêtement fonctionne comme un modificateur

de forme d’impulsion pour les événements de surface, de sorte qu’il est possible de les

distinguer des dépôts d’énergie se produisant dans le volume.

L’idée originale de CROSS était de recouvrir le cristal d’une pellicule d’aluminium

supraconductrice. Nous commençons à tester cette approche avec une configuration

simplifiée consistant en un revêtement d’un côté de cristaux de Li2MoO4 et de TeO2 de

2×2×1 cm. Le capteur utilisé est un Ge-NTD (thermistance au germanium dopée par

transmutation de neutrons) qui a une réponse assez lente et qui est sensible principale-

ment aux phonons thermiques. Les résultats ont montré une excellente séparation entre

les α de surface (provenant d’une source α placée face au film d’Al) et les événements

de masse (événements loin de la surface revêtue) avec peu d’épaisseur du film d’Al µm.

Ceci a été observé pour le Li2MoO4 et le TeO2. En fait, les phonons à haute énergie

qui sont produits après une interaction de particules dans le cristal sont efficacement

piégés dans le film d’Al lorsqu’ils proviennent d’événements de surface. Cela conduit à

une dégradation plus rapide de l’énergie des phonons, accélérant ainsi la thermalisation

des phonons induits en surface par rapport aux phonons induits en masse qui sont moins

efficacement piégés dans le film d’Al. Le fait de recouvrir entièrement les cristaux d’un

film d’aluminium a entraîné la perte de la bonne discrimination entre les événements de

α surface et ceux de la masse.
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Comme la discrimination des β de surface n’a pas été obtenue avec un revêtement

de film d’aluminium, il a été décidé d’essayer un autre matériau de revêtement : le

Pd métallique normal. Un métal normal a été envisagé car il est censé conduire à une

meilleure thermalisation par rapport à un supraconducteur qui piège les phonons sous

forme de quasi-particules, introduisant un effet qui concurrence la thermisation plus

rapide obtenue en émettant des phonons de plus faible énergie. Le seul inconvénient

du métal normal est sa grande capacité thermique qui peut affecter la sensibilité du

bolomètre. Un film de Pd de quelques nm a été déposé sur une face des cristaux de

Li2MoO4 et TeO2. Un résultat très encourageant a été obtenu en réalisant l’objectif

du CROSS consistant à discriminer les particules de surface α et β. Ce résultat n’a

clairement été obtenu que pour le Li2MoO4. Cependant, le revêtement complet du

cristal avec du Pd a détruit la sensibilité du bolomètre, comme prévu par les estimations

de la capacité calorifique.

Pour résoudre le problème de la capacité calorifique élevée du Pd, l’effet de proximité

a été exploité. En effet, le dépôt d’une couche de film d’Al supraconducteur sur le Pd

induira la supraconductivité de ce dernier, diminuant ainsi la capacité thermique globale

du film bicouche (Al-Pd). Les résultats ont été probants en termes de séparation et

de diminution de la capacité thermique des β et α de surface pour le Li2MoO4 et il a

été moins apprécié pour le TeO2. Pour éviter d’avoir une grande fraction de la surface

revêtue lorsque le cristal est entièrement recouvert, on a pensé à essayer des grilles Pd-Al

au lieu d’un film. Cela s’est avéré parfaitement efficace pour obtenir une discrimination

de la surface et du volume lorsqu’il est revêtu sur une surface.

La thèse est divisée en 6 chapitres : les trois premiers (1, 2 & 3) sont des chapitres

d’introduction, suivis de deux chapitres (4 & 5) présentant les résultats expérimentaux

obtenus au cours de la thèse. Le chapitre 6 est réservé aux conclusions

Le premier chapitre contient un bref historique des neutrinos et présente les questions

de la masse et de la nature des neutrinos par la description de l’origine des masses de

neutrinos, le mélange des neutrinos et les différentes mesures de la masse des neutrinos.

Ce chapitre fournit les apports théoriques et expérimentaux nécessaires pour apprécier

la pertinence de la recherche sur le double bêta sans neutrinos, qui est détaillée dans le

chapitre suivant.

Le deuxième chapitre donne une description détaillée de la double désintégration

bêta sans neutrinos et des défis associés pour sa détection. Les nombreuses techniques

expérimentales développées pour cette recherche sont également décrites.
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Le troisième chapitre est consacré à la technologie bolométrique. Le principe général

de cette technique est donné, en présentant tous les composants utilisés dans de tels

détecteurs. Ensuite, les bolomètres à scintillation et leurs avantages pour la recherche en

double bêta sans neutralité sont présentés, donnant une description générale de la tech-

nologie CUPID. Ensuite, ce chapitre est complété par une brève description des principes

de la physique des phonons qui permettent de comprendre la technologie CROSS et les

objectifs basés sur la discrimination de la forme des impulsions. Enfin, les paramètres

PSD utilisés pour discriminer les événements de surface des événements de masse sont

présentés.

Le quatrième chapitre présente les résultats obtenus sur les prototypes CROSS. Deux

types de cristaux, Li2MoO4 et TeO2, ont été testés avec différentes épaisseurs de revête-

ments supraconducteurs en Al et en Pd métallique normal. Ces travaux ont démontré

pour la première fois la capacité à discriminer les interactions α et β sur les surfaces des

cristaux, au moyen de revêtements bi-couches en Al et Pd.

Le dernier chapitre présente les conclusions et les perspectives liées aux travaux

décrits dans les chapitres précédents. Le démonstrateur CROSS est décrit : cette ex-

périence pilote sera bientôt installée dans le laboratoire souterrain de Canfranc, visant à

démontrer l’efficacité du revêtement de grille Pd-Al pour la discrimination des événement

de surfaces α et β. Ce chapitre présente les résultats possibles à venir sur les niveaux

de fond pouvant être atteints avec la technologie CROSS et l’impact sur la sensibilité

d’une future expansion possible du CUPID (CUPID-1T) en utilisant cette technologie

de discrimination d’événements de surface.

La technologie CROSS est une percée dans la technologie bolométrique de la double

désintégration bêta qui peut aider à atteindre un indice de bruit de fond dans la gamme

de 10−5 comptes/(keV kg an), à comparer avec celui prévu dans le CUPID qui est un

ordre de grandeur plus élevé. La sensibilité de CUPID en termes de masse effective

des neutrinos s’arrête à environ 0,02 eV (l’une des meilleures pour les expériences de la

prochaine génération), tandis qu’une expérience basée sur la technologie CROSS pourrait

s’améliorer d’un autre factor ∼ 3, augmentant le potentiel de découverte même en cas

de la hiérarchie normale des masses de neutrinos.
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Chapter 1

Introduction to Neutrino Physics

This chapter will present a summary on neutrino physics, including the history and the
current knowledge of this particle, with the purpose to open the way for the next chapter
that will introduce neutrinoless double-beta decay (0νββ), the main subject of this thesis.

1.1 A brief history of neutrino

Up-to-date, neutrino’s picture is still incomplete. This elusive particle, that has been
postulated by Pauli in 1930 [1], is pushing physicists to perform sophisticated experi-
ments to fully understand it.

A hint for the existence of neutrino was proposed after having no explanation for the
energy deficit and non-conservation of the angular momentum in nuclear β-decay. The
emitted electron shows a continuum energy spectrum with a maximum value at around
1/3 of the Q-value — representing the total kinetic energy available in the final state —
and not a single narrow peak as one would expect if only electrons were emitted from the
decay. This means that part of the energy is carried away by a weakly interacting particle
with zero charge and spin 1

2 for quantum number conservation (charge and angular
momentum respectively). E. Fermi developed Pauli’s suggestion in a theory for β decay
[2] that incorporated the neutrino in a coherent theoretical framework describing the
interaction of this particle with electrons and nucleons, following the successful scheme
developed for electrodynamics.

More than 20 years later, F. Reines and C.L. Cowan [3] were the first to confirm neu-
trino existence in 1956. It took so much time and efforts to detect the neutrino because
of its low cross-section which leads to a very low interaction probability. F. Reines and
C.L. Cowan placed three cadmium chloride (CdCl2) inorganic liquid scintillator tanks
— facing the Savannah River reactor’s core in the USA — which were equipped with
photo-multipliers to detect the anti-neutrinos via the inverse beta decay:

νe + p→ e+ + n. (1.1)

The hint for neutrino’s interactions with protons (hydrogen in water molecule) comes
from the detected gamma rays that are promptly released after the positron-electron
annihilation and are followed by the delayed ones related to neutron capture in cadmium.

Neutrinos exist in three flavors, νe, νµ and ντ . The νµ was discovered in 1962 with the
first accelerator neutrino beam at Brookhaven National Laboratory [4] in the USA. The
third type of neutrino, ντ , was observed recently in 2000 at Fermi National Laboratory

10
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(USA) by the DONUT experiment [5]. These three types of neutrinos are distinguished
according to how they interact with matter, meaning that a να will produce the charged
lepton α by charged current interactions.

In the late 1960’s, R. Davis conducted the first experiment [6] to measure the flux of
neutrinos coming from the sun, which used the reaction:

νe +37 Cl→ e− +37 Ar. (1.2)

The experiment has been running for more than 2 decades between 1970 and 1994. It
was successful to detect the solar neutrinos, but only one third of the expected electron
neutrinos flux calculated by his colleague J.N. Bahcall were measured [7]. This became
known as “The Solar Neutrino Problem". Possible explanations started to arise to solve
this problem. Three types of solutions were proposed: incorrect theoretical calculation
of the solar neutrino flux, unexplained detection inefficiency in the experiment itself, or
something not understood about how neutrinos behave when they travel. The reason of
the discrepancy was found not to be theoretical in terms of solar model nor experimental,
after checking and refining the calculations and increasing the experimental efficiency.

In 1969, B. Pontecorvo and V. Gribov had an idea [8] (Pontecorvo already considered
this idea in 1957). They proposed that neutrinos might oscillate, changing from one
flavour to another, and since the experiment is sensitive only to one flavour type, it is
showing deficit. Initially, this explanation was not fully accepted within the community,
because it meant that neutrinos have a mass, which contradicts what is assumed in the
Standard Model (SM) of elementary particles. The first evidence for neutrino oscillations
came from SuperKamiokande in 1998 [9]. The experiment, located in a mine in Japan,
was detecting atmospheric muon neutrinos which showed a different proportions for
down-going neutrinos and upward-going neutrinos, coming from the opposite side of the
Earth. The results were perfectly consistent with a change of a fraction of upward-going
muon neutrinos to tau neutrinos due to flavor oscillations. The conclusive evidence
for solar neutrino oscillations was found by the Sudbury Neutrino Observatory (SNO)
experiment [10]. The experiment was sensitive to all the three neutrino types, allowing
it to measure the total flux of solar neutrinos, which agrees with the value predicted
theoretically. In addition, the experiment was able also to measure separately νe’s,
which resulted to be about 1/3 of the total neutrino flux, proving that about 2/3 of
the νe’s emitted by the sun changed to a different flavour before reaching a terrestrial
detector.

Neutrinos are massless in the SM: discovering neutrino oscillation meant that con-
versely neutrinos are massive. However, the absolute mass scale of neutrino is still
unknown, because oscillation experiments measure only the mass-squared difference be-
tween the three mass states of neutrino (ν1, ν2 and ν3). The three neutrino flavors are
quantum-mechanical combinations of the three neutrino mass states. For flavour chang-
ing to occur, the three neutrino masses have to be different. The mass ordering is also an
unknown: if m1 is the lightest, we speak of normal hierarchy (or ordering), while if m3

is the lightest we speak of inverted hierarchy. Notice that m1 < m2 is well established
by the study of solar neutrino oscillations.

Since neutrinos are uncharged, there is a possibility that they are their own anti-
particles. This was proposed by E. Majorana in 1937 in a theory of massive fermions [11].
Neutrinos and anti-neutrinos can only be distinguished by their lepton number. If lepton
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number conservation is broken, a neutrino and an anti-neutrino can’t be distinguished,
i.e. they are Majorana particles. Current experiments aim to answer the following big
unknowns about neutrino:

• Their fundamental nature: Dirac or Majorana

• The mass hierarchy

• The absolute mass scale

• CP violation in the lepton sector

• Sterile neutrino

1.2 The origin of neutrino masses

A neutrino mass term can be introduced in the Lagrangian of the electroweak interaction
in two distinct ways: a Dirac mass term and a Majorana mass term. The combination
of these two forms predicts that a heavy massive neutrino must exist along side the
known light massive neutrino according to the so-called see-saw mechanism, which will
be briefly summarized below in a simplified approach.

The Standard Model includes three left-handed neutrinos. In order to generate a
Dirac mass term for neutrinos by the Higgs mechanism, a right-handed neutrino, which
will be sterile with respect to weak interaction, must be introduced. The Dirac mass
term is written as follows:

LDmass = −mD(νRνL − νLνR) (1.3)

where νR and νL are the left-handed and the right-handed chiral neutrino fields expressed
as

νR =



νeR
νµR
ντR


 , νL =



νeL
νµL
ντL


 . (1.4)

and mD is a complex non diagonal mass matrix.

In addition, the Lagrangian can contain a Majorana mass term because of neutrino
neutrality:

LMmass = −mL

2
(νLνL

c + νL
cνL)− mR

2
(νRνR

c + νR
cνR). (1.5)

In this case the neutrino fields νR and νL, according to the Majorana condition, are
linked via this relation:

νR = νL
c. (1.6)

The first term in Eq. 1.3 destroys a left-handed neutrino and creates a right-handed neu-
trino, which means that lepton number is conserved in the Dirac mass term. Conversely,
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the first term in Eq. 1.5 creates two left-handed neutrinos out of vacuum, so the lepton
number is violated by two units by the Majorana mass term. If the lepton number is
violated, there is no quantum number to distinguish the neutrinos from anti-neutrino,
and thus the neutrino is a Majorana particle.

Combining Eq. 1.3 and Eq. 1.5 to have Dirac-Majorana mass terms, one obtains:

LD+M = −mL

2
(νLν

c
L + νcLνL)− mR

2
(νRν

c
R + νcRνR)−mD(νRνL − νLνR). (1.7)

that can be simplified to

LD+M = −1

2
NL

cMNL + h.c., (1.8)

whereM is the symmetric mass matrix

M =

(
mL mD

mD mR

)
(1.9)

and NL is the column matrix of the left-chiral neutrino

NL =

(
νL
νcR

)
(1.10)

Diagonalizing the matrixM by a unitary matrix U will give us the fields ν and N with
definite masses:

UTMU = M̃ =

(
m1 0
0 M1

)
(1.11)

and
(
νL
νcR

)
= U

(
ν
N

)
(1.12)

The Lagrangian will look like

LD+M = −1

2

(
ν N

)
M̃
(
ν
N

)
+ h.c., (1.13)

The see-saw mechanism, introduced by Yanagida and Gell-mann, provides an explana-
tion to why neutrinos have such a small mass compared to the other elementary particles.
In this case:

mD << mR, mL = 0 (1.14)

and we obtain

m1 '
m2
D

mR
(1.15)

m2 ' mR (1.16)
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Figure 1.1 – Dirac and Majorana neutrino states. There are four Dirac
neutrino states: right and left-handed neutrino, right and left-handed anti-
neutrino. There are only two neutrino states for a Majorana particle, a
left and a right-handed particle. L corresponds to the lepton number and
` to the charged leptons.

so there is a heavy neutrino state N with a mass mR connected to a very light neutrino
state ν with a mass m2

D
mR

.

Dirac and Majorana neutrino states

The massive neutrinos can be described and differentiated by their helicity. A given
helicity state is a superposition of the negative and positive chirality states. The Dirac
neutrino consists of four different states. The Dirac neutrino produces only negatively-
charged leptons and the Dirac anti-neutrino produces only positively-charged leptons,
conserving the lepton number. The left-handed neutrino and the right-handed anti-
neutrino contribute the most in producing charged leptons, as indicated in Fig. 1.1.
There are only two neutrino states for Majorana particles, since states with equal helici-
ties are indistinguishable because of lepton number violation, i.e. left-handed Majorana
neutrinos and left-handed Majorana anti-neutrinos are indistinguishable (neutrino iden-
tical to anti-neutrino). In contrast to Dirac neutrinos, Majorana neutrino can generate
both positively and negatively-charged leptons, with a higher production rate for the
same-sign lepton (' 1).

It is a very challenging task to investigate whether neutrinos are Majorana or Dirac
particle. Most of the observed neutrinos are ultra-relativistic (m/E << 1), and in this
case there is no distinction between a Dirac and a Majorana neutrino [12]. Neutrinoless
double-beta decay is considered, at the present time, the only viable approach to answer
this question (Chapter 2).
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1.3 Neutrino mixing

Neutrino flavour oscillations were confirmed by several experiments, and in particular
for the first time by Super-Kamiokande for atmospheric neutrinos, SNO for solar neu-
trinos (explaining coherently the results previously observed by other searches in terms
of flavour oscillations), KamLAND for reactor neutrinos [13] and K2K for accelerator
neutrinos [14]. After these pioneering investigations, many other experiments observed
and studied deeply this phenomenon from these neutrino sources. As they propagate,
neutrinos can change from one flavour to another. This showed that neutrinos have a
non-zero mass and are mixed particles. Neutrino mixing implies that flavour eigenstates
νl are a superposition of the mass eigenstates νi and are expressed as:

νl =
3∑

i=1

Uliνi l = e, ν, τ (1.17)

where U is Pontecorvo-Maki-Nkagawa-Sakata (PMNS) lepton-mixing matrix:

U =




c12c13 s12c13 s13e
−iδ

−s12c23 − c12s23s13e
iδ c12c23 − s12s23s13e

iδ s23c13

s12s23 − c12c23s13e
iδ −c12s23 − s12c23s13e

iδ c23c13


 ·




1 0 0

0 eiα2/2 0

0 0 eiα3/2




(1.18)

where, cij = cos θij , sij = sin θij . θ12, θ23 and θ13 the three mixing angles. δ is the Dirac
CP-violating phase and αi are the Majorana phases.

Neutrino oscillation experiments provide the squared-mass differences of the three νi
mass eigenstates. The probability of neutrino oscillation from a flavour α to another β
is given by:

P (να → νβ) = δαβ − 4
∑

i>j

Re(U∗αiUβiUαjU
∗
βi) sin2 Φij

+2
∑

i>j

Im(U∗αiUβiUαjU
∗
βi) sin2 2Φij

(1.19)

where

δαβ =

{
1, α = β

0, α 6= β,

Φij =
∆m2

ijL

4Eν

(1.20)

E is the energy of the neutrino, L is the distance between the neutrino source and the
detector and ∆m2

ij = m2
j −m2

i .

A good approximation for many actual physical situations is provided by a simplified
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Parameter Best fit 3σ range
∆m2

12 = ∆m2
sol (IH or NH) [10−5 eV2] 7.34 6.92-7.90

sin2θ12 (IH or NH) [10−1] 3.05 2.65-3.47
|∆m2

13| = |∆m2
atm| (IH) [10−3 eV2] 2.465 2.374-2.556

|∆m2
13| = |∆m2

atm| (NH) [10−3 eV2] 2.485 2.389-2.578
sin2θ23 (IH) [10−1] 5.51 4.39-5.96
sin2θ23 (NH) [10−1] 5.45 4.36-5.95
sin2θ13 (IH) [10−2] 2.23 2.03-2.43
sin2θ13 (NH) [10−2] 2.22 2.01-2.41

Table 1.1 – Oscillation parameters for the best fit and 3σ range for the 3
ν oscillation taken from [15]. IH and NH stand for inverted and normal
hierarchy order (see Section 1.3.1).

case with only two neutrino flavours:

P (να → νβ) = sin2 2θij sin2

[
1.27

∆m2L

E

]
(1.21)

So, the survival probability of a certain neutrino flavour is given by:

P (να → να) = 1− sin2 2θij sin2

[
1.27

∆m2L

E

]
(1.22)

The neutrino mixing parameters, θij and mij are obtained experimentally exploiting the
aforementioned different neutrino sources: solar, atmospheric, reactor and accelerator
sources. The recent (2020) measured values of the neutrino mixing parameters are shown
in the Table 1.1.

1.3.1 Neutrino mass hierarchy

It is worth noting that there are only 2 independent mass splittings. The smaller one
is often defined “solar mass splitting” and the larger one “atmospheric mass splitting”.
The solar mass splitting, ∆m2

12, is measured from experiments using solar and reactor
neutrino, and the atmospheric mass splitting, ∆m2

13, is measured from experiments using
atmospheric and accelerator neutrinos. The sign of ∆m2

13 is unknown, leading to two
possible neutrino mass hierarchies:

Normal Hierarchy

m1 < m2 � m3 :





m2 =
√
m2

1 + ∆m2
sol

m3 =
√
m2

1 + ∆m2
atm + ∆m2

sol/2

m2
sol << m2

atm ⇒ m3 '
√

∆m2
atm

(1.23)
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Neutrino: elusive and mysterious particle 

• Postulated in 1930 by Pauli; 1st detected in 1954 

• ν’s are massless (in SM) & interact weakly 

• 3 ν favours: νe , ν , ντ 

• The discovery of neutrino oscillations showed that neutrinos have mass! 

• Neutrino flavor states are mixture of mass states  
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Figure 1.2 – Normal and inverted hierarchies of the mass patterns and
neutrino flavor composition of the mass eigenstates.

Inverted Hierarchy

m3 � m1 < m2 :





m1 =
√
m2

3 + ∆m2
atm −∆m2

sol '
√

∆m2
atm

m2 =
√
m2

3 + ∆m2
atm '

√
∆m2

atm

m3 =<<
√

∆m2
atm

(1.24)

If the lightest neutrino mass is much larger than
√

∆m2
atm, implying thatm1 ' m2 ' m3,

this situation is usually referred to as Quasi-Degenerated Hierarchy, even if actually
one of the two situations mentioned before still holds.

1.4 Neutrino mass measurement

Evidently, neutrino has a non-zero mass, however the absolute mass scale is still unknown
just like the mass hierarchy. As pointed out above, neutrino oscillation experiments
measure only the mass squared differences and not the absolute mass scale. There are
however other ways to measure the neutrino mass.

tritium beta decay:

The kinematics of tritium beta-decay gives a way to determine the mass of the neutrino,
which can be deduced from the shape of the β-spectrum close to the endpoint of Fig. 1.3.
The decay equation is as follows:

3
1H →3

1 He
+1 + e− + νe (1.25)

tritium beta decay is studied because of the following favorable features:

• A relatively short half-life (12.32 yr), which helps in getting a high enough statistics.

• A small Qβ (18.6 keV): more events fall in the high energy range because of the
smaller phase space.

• Relatively simple nuclear structure for 3H and molecular structure for 3H2.
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Figure 1.3 – Spectrum of the tritium beta decay. (left) The whole en-
ergy spectrum. (right) Endpoint of the spectrum. The fraction of events
contained in the last 1 eV is very low (2× 10−13). Figure from [16].

The energy carried by the electron is equal to:

Ee = (Ei − Ef )− Eν (1.26)

where mi and mf are the initial and final energy of the decaying atom respectively and
Eν is the neutrino energy. If mν = 0, the endpoint of the β-spectrum will be at Qβ =
18.6 keV. A finite value of the neutrino mass will distort the shape of the spectrum in its
final part, moving the endpoint to a lower energy with respect to Qβ, and the difference
between the new endpoint and Qβ will be equal to the neutrino mass. Considering
the very small mass of neutrino, the discrepancy will be very small. For example, the
fraction of counts in the zero-neutrino-mass spectrum that occur in the last 1 eV interval
is only 2 × 10−13. The neutrino mass determined in this approach is a sort of effective
mass, corresponding to an incoherent sum of the three neutrino masses depending on
the lepton mixing matrix elements:

m2
β =

3∑

i=1

|Uei|2m2
i (1.27)

Very recently, the KATRIN collaboration reached the currently most stringent upper
limit on the effective neutrino mass [17]:

mβ < 1.1 eV (1.28)

at 90% confidence level (C.L.). The KATRIN experiment aims at an ultimate limit of
mβ<0.2 eV at 90% C.L., better than the results from Mainz [18] and Troistk [19] by an
order of magnitude (mβ . 2 eV).

Cosmology:

Constraints on neutrino masses can also be obtained from cosmology, like the mea-
surement of the temperature and polarization anisotropies of the Cosmic Microwave
Background (CMB), or the distribution of large scale structures. The sum of the three
neutrino mass states can be inferred from cosmology:

∑
mν = m1 +m2 +m3 (1.29)
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Figure 1.4 – Constraints on the lightest neutrino mass mlightest coming
from cosmology (left) and tritium β-decay experiments (right) based on
the neutrino mixing parameters in Table 1.1 (3σ ranges). Blue (red) band
corresponds to the inverted (normal) ordering allowed regions. The ex-
cluded regions are highlighted with a green band.

However the bound is model dependent. The tightest bound found by PLANCK [20] is∑
mν < 0.12 eV.

Neutrinoless double-beta decay:

Neutrinoless double-beta decay (0ν2β), the main subject of this work, is a hypothetical
nuclear transition. If the process is mediated by the so-called “mass mechanism", it
provides the effective neutrino mass defined by the following equation:

〈mββ〉 =
3∑

i=1

U2
eimi (1.30)

Combining neutrino mass information from different sources give hints about the abso-
lute mass scale of the neutrino and other neutrino properties. In particular, this is the
only known method that, at least in principle, can determine the value of the Majorana
phases.

Fig. 1.4 (left) shows the relationship between
∑
mν and the lightest neutrino mass

mlightest obtained from cosmology. The blue (red) band corresponds to the inverted
(normal) ordering where m3 (m1) is the lightest. The upper limit on

∑
mν < 0.12 eV is

given by the horizontal green band. The allowed region for the neutrino mass obtained
from tritium β-decay is shown in Fig. 1.4 (right), where the upper limit on mβ is in-
dicated by the horizontal green band. In the quasi-degenerate case, the upper limit on
mlightest '

∑
mν/3 ≤ 0.04 eV is given by the vertical green band in Fig. 1.4 (left and

right). Fig. 1.5 shows the effective Majorana neutrino mass extracted from 0νββ as a
function of the mlightest.
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Figure 1: Majorana effective mass as a function of the lightest neutrino (3σ
uncertainty regions). The horizontal lines show the current experimental limits
from the searches for 0νββ of 76Ge, 100Mo, 130Te and 136Xe (see the text for
the related references).

2 Considerations on the nuclear physics

The 0νββ transition is a nuclear process – it takes place inside the nuclei – and

the momentum of the virtual nucleon is large, of the order O(100 MeV), i. e.

the inverse of the nucleonic size, therefore much larger than the neutrino mass.

At the same time, the axial coupling of the nucleons is very importance, since

the decay rate scales as g4A. Theory thus plays a fundamental role in extracting

the information on the neutrino mass and, in a conservative approach, it is

important to discuss the uncertainties of the quantities involved in Eq. (2)

while passing from t1/2 to mββ .

The PSFs are known with accurate precision, about 7% for all the nuclei

of interest ?), while the situation is more complicated for the NMEs. In fact,

despite a relatively small intrinsic error of less than ∼ 20% is assessed for

the latter parameters by the most recent calculations ?, ?), the disagreement

between the results from different models is actually larger, up to a factor
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Figure 1.5 – Allowed region for the effective Majorana neutrino mass as
a function of the lightest neutrino mass. The red and blue regions indi-
cate the normal and inverted hierarchy, respectively. The green band is
excluded by cosmology.

Conclusions

A variety of running experiments aim to probe the mysteries of neutrino: its nature
(Dirac or Majorana), the mass hierarchy, the absolute mass scale, CP violation in the
lepton sector and whether sterile neutrinos exist. Each of the experiments listed in
section 1.4 depends on some of these unknowns. Only (0νββ) is sensitive to all of them.
0νββ is possible only if neutrino is a Majorana particle. The neutrino mass is associated
with the half-life of this decay. The effective mass measured from the half-life has two
possible regions defined by the hierarchy of the neutrino mass. That is what makes 0νββ
very interesting, by letting us explore the neutrino from different perspectives. The next
chapter will go through this decay in details.



Chapter 2

Neutrinoless double-beta decay

2.1 The two double-beta decay modes

Double-beta decay (2νββ), proposed by M. Goeppert-Mayer in 1935 [21], is a very rare
second order nuclear transition in which a nucleus (A,Z) decays into an isobar (A,Z+2)
with two more protons accompanied by the emission of two electrons and 2 anti-neutrinos:

(A,Z)→ (A,Z + 2) + 2e− + 2νe (2.1)

The decaying nucleus is an even-even one, in which decaying by a single beta decay is
kinematically forbidden since the final state has a higher energy than the initial state
due to the nuclear pairing force. 35 nuclei in nature are capable of undergoing 2νββ and
only 11 have been observed experimentally shown in Table 2.1 (there are also 3 observed
double electron capture on: 130Ba, 78Kr and 124Xe). Two double-beta decay isotopes are
studied in this thesis, 100Mo and 130Te. The decay schemes are shown in Fig. 2.1.

3.034 MeV 

100Mo 

100Ru 

0+ 

0+ 

β-β- 

2.529 MeV 

130Te 

130Xe 

0+ 

0+ 

β-β- 

Figure 2.1 – Schematic diagram of energy levels involved in double-beta
decay for Molybdenum and Tellurium.

In 1939, W. H. Furry proposed that double-beta decay could occur without neutrino
emission [22], i.e. neutrinoless double-beta decay (0νββ), after E. Majorana suggested
that neutrino and anti-neutrino may be identical [11]:

(A,Z)→ (A,Z + 2) + 2e− (2.2)

This decay, on the other hand, is forbidden in the Standard Model because it leads to
lepton number violation by two units [23–26]. Feynman diagrams for 0νββ and 2νββ
are shown in Fig. 2.2. 0νββ can be described by a virtual Majorana neutrino exchange

21
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Isotope Isotopic abundance
(%)

T 2ν
1/2

(yr) Qββ (keV)

48Ca 0.19 5.3+1.2
−0.8 × 1019 4272

76Ge 7.73 1.88 ± 0.08 × 1021 2039
82Se 8.73 0.87+0.02

−0.01 × 1019 2995
96Zr 2.8 2.3 ± 0.2 × 1019 3350

100Mo 9.82 7.06+0.15
−0.13 × 1018 3034

116Cd 7.49 2.69 ± 0.09 × 1019 2813
128Te 31.74 2.25 ± 0.09 × 1024 865.87
130Te 34.08 7.91 ± 0.21 × 1020 2527
136Xe 8.86 2.18 × 1021 2457
150Nd 5.64 9.34 ± 0.65 × 1018 3371
238U 99 2.0 ± 6 × 1021 ∼1100

Table 2.1 – Decaying nuclei, isotopic abundances, half-lives and Q-values
for the observed two-neutrino double-beta transitions [27].

at the two vertices. The neutrino created at one vertex has a higher probability to be a
right-handed than a left-handed particle. In case it is created as a right-handed neutrino,
it will be absorbed in the second vertex with a flip in helicity to a left-handed neutrino.
If it is created as a left-handed neutrino, it will be absorbed without a helicity flip in the
second vertex. This is possible only if neutrinos are massive Majorana particles. Helicity
flip is rare, which leads to a very low rate for the process.

Experiments searching for double-beta decay measure the sum of the energies of the two
emitted electrons. In case of 2νββ, the energy is shared between the two electrons and
the two anti-neutrinos, which gives a continuous energy spectrum from 0 to the Q-value.
The kinetic energy of the daughter nucleus is negligible due its heaviness in comparison
to the electrons. The signal for 0νββ is a monochromatic peak (which will be widen de-
pending on the energy resolution of the detector) at the Q-value of the transition, which
equals the sum of the kinetic energy of the two emitted electrons [23, 24, 28]. Fig. 2.3
shows the energy spectrum for the two double-beta decay modes. Table 2.1 shows the
Q-values, T 2ν

1/2 and the isotopic abundances of the ββ isotopes.

There are many mechanisms that can lead to the existence of 0νββ. The mechanism
that is shown in Fig. 2.2 consists of an exchange of a light Majorana neutrino. This
mechanism requires the least modifications of the SM by introducing a Majorana mass
term that will produce light Majorana neutrinos (section 1.2). There are more exotic
mechanisms which can induce 0νββ: left-right symmetry; light or heavy sterile neutrinos;
supersymmetry with R-parity violation; GUTs; extended technicolor or compositeness
models [29]. In case of light Majorana neutrino exchange mechanism, the decay rate of
0νββ, T 0ν

1/2, is expressed as follows:

(T 0ν
1/2)−1 = G0ν |M0ν |2

(
mββ

me

)2

(2.3)
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Figure 3: Feynman diagrams at the quark level for neutrinoless double beta decay (left) and for the SM
allowed two-neutrino double beta decay (right).

as heavy as 0.1–0.3 eV, the latter option corresponding to neutrino masses very close to each other. The
massive neutrinos are related to the flavour ones, νe, νµ and ντ via the Pontecorvo-Maki-Nakagawa-Sakata
3× 3 unitary matrix U . The oscillation experiments have also measured with precision the mixing angles
which parameterise it, θ12 ' 34o, θ23 ' 50o and θ13 ' 8.6o. They have provided the first hints in favour of
CP violation due to the δ phases being different from 0 or π [2]. The two Majorana phases α31 and α21 in U
are physical if neutrinos are Majorana particles and are completely unknown at present.

Light Majorana neutrinos mediate neutrinoless double beta decay through the diagram shown in Fig. 3.
The half-life is given by

(T 0ν
1/2)

−1 ' G0ν

me
|mββ |2 M2

NUCL , (3)

where G0ν is a known phase-space factor, me is the electron mass, MNUCL is the nuclear matrix element for
the nucleus of the process. mββ is the effective Majorana mass parameter which parameterises all the decay
rate dependence on the neutrino quantities, namely the neutrino masses, mixing angles and CP-violating
phases. Restricting the discussion to the standard case of 3-neutrino mixing, its expression is given by

|mββ | ≡
∣∣∣m1|Ue1|2 +m2|Ue2|2 eiα21 +m3|Ue3|2 ei(α31−2δ)

∣∣∣ . (4)

Here, mi, i = 1, 2, 3, indicate the three light neutrino masses, which can be expressed in terms of the
measured mass squared differences ∆m2

31 and ∆m2
21 and an unknown overall scale set by the lightest

neutrino mass, m1 for normal ordering and m3 for inverted ordering. Uei are the elements of the first row of
the PMNS lepton mixing matrix which depend on the angles θ12, θ13 and on the CP violating phases α21/2
and −δ + α31/2. The latter phases are unknown and need to be taken as free parameters.

From Eq. (4) we see that the predicted value of mββ depends critically on the neutrino mass spectrum
and on the values of the two unknown Majorana phases α21 and α31. We find that

|mNO,m1∼0
ββ | '

∣∣∣
√

∆m2
21 sin2θ12 cos2θ13 +

√
∆m2

31 sin2θ13e
i(α32−2δ)

∣∣∣ ' 1.1− 4.2 meV,(5)

|mIO,m3∼0
ββ | '

√
|∆m2

32| cos2θ13

√
1− sin2 2θ12 sin2

(
α21
2

)
' 15− 50 meV, (6)

|mm1'm2'm3≡m0
ββ | ' m0

∣∣(cos2θ12 + sin2θ12e
iα21) cos2θ13+ei(α31−2δ)sin2θ13

∣∣ ' (0.29− 1)m0 , (7)

where we have used the measured values of the oscillation parameters, including a 3σ error, and we varied
the CPV phases in their allowed ranges. In the most general case, we show in Fig. 4 the current predictions
for mββ for the two mass orderings varying the minimal value of neutrino mass.

10

Figure 2.2 – Feynman diagrams at the quark level for (0νββ)(left) and for
(2νββ) (right).

where T 0ν
1/2 is the half-life, G0ν is a phase space factor,M0ν is the nuclear matrix elements

(NME) and mββ is the effective Majorana neutrino mass defined as:

mββ =

∣∣∣∣∣
3∑

i=1

U2
1imνi

∣∣∣∣∣

=
∣∣∣cos2θ12cos

2θ13m1 + sin2θ12cos
2θ13e

iα2m2 + sin2θ13e
−i(2δ−α3)m3

∣∣∣
(2.4)

where θij are the mixing angles, αi are the Majorana phases and δ is the Dirac CP-
violating phase. From a 0νββ rate measurement (Eq. 2.3), the value of mββ can be
inferred with some uncertainties from NME. In case there is no observation of 0νββ, the
results are interpreted in terms of an upper bound on mββ. The relationship between
mββ and mlightest is shown in Fig. 2.4. The blue (red) band corresponds to the inverted
(normal) hierarchy region where the m3 (m1) is the lightest neutrino. The width of the
bands is due to the uncertainties in the measured oscillation parameters (Table 1.1) and
the unknown CP-violation phases. The vertical bars correspond to the upper excluded
limits achieved by various experiments. The effective Majorana mass mββ can provide
information about the absolute mass scale and the mass hierarchy using Eq. 2.4 and by
substituting the appropriate approximation for each neutrino mass (Eq. 1.23 or Eq. 1.24)
based on the right hierarchy.

2.1.1 Nuclear matrix elements

The nuclear matrix elements (NME) presents the main limiting factor for evaluating the
half-life T 0ν

1/2 precisely, which in turn influences the accuracy for measuring the effective
Majorana mass mββ. If 0νββ is observed and the value of mββ is inaccurate, then no
precise conclusion can be drawn on neutrino masses, CP violation phases and the mass
hierarchy. In addition, comparing the results and the sensitivities of different experiments
will not be precise. The NME is obtained theoretically and it in-codes all the nuclear
structure effects. It is expressed as the sum of the two terms, Gamow-Teller (GT) and
Fermi (F):
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Figure 12: Bounds on the mixing between the electron neutrino
and a single heavy neutrino from the combination of bounds
obtained with Ge 0]𝛽𝛽 experiments [77] using the representation
introduced in [191]. The bands correspond to the uncertainties
discussed in the text.The dashed contours indicate the mass regions
excluded by some of the accelerator experiments considered in [105]:
CHARM (90%CL, [192]), DELPHI (95%CL, [193]), PS 191 (90%CL,
[194]), and TRIUMF (90% CL, [195, 196]). The continuous contour
indicates the expected probed region by the new proposed SHiP
experiment at the CERN SPS [118]. Figure from [118].

The potential of the 0]𝛽𝛽 sensitivity to heavy neutrinos is
therefore weakened and very sensitive to theoretical nuclear
physics uncertainties. For some regions of the parameter
space, even the limits obtained more than 15 years ago
with accelerators are more restrictive than the current limits
coming from 0]𝛽𝛽 search.

6. Experimental Search for the 0]𝛽𝛽

The process described by (1) is actually just one of the forms
that 0]𝛽𝛽 can assume. In fact, depending on the relative
numbers of the nucleus protons and neutrons, four different
mechanisms are possible:

(𝐴, 𝑍) 󳨀→ (𝐴,𝑍 + 2) + 2e− (𝛽
−

𝛽
−

) ,

(𝐴, 𝑍) 󳨀→ (𝐴,𝑍 + 2) + 2e+ (𝛽
+

𝛽
+

) ,

(𝐴, 𝑍) + 2e− 󳨀→ (𝐴,𝑍 − 2) (EC EC) ,

(𝐴, 𝑍) + e− 󳨀→ (𝐴,𝑍 − 2) + e+ (EC 𝛽+) .

(50)

Here, 𝛽− (𝛽+) indicate the emission of an electron (positron)
and EC stands for electron capture (usually a K-shell electron
is captured).

The explicit violation of the number of electronic leptons
e, e, ]e, or ]e appears evident in each process in (50). A large
number of experiments has been and is presently involved in
the search for these processes, especially of the first one.

In this section, we introduce the experimental aspects
relevant to the 0]𝛽𝛽 searches and we present an overview of
the various techniques. We review the status of the past and
present experiments, highlighting the main features and the

Total electron energy
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Q𝛽𝛽

Figure 13: Schematic view of the 2]𝛽𝛽 and the 0]𝛽𝛽 spectra.

sensitivities. The expectations take into account the uncer-
tainties coming from the theoretical side and, in particular,
those from nuclear physics. The requirements for future
experiments are estimated and finally the new constraints
from cosmology are used as complementary information to
that coming from the 0]𝛽𝛽 experiments.

6.1. The 0]𝛽𝛽 Signature. From the experimental point of
view, the searches for a 0]𝛽𝛽 signal rely on the detection of
the two emitted electrons. In fact, the energy of the recoiling
nucleus being negligible, the sum of kinetic energy of the two
electrons is equal to the 𝑄-value of the transition. Therefore,
if we consider these as a single body, we expect to observe a
monochromatic peak at the 𝑄-value (Figure 13).

Despite this very clear signature, because of the rarity of
the process, the detection of the two electrons is complicated
by the presence of background events in the same energy
region, which can mask the 0]𝛽𝛽 signal. The main contri-
butions to the background come from the environmental
radioactivity, the cosmic rays, and the 2]𝛽𝛽 itself. In particu-
lar, the last contribution has the problematic feature of being
unavoidable in presence of finite energy resolution, since it is
originated by the same isotope which is expected to undergo
0]𝛽𝛽.

In principle, any event producing an energy deposition
similar to that of the 0]𝛽𝛽 decay increases the background
level and hence spoils the experiment sensitivity. The capa-
bility of discriminating the background events is thus of great
important for this kind of search.

6.2. The Choice of the Isotope. The choice for the best isotope
to look for 0]𝛽𝛽 is the first issue to deal with. From one
side, the background level and the energy resolution need
to be optimized. From the other, since the live-time of the
experiment cannot exceed some years, the scalability of the
technique, that is, the possibility to build a similar experiment
with enlargedmass and higher exposure, is also fundamental.
This translates in a series of criteria for the choice of the
isotope.

(i) High 𝑄-Value (𝑄
𝛽𝛽

). This requirement is probably the
most important, since it directly influences the background.

Figure 2.3 – Energy spectra of 2νββ and 0νββ.

M0ν = M0ν
GT −

g2
V

g2
A

M0ν
F (2.5)

where gV and gA are the vector and the axial coupling constants respectively. The value
of gA is usually taken equal to ∼ 1.27 obtained from the free neutron decay into free
proton. There is still doubts on whether gA is quenched as in 2νββ, adding further
uncertainties.
Different nuclear-structure approaches are used to compute the NME:

• Quasi-particle random phase approximation (QRPA): calculations include large
number of particles, but with limited number of correlations. The pairing of proton-
proton and neutron-neutron are taken into account [30].

• Nuclear shell model (NSM): considers all possible correlations within its configu-
ration space, but with very restricted single particles which are the nucleons near
the Fermi level. Complications arise when considering all possible configurations
for medium to heavy nuclei as double-beta decay isotopes because of the factorial
growth of the possible configurations [31].

• Interacting boson model (IBM): It is based on NSM with reduced complexity by
combining the nucleons in pairs. It is suitable for describing intermediate and
heavy nuclei [32].

2.2 Sensitivity

Maximizing the sensitivity of the experiment is the ultimate goal to be able to explore
the very rare hypothetical neutrinoless double-beta decay. Several factors must be taken
into account when building a double-beta decay experiment: the mass of the double-beta
decay isotope, energy resolution, duration of the experiment, background counts in the
region of interest (ROI) and some other factors mentioned later. As pointed out, the
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Figure 1: Majorana effective mass as a function of the lightest neutrino (3σ
uncertainty regions). The horizontal lines show the current experimental limits
from the searches for 0νββ of 76Ge, 100Mo, 130Te and 136Xe (see the text for
the related references).

2 Considerations on the nuclear physics

The 0νββ transition is a nuclear process – it takes place inside the nuclei – and

the momentum of the virtual nucleon is large, of the order O(100 MeV), i. e.

the inverse of the nucleonic size, therefore much larger than the neutrino mass.

At the same time, the axial coupling of the nucleons is very importance, since

the decay rate scales as g4A. Theory thus plays a fundamental role in extracting

the information on the neutrino mass and, in a conservative approach, it is

important to discuss the uncertainties of the quantities involved in Eq. (2)

while passing from t1/2 to mββ .

The PSFs are known with accurate precision, about 7% for all the nuclei

of interest ?), while the situation is more complicated for the NMEs. In fact,

despite a relatively small intrinsic error of less than ∼ 20% is assessed for

the latter parameters by the most recent calculations ?, ?), the disagreement

between the results from different models is actually larger, up to a factor
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Sensitivity goal of next generation experiments

Excluded by KamLAND-Zen
GERDA, EXO-200, CUORE

Figure 2.4 – Allowed region for the effective Majorana neutrino mass as
a function of the lightest neutrino mass. The red and blue regions indi-
cate the normal and inverted hierarchy, respectively. The green band is
the region excluded by cosmology. The experimental situation for 0νββ
(present and future) is shown.

experiments are searching for a peak at the Qββ of the process. If this feature is observed,
the half-life can be evaluated as:

T 0ν
1/2 = ln 2 · ε · T Nββ

Npeak
(2.6)

where ε is the detection efficiency, T is the live-time of the measurement, Nββ is the
number of ββ source nuclei and Npeak is the number of observed 0νββ events.

Till now, no peak that accounts for the decay has been discovered. In this case, an
upper limit is set on mββ and therefore a region from the top of Fig. 2.4 is excluded.
The sensitivity is then expressed as:

S0ν = ln 2 · ε · xηNA

A
·
√

M · T
BI ·∆E (2.7)

where x is the number of isotope atoms in the molecule, η is the isotopic abundance, NA

is Avogadro’s number, A is the molecular weight, M is the ββ isotope mass, T is the
effective duration of the physics data taking, ∆E is the energy resolution of the detector
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and BI is known as the background index and is defined as:

BI =
NB

∆E ·M · T counts/(keV kg yr) (2.8)

where NB is the number of background events. The major goal of the experiments is
to reach an extremely low background level so that the number of background events in
the ROI is zero:

BI ·∆E ·M · T . 1 (2.9)

In this case, the background term in Eq. 2.7 is replaced with NL, the number of excluded
events in the ROI at a given confidence level (C.L.) when zero counts are observed, to
get:

S0ν = ln 2 · ε · xηNA

A
· M · T
NL

(2.10)

For a 90 % C.L., NL is equal to 2.3 [33]. In the zero-background case, the sensitivity grows
linearly with the increase of the ββ isotope mass. However in the non-zero background
case, the sensitivity is proportional to the square root of the isotope mass, which means
that the experiment is not fully exploiting the large (and expensive) isotope mass. From
the above discussion, we deduce that a successful double-beta decay experiment must
satisfy four main requirements to increase the sensitivity:

• An ultra low background

• An excellent energy resolution

• A large ββ isotope mass

• Very long live-time

2.3 Experimental challenges

The detector design of a double-beta decay experiment is a very challenging task. Below
we list the most essential detector features:

2.3.1 Isotope choice

The candidate double-beta decay isotope to be chosen is based on some considerations
to be taken into account to increase the sensitivity of the experiment:

• Qββ:Qββ:Qββ: The most promising and desirable isotopes to study are those with a high
Qββ, at least higher than 2 MeV or, even better, above the natural γ radioactivity
(208Tl, 2.615 MeV), since this will imply less background in the ROI. In addition,
this leads also to a higher decay probability because the phase space factor has a
leading term proportional to Q5. The most favourable candidates are: 48Ca, 76Ge,
82Se, 100Mo, 116Cd, 124Sn, 130Te, 136Xe and 150Nd. The double-beta decay isotopes
Qββ is shown in Fig. 2.5. Above 3.27 MeV, the region is also free from 214Bi β
spectra. However the isotopes with a Q-value above this point have difficulties
for enrichment, which is on the other hand necessary because of the low isotopic
abundance.
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• Nuclear matrix elements: NME is the major source of uncertainties when
computing the neutrino masses from the half-life. Isotopes with higher NME have
a higher decay rate of 0νββ.

• Natural isotopic abundance: High isotopic abundance (IA) means low cost for
the experiment in terms of enrichment if needed and a more compact apparatus
with a higher mass of the source (double-beta-decay isotope) with respect to the
total mass. The IAs of the most interesting candidates are shown in Table 2.1.

Other factors to be taken into consideration is the possibility of enrichment and the
available detector technology to study the isotope.

2.3.2 Energy resolution

A high energy resolution is a crucial condition to increase the sensitivity of the experi-
ment. It helps reduce the source of background coming from 2νββ, also it improves the
signal-to-noise ratio in the ROI by narrowing the ROI which leads to a reduction in the
background level.

2.3.3 Low background

A zero-background experiment is a very desirable feature for future 0νββ searches. There
are different sources of background that can be controlled:

• Choosing radio-pure materials to build the detector and its surrounding is manda-
tory to have a low radioactive contamination that are mainly due to 208Tl and
214Bi from the 232Th and 238U decay chain.

• External natural γ radioactivity from the 232Th and 238U decay chain can be
stopped by using a dense materiel (high Z) as a shield, such as lead.

• Radon, a decay product of thorium and uranium, is a source of background that
can contaminate the detector materials. Flushing the detector with nitrogen and
working in an anti-radon environment can mitigate radon contamination.

• Cosmic muons can swamp the ROI if they are not stopped. Running the experiment
in underground laboratories will reduce muon flux. High-energy secondary particles
can also be produced after muon interaction. Adding a veto system and active
shields can eliminate background from residual muons and the secondary particles
interaction.

• Cosmic neutrons can activate detector materials and produce radioactive nuclei.
The activation can be reduced storing the material underground. Environmental
neutrons can induce the emission of high energy γ’s that can contribute to the
background. Polyethylene or any hydrogenous material can shield against environ-
mental neutrons.

2.4 Current and future experiments

There are many experiments with different technologies searching for 0νββ. The current
experiment are very close to reach the top of the inverted hierarchy band. In five years,
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Figure 8: Double-beta decay candidates and their Q-values (adapted from [52]). The “magnificent nine”
are highlighted and two background-relevant energy markers are indicated (see text).

Table 4: Relevant parameters and features of the “magnificent nine” double-beta decay candidates.

Double-beta
candidate

Q-value
(MeV)

Phase space
G01(y−1)

Isotopic abundance
(%)

Enrichable by
centrifugation

Indicative cost
normalized to Ge

48Ca 4.27226 (404) 6.05 × 10−14 0.187 No —
76Ge 2.03904 (16) 5.77 × 10−15 7.8 Yes 1
82Se 2.99512 (201) 2.48 × 10−14 9.2 Yes 1
96Zr 3.35037 (289) 5.02 × 10−14 2.8 No —
100Mo 3.03440 (17) 3.89 × 10−14 9.6 Yes 1
116Cd 2.81350 (13) 4.08 × 10−14 7.5 Yes 3
130Te 2.52697 (23) 3.47 × 10−14 33.8 Yes 0.2
136Xe 2.45783 (37) 3.56 × 10−14 8.9 Yes 0.1
150Nd 3.37138 (20) 1.54 × 10−13 5.6 No —

with some gamma background and with the Radon-induced one; the second group (82Se,
100Mo, and 116Cd) is out of the reach of the bulk of the gamma environmental background but
Radon may be a problem; the candidates of the third group (48Ca, 96Zr, and 150Nd) are in the
best position to realize a background-free experiment. As for the phase space, the situation
is depicted in Figure 9. No great differences are observable among the various candidates,
with the significant exceptions of 76Ge, which presents a small value of only∼ 6 × 10−15 y−1

due to its low Q and, on the other side of 150Nd, characterized by a particularly high value of
∼ 1.5 × 10−13 y−1).

As for the second criterion, natural isotopic abundances are reported in Table 4. Most
of the abundances are in the few % range, with two significant exceptions: the positive case
of 130Te that with its 33.8% value can be studied with high sensitivities even with natural
samples; the negative case of 48Ca, well below 1%. Given the considerations exposed in
Section 6.1, an ambitious experiment (aiming at exploring the inverted hierarchy region of
the neutrino mass pattern) needs at least 100 kg of isotope mass. In order to keep the detector
size reasonable (and recalling that the background scales roughly as the total source, and
not isotope, mass), it is clear that isotopic enrichment is a necessary task for almost all high-
sensitivity searches. The generally available enrichment techniques are reported in Table 5.

Figure 2.5 – Double-beta decay candidates and their Qββ. Red squares
indicate the most promising candidates. Two energy markers showing the
upper limits of the γ environmental radioactivity (2.615 MeV) and of the
222Rn-induced radioactivity (3.27 MeV) are shown.

several experiments will start to go deep inside the region. In 10 year, the goal is to fully
cover it. We list the most relevant current and future experiments.

2.4.1 High purity germanium detectors (HPGe)

GERDA

GERDA (GERmanium Detector Array), located in the underground Laboratori Nazion-
ali del Gran Sasso (LNGS) in Italy, is an experiment based on 37 enriched high purity
germanium detectors (HPGe) (semi-coaxial and point-contact BeGe detectors) with a
total mass of 35.6 kg enriched to 87% in 76Ge. The detectors are placed in a liquid argon
(LAr) cryogenic bath, which is situated in turn inside a water tank. The setup is equipped
with photomultipliers (PMTs) to detect the scintillation provided by LAr after radiation
interaction, and it serves as an internal active veto system to reject background radia-
tion that deposits energy in LAr in coincidence with the Ge crystals. The purified water
also shields against external radiation and neutrons. The features of HPGe detectors
are the intrinsic purity of Ge, excellent energy resolution and high detection efficiency
(source=detector). GERDA holds the record for the lowest background in double-beta
decay experiments, with a BI= 5.6+3.4

−2.4 ·10−4 counts/(keV kg yr) and an energy resolution
of 3.0 keV (FWHM) at Qββ= 2039 keV. The half-life 90% confidence level (C.L.) lower
limit is derived to be T 0ν

1/2 > 1.8 · 1026 yr for a total exposure of 127.2 kg·yr [34].

MAJORANA

The MAJORANA demonstrator, located at the Sanford Underground Research Facility
(SURF) in the USA, is also searching for 0νββ in 76Ge using P-type point-contact (PPC)
HPGe detectors (25 kg of 76Ge). It is more traditional compared to GERDA, as it uses
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inner copper shields, lead shield and muon veto. With a total enriched Ge exposure
of 26 kg·yr, the MAJORANA demonstrator achieved a lower limit on the half-life of
0.27 ·1026 yr at 90% C.L. (median sensitivity 0.48 ·1026 yr at 90% C.L.) with an excellent
energy resolution 2.5 keV at Qββ [35].

LEGEND

LEGEND (The Large Enriched Germanium Experiment for Neutrinoless Double-Beta
Decay) is a next-generation 0νββ experiment based on 76Ge. It builds on the two suc-
cessful GERDA and MAJORANA experiments and use PPC (inverted-coaxial) detectors
which have several advantages: easiness of fabrication; pulse shape discrimination (PSD)
capability to reject background; and very low capacitance. The LEGEND strategy is to
combine the best features of GERDA and MAJORANA aiming to increase the sensitivity
to 1027 yr in the first phase and 1028 yr in the second phase by improving the radio-purity
of materials close to the detector, increasing the 76Ge mass and improving the LAr light
scintillation efficiency. In the first phase, LEGEND-200, which envisages about 200 kg of
enriched Ge detectors, will be operated in the existing GERDA infrastructure at LNGS.
For a 1000 kg·yr exposure and background reduction to < 2 · 10−4 counts/(keV kg yr),
the experiment will have a discovery potential corresponding to a half-life of 1027 yr.
The second phase, LEGEND-1000, will require a new infrastructure to house 1000 kg of
detectors. The total mass will be deployed in several batches at stages; each batch will
contain ∼250 kg. The background index is planned to be reduced by a factor of 10 with
respect to LEGEND-200. The goal is to achieved a sensitivity beyond 1028 yr with a
total exposure of 10 t·yr [36].

2.4.2 Bolometers

CUORE

CUORE (Cryogenic Underground Observatory for Rare Events) is searching for 130Te
0νββ using TeO2 bolometers. Bolometers, which operate at very low temperatures,
use single crystals as detecting medium. They react to a particle interaction with a
temperature rise measured by a thermistor glued or deposited at the surface of a crys-
tal, which converts the temperature variation into an electrical signal. In the case of
CUORE, the thermistor consists of a small neutron-transmutation-doped germanium
crystal (Ge-NTD). The features of bolometers are: high energy resolution; high detec-
tion efficiency (source=detector); and, sometimes, PSD capability. CUORE consists of
988 bolometers arranged in 19 towers with a total mass of 741 kg (206 kg of 130Te)
housed in a cryostat to cool down to mK scale. CUORE placed a lower limit on the
half-life T 0ν

1/2 > 3.2 · 1025 yr (90% C.L.) [37] and sensitivity bound on mββ 75-350 meV
for a 372.5 kg·yr exposure [38]. The energy resolution at Qββ is 7.7 keV FWHM. The
current background index of CUORE is 1.38 ·10−2 counts/(keV kg yr) mostly dominated
by energy-degraded α’s from surface contamination in the materials constituting the
detector. In 3 yr from now, CUORE is expected to reach a sensitivity of the order of
1026 yr. The CUORE collaboration developed a background model using directly the
data and showed that by rejecting the α’s, the BI in the ROI can be improved to be
around 2.5 · 10−3 counts/(keV kg yr) and even better at higher energy, above 2.6 MeV,
with a value down to 10−4 counts/(keV kg yr).
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CUPID and its demonstrators

CUPID (CUORE Upgrade with Particle IDentification) is the proposed next-generation
experiment following CUORE. CUPID adopts scintillating bolometers to search for
0νββ. Scintillating bolometers are low temperature calorimeters based on a crystal that
scintillates when particles impinge on it, providing thus both a heat and a light signal
for each event. An additional bolometer is needed to register the emitted scintillation
light from the crystal. The simultaneous detection of heat and light is a powerful tool
for particle identification. It provides the ability to distinguish α’s from β’s/γ’s thanks
to the different light yield between them. This is of huge importance, as α’s are the
dominant background of CUORE, as mentioned above. CUPID will be located in LNGS
using the same cryogenic facility of CUORE, which can deploy the next-generation re-
quired ton-scale 0νββ isotope mass. The results obtained by CUPID-Mo (see below) led
the collaboration to choose Li2MoO4 for CUPID future experiment. CUPID goals are
to achieve a background level of the order of 10−4 counts/(keV kg yr), which is possi-
ble according to the results of the background model of CUORE, and a sensitivity on
mββ in the range 12-20 meV for a 10 yr live-time [39] and a lower limit on the half-life
T 0ν

1/2 > 1.5 · 1027 yr at 90% C.L.
CUPID-0 is the first pilot demonstrator of CUPID, started in June 2017, that is

based on Zn82Se enriched in the isotope 82Se at 95% corresponding to a mass of 4.7 kg
of 82Se. The Qββ of Se is 2997 keV well beyond the endpoint of γ natural radioactivity.
A germanium bolometer was used as a light detector to collect the scintillation emitted
by ZnSe. The background index in the ROI is 3.5 · 10−3 counts/(keV kg yr) which is
the lowest background reached by a cryogenic calorimeter along with the CUPID-Mo
experiment (see below). For a total exposure of 10 kg · yr and an obtained energy
resolution of 20.05 keV, the experiment has set the most stringent half-life lower limit
on 82Se, corresponding to T 0ν

1/2 > 3.5 · 1024 yr at 90% C.L. [40]. However, drawbacks
for ZnSe appeared: not a very good energy resolution, difficulty of crystallization and
internal 228Th contamination.

CUPID-Mo is another pilot experiment of CUPID that studies the isotope 100Mo
which has aQββ at 3034 keV, also well above the endpoint of γ natural radioactivity. The
isotope is embedded in LithiumMolybdate crystals (Li2MoO4). The experiment has been
running until Summer 2020 in the Modane underground laboratory (LSM) in France,
and it consists of 20 Li2MoO4 coupled to 20 Ge light detectors to register the scintillation
light emitted by the scintillating Li2MoO4 elements. The crystals are enriched to 95 %
in 100Mo. Very promising results where achieved: very good energy resolution — 5.3 keV
FWHM at the 208Tl peak at 2615 keV — and clear demonstration of the capability of the
double-readout to reject the dominating background due to α’s. The experiment has set
the most stringent half-life lower limit on 100Mo, corresponding to T 0ν

1/2 > 1.5 · 1024 yr at
90% C.L. [41]. The background index in the ROI is determined with a large uncertainty
due to the poor statistics, and corresponds to 3+7

−3 · 10−3 counts/(keV kg yr).

AMoRE

AMoRE (The Advanced Molybdenum-based Rare process Experiment) is based on scin-
tillating bolometers that are equipped with metallic magnetic calorimeter (MMC) phonon
sensors to measure the temperature rise of the crystal. 100Mo is the candidate isotope
that is embedded and chosen to be tested in one of three possible crystals: 48depCaMoO4,
Li2MoO4, Na2MoO4. The AMoRE pilot experiment, performed at Yangyang under-
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ground laboratory (South Korea), was using six 48CaMoO4 crystals (total mass 1.9 kg),
reporting an upper limit on the half-life T 0ν

1/2 > 9.5 ·1022 yr with a live exposure of 111 kg
day. AMoRe-I will be implemented with 12 more crystals of various types (48CaMoO4,
Li2MoO4, Na2MoO4) to improve the detector performance opening the way to the choice
of the appropriate crystal for the main phase of the project, namely AMoRE-II. AMoRE-
II will consist of 200 kg of crystals mass, aiming at improving the effective Majorana
neutrino mass sensitivity down to 20–50 meV [42].

2.4.3 Xenon Time-Projection Chamber (TPC)

EXO

EXO (Enriched Xenon Observatory) searched for 0νββ of the isotope 136Xe using a time-
projection chamber (TPC) that contains liquid Xenon (LXe). When a particle deposits
energy in the LXe it ionizes and excites the Xe atoms at some location and some of the
electrons are drifted towards a wired grid by an applied electric field providing a 2D
information (X and Y) about their position. The de-excitation of xenon-ions and the
recombination of some of electron with xenon ions will lead to the emission of scintillation
light that is collected by an arrays of large area avalanche photodiodes (LAAPDs).
A 3D location of the event can be reconstructed from the difference in time between
the ionization signal that needs some time to be collected and the scintillation time
which is registered very shortly after the interaction. This kind of technology allows
to get information about the event energy, location, site multiplicity and the type of
interacting particle. The EXO-200 pilot experiment was located in Waste Isolation Pilot
Plant (WIPP), New Mexico in the USA. The mass of the detector is 175 kg of which 75
kg are 136Xe. The 136Xe were in the TPC active volume, and the enrichment factor in
136Xe was 80%. For a total exposure of 234.1 kg · yr, the lower limit on the half-life
was measured to be 3.5 · 1025 yr at 90% C.L. (median half-life sensitivity is 5 · 1025 yr
at 90% C.L.) [43]. nEXO is the proposed next-generation follow-up to EXO-200 using
5000 kg of isotopically enriched liquid-xenon. The half-life sensitivity is predicted to be
9.2 · 1027 yr (median half-life sensitivity is 9.2 · 1027 yr at 90% C.L.) [29, 44].

NEXT

NEXT (Neutrino Experiment with a Xenon TPC) is another TPC experiment based
on high pressure gaseous xenon (HPXe). HPXe TPCs offer two advantages: high en-
ergy resolution and possibility of track topology, which enables discriminating γ-induced
electrons from the two electrons emitted in a 0νββ decay. In NEXT, the ionization
signal that drifts to the anode is amplified using the electroluminescence of xenon, which
is induced by an intense electric field in a region near the anode, causing a secondary
scintillation light after atomic excitation. NEXT-White, running in the underground
laboratory of Canfranc (LSC) in Spain, is using 5 kg of xenon enriched to 91% in 136Xe.
The purpose of this run is to establish the technology for the following 100 kg experiment
(NEXT-100) and to measure the background and the 136Xe 2νββ decay. The background
index is expected to be 4 · 10−4 counts/(keV kg yr), which will lead to a sensitivity of
1 · 1026 yr after a total exposure of 400 kg·yr for NEXT-100 [45]. NEXT-HD is the
ton scale long term prospect, with the aim to reach a sensitivity 1.5 · 1027 yr for 5 yr
live-time [46,47].
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2.4.4 Liquid loaded scintillators

KamLAND-Zen

KamLAND-zen 400 experiment used 136Xe-loaded liquid scintillator. It consists of a 13 m
outer balloon that is filled with liquid scintillator (LS) that contains a 3.08 m mini-balloon
including 13 ton of xenon-loaded liquid scintillator (Xe-LS) of which Xe constitutes 750
kg, enriched to 91% in 136Xe. PMTs are placed on the inner surface to detect the
scintillation light caused by particle interactions. KamLAND-Zen 400 reached the most
sensitive constraint on the effective Majorana neutrino mass with a lower limit on the
half-life T 0ν

1/2 > 1.07 · 1026 yr (90% C.L.) corresponding to |mββ| < 61 − 165 meV [48].
The current project, KamLAND-zen 800 with 750 kg Xe, that started in January 2019,
is expected to touch the inverted hierarchy region after 3 years of data acquisition.

SNO+

The SNO+ experiment is using tellurium-loaded liquid scintillator (Te-LS). 780 tons of
liquid scintillator are contained in a acrylic vessel, which have 0.5% natTe-loading by
weight, corresponding to 1330 kg of 130Te. The expected sensitivity for this phase is
T 0ν

1/2 > 1.9 ·1026 yr after 5 years of data taking. SNO+ future phase, called phase II, will
include 1% tellurium loading, improvement in the light yield and a higher transparency
LS to increase the energy resolution, and 130Te enrichment. This will boost SNO+ sen-
sitivity to effective Majorana neutrino mass with the aim to cover the inverted hierarchy
region. [49].

2.4.5 Tracking detector

SuperNEMO

SuperNEMO employs a tracking-calorimetry detection technique to search for 0νββ. It
is built on the successful NEMO-3 experiment. In this technique, a layer of the isotope
under study in the form of a thin foil is is placed in a gaseous tracker that in turn is sur-
rounded by a calorimeter. The tracker consists of drift cells which reconstruct particles
trajectories, and the calorimeter consists of optical modules based on plastic scintilla-
tors which measure particle energy. This allows for a full event-topology reconstruction.
SuperNEMO studies the isotope 82Se which has a Qββ=2998 keV. The SuperNEMO
demonstrator, under commissioning at Laboratoire Souterrain de Modane (LSM), con-
tains 6.3 kg of the isotope with the aim to reach a sensitivity T 0ν

1/2 > 5.9 · 1024 yr (90%

C.L.) with a 2.5 yr exposure [50]. The full SuperNEMO experiment should use 100 kg of
82Se. It would require a very big underground space (20 times bigger than the demon-
strator). The foreseen sensitivity for a 5 yr exposure is T 0ν

1/2 > 1026 yr (90% C.L.) [50].

Tables 2.2 and 2.3 show a summary of the current and future experiments.

In the next chapter, the bolometric technique for the search of neutrinoless double-beta
decay will be introduced. A new method for pulse shape discrimination will be described
to reject the challenging background from surface contamination.
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Experiment detection technique isotope mass
(kg) lim mββ Ref.

LEGEND-200 HPGe detector 76Ge 200 35-73 [29]
LEGEND-1000 HPGe detector 76Ge 1000 15-50 [36]
SuperNEMO tracking calorimeter 82Se 100 50-100 [50]

CUPID scintillating bolometers 100Mo 253 12-20 [39]
AMoRE II scintillating bolometers 100Mo 200 20-50 [42]
nEXO liquid TPC 136Xe 5000 5.7-17.7 [44]

NEXT-100 gaseous TPC 136Xe 100 46-170 [46] [45]
NEXT-2 gaseous TPC 136Xe ∼ton 17-40 [46]

KamLAND-Zen 800 liquid scintillator 136Xe ∼800 ∼ 40 [46]
SNO+ (Phase I) liquid scintillator 136Xe 1330 40-90 [61]

Table 2.3 – Sensitivities of future experiments.



Chapter 3

Bolometric detectors

The detector technology used to investigate neutrinoless double-beta decay plays a major
role to get a better sensitivity. Bolometers are amongst the most powerful detectors
for double-beta decay searches. They have intrinsic good features and are flexible in
terms of making modifications, thus allowing to design various strategies to maximize
the sensitivity. Bolometers have an intrinsic high energy resolution, a high detection
efficiency, a low energy threshold, possibilities of background reduction employing active
rejection techniques [62]; in addition, and more importantly, they can be fabricated from
a variety of materials — including the element of interest — with the possibility of
enrichment in the ββ isotope. All these features provide a powerful detection technique.
Reducing the background due the surface contamination is of particular importance, as
it is shown to be the dominant background in the ROI for bolometric experiments [63].
Two main bolometric experiments are covered in this work: CUPID-Mo and CROSS.

CUPID-Mo (CUORE Upgrade with Particle IDentification) is a 0νββ experiment
based on scintillating bolometers formed by Li2MoO4 crystals coupled to light detectors.
This configuration gives the ability to reject α particles background by reading simulta-
neously the heat and the light signal that is typically different for α and β/γ events for
the same deposited energy in the crystal (section 3.2).

The CROSS project (Cryogenic Rare-event Observatory with Surface Sensitivity) is
based on surface sensitive bolometers that is achieved by coating the crystals (Li2MoO4

and TeO2) with the appropriate materials, providing the detector with an active rejection
technique for surface contamination events (section 3.4).

3.1 The classical bolometric technique

The use of bolometers for the search for double-beta decay was first proposed by E. Fior-
ini and T.O. Niinikoski [64]. Bolometers are calorimetric detectors that consist of an
absorber (a crystal) with a sensor affixed to the surface of the crystal. The ensemble
is in thermal link to a heat bath. When a particle releases energy in the absorber it
is converted into lattice vibrations that generate eventually a temperature rise in the
crystal. This temperature rise is measured by the sensor, which acts as a thermometer.
It converts thermal excitations into a readable signal which typically consists of a voltage
pulse as the one in Fig. 3.1 (left).

An essential requirement to build a bolometer is to ensure a low heat capacity C of
the absorber. In fact, the temperature variation ∆T induced by an energy deposition E
is given by:

35
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Figure 3.1 – left : A typical pulse shape. right : Simplified thermal model
scheme of the bolometer which consists of an absorber with heat capacity
C coupled through the thermal conductance G to a thermal bath.

∆T =
E

C
(3.1)

which translates into an increase in temperature variation as the heat capacity decreases.
The typical temperature variation of a bolometer of the types discussed in this work is
a few tens or hundreds of µK per MeV.

The bolometer presents thermal connections between the absorber and the thermistor
to read the deposited energy precisely and between the absorber and the heat sink
to ensure keeping the bolometer at low temperature and recovering back the initial
temperature after the bolometer heats up as a result of an energy deposition. Fig. 3.1
(right) shows a simplified bolometric thermal model.

3.1.1 The absorber

The absorber contains the ββ decaying isotope, implying that the source is the detector
itself. It can be fabricated from a wide variety of materials, provided that they have
a low heat capacity at very low temperatures as addressed above in Eq. 3.1. The heat
capacity for a dielectric and a diamagnetic material, in which the contribution is only
from the lattice, is given by:

C =
12

5
π4NA

m

M
kb

(
T

ΘD

)3

(3.2)

where m is the mass of the crystal, M is the molar mass, NA is Avogadro’s number, kb
is Boltzmann constant (1.38 × 10−23 J/K), T is the temperature of the crystal, and ΘD

is Debye temperature. Working at very low temperature, around 10 mK, will make C
sufficiently low.

The absorber with a heat capacity C is in weak thermal link through a thermal
conductance G with a heat sink held at a very low and constant temperature T0 (Fig. 3.1
(right)). So when the temperature of the absorber rises after a particle impinges on it, it
will restore to the original temperature thanks to the connection to the heat sink. The
time evolution of the temperature variation is given by:
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∆T (t) =
E

C
e−t/τ (3.3)

where τ = C/G is the time required for the absorber to return to the base temperature
and it is referred to as the decay-time. It depends strongly on the material and the
thermal coupling to the heat bath. The decay-time appears in the pulse as the decaying
part after the maximum.

In principle, the absorber can be a conductor rather than a dielectric material. But
in this case the heat capacity has a contribution coming from the electrons in which C
is proportional to T :

C =
π2

2

NA

EF
k2
bT = γNT (3.4)

where EF is Fermi energy. The term in front of T in the above equation is often defined
“Sommerfeld coefficient” γN . So conductors are not preferred because their heat capacity
is much higher compared to the heat capacity of dielectric materials (C ∝ T 3) at very
low temperatures.

However, if the metal is in a superconductive state well below the critical temperature
TC , the electron specific heat is modified as follows (according to the BCS theory):

C = A · γN · TC · exp

( −∆

kBT

)
(3.5)

where A is a dimensionless constant and ∆ = 1.764 · kB Tc is the zero temperature
limit of the superconductive gap. Therefore, the electron heat capacity will vanish ex-
ponentially in superconductors as the temperature decreases and will become negligible
with respect to the lattice contribution.

Two types of crystals are considered in our work, lithium molybdate (Li2MoO4)
[65, 66] and tellurium dioxide (TeO2) [38]. The heat capacity for a 2×2×1 cm3 crystals
is given in the table below:

Crystal θD (K) C (J/K)
Li2MoO4 316 [67] 3 ·10−5 T 3

TeO2 232 [68] 7 ·10−5 T 3

Table 3.1 – The heat capacity for the a 2×2×1 cm3 dielectric Li2MoO4

and TeO2 crystals.

As for metals, we will deal with two types of metal coating: superconductive alu-
minum (TC = 1.2 K) and normal palladium (γN = 9.6 · 10−3 (J/K2/mol)).

3.1.2 The sensor

The sensor is responsible for registering the temperature rise. It collects the phonons
produced in the absorber after energy deposition and converts it into an electrical signal.
Often (and always in the present work) the sensor is a thermistor characterized by a
function R(T ), providing the dependence of the resistance on the temperature. The
sensor performance is characterized then by the sensitivity, which is expressed as:
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A =

∣∣∣∣
d lnR(T )

d lnT

∣∣∣∣ ∼
∆R

R

T

∆T
(3.6)

This parameter shows the ability and efficiency of the thermistor in converting a small
temperature rise into a detectable electrical signal, which is obtained by flowing a con-
stant current in the thermistor and registering the voltage variation induced by the
resistance change.

In our work we consider two types of thermistors: Neutron transmutation doped
(NTD) [69] Germanium thermistors and NbSi films [70,71].

Neutron transmutation doped (NTD) Germanium thermistor

An NTD Ge thermistor consists of a semiconductor germanium crystal doped just below
the metal-insulator transition (MIT). Doping is achieved by using the NTD technique,
in which a natural germanium wafer is bombarded with a high flux of thermal neutrons
from a nuclear reactor, which will induce nuclear transformations in some germanium
atoms giving a homogeneous dopant concentration:

70Ge+ n→71 Ge→71 Ga+ νe (acceptor)
74Ge+ n→75 Ge→75 As+ νe (donor)
76Ge+ n→77 Ge→77 As+ νe

→77 Se+ νe (double donor)

(3.7)

At low temperatures, the electrons transport in Ge-NTDs is explained by the variable
range hopping (VRH) mechanism. In VRH the charge tunneling between impurities is
assisted by phonons. Charges tunnel or hop between impurity sites by absorbing or
emitting phonons. The resistivity of the NTD as a function of temperature according to
the VRH with soft Coulomb gap [72], which well describes the thermistors used in this
work, is given by:

ρ = ρ0e
(T0/T )γ (3.8)

where γ is equal to 0.5 [73], while R0 and T0 are determined experimentally by character-
izing the thermistor. In general, T0 depends on the dopant concentration, R0 = ρ0 ·L/S
(L being the contact distance and S the thermistor section) depends on the geometry
and weakly on the T0 value, γ depends on the electron density of states near the Fermi
level and, as stated above, is equal to 0.5 for our thermistors operating in the VRH with
soft Coulomb gap regime. The mechanical stress of the sample, induced for example
by differential thermal contractions with respect to the glue used to fix the thermistor,
can change the R(T ) curve, typically increasing both T0 and ρ0. The doping density
is critical to ensure that the conductivity goes to zero at zero temperature when it is
below the MIT (Metal Insulator Transition). Doping close to the MIT is the favoured
condition as this will provide a thermistor with a high sensitivity, low noise and a high
reproducibility. Random and homogeneous doping, which is provided by the NTD tech-
nique, will prevent resistivity changes due to fluctuations in the local hopping probability
for carriers between the dopant atoms [74].

A thermistor is characterised by gluing it either directly at a crystal in a detector
configuration or at a copper holder with a thermal link to a heat sink held at a very low
temperatures. The resistance of the Ge-NTD is then measured at different temperatures
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Figure 3.2 – The resistance as a function of the temperature for Ge-NTD
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the sapphire crystal through the thermal leak (14 ms). 
Assuming that the slow component is the thermal equilib- 
rium bolometer signal, we extrapolate a thermal signal 

amplitude A,, in good agreement with the signal amplitude 
calculated from the thermometer sensitivity and the heat 
capacity of the absorber. The signal amplitude is seven 
times larger than the expected thermal amplitude. This 
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signal amplitude. 
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to get a plot similar to the one shown in Fig. 3.2. Then the curve is fitted with the
equation below derived from Eq. 3.8:

R = R0e
(T0/T )γ (3.9)

from whichR0 and T0 are extracted. The gluing of the thermistor is done using Araldite®

bi-component epoxy glue. Gluing can be done with a thin veil of glue or small spots
arranged in array with a thickness fixed by a spacer, typically between 20 and 50 µm.
The small spot option is safer, as the mechanical stress between the Ge-NTD and the
absorber is weaker compared to a large veil.

The Ge-NTD being glued to the crystal and intrinsically slow in response, it shows
mainly sensitivity to thermal phonons (see section 3.3).

It may be useful to evaluate the heat capacity at low temperatures of a Ge-NTD.
For the devices used in this thesis, consisting of a doped Ge crystal with dimensions
3×3×1 mm, the heat capacity is given by CNTD = 8.8×10−9 ·T [J/K] [75], dominated
by the electronic system of the device.

Niobium-silicon film (Anderson insulator)

NbxSi1−x is a thermometer sensitive mainly to out-of equilibrium phonons (see section
3.3). It has an excellent coupling to the heat absorber because it is deposited on a large
surface without a glue interface. For x > 0.13 , the sensor displays superconductivity,
for 0.09 < x < 0.13 the sensor shows a non-superconducting metallic behaviour, and for
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x < 0.09 it behaves as an Anderson insulator [70] and it is similar to a Ge-NTD in terms
of R(T ) curve. The latter case is the one considered in our work.

This sensor follows the law of Eq (3.9). At low temperatures, the sensor has two
different behaviours in terms of resistance. For T > 150 mK it shows a Mott behaviour,
where γ=0.25, and for T < 150 mK, it behaves according to Efros and Shklovskii law,
where γ=0.5. The pulse shape for NbSi readout is similar to the one shown in Fig. 3.3. It
has a slight difference compared to the pulse of a Ge-NTD (Fig. 3.1 (left)). It has a fast
rise-time and often two well distinguishable decay times, a fast component and a long
component. The short rise-time is due to the fact that sensor electrons absorb directly
a fraction of a deposited energy in the form of out-of-equilibrium phonons. The fast
decay time represents the energy relaxation to the absorber through the electron-phonon
coupling of the sensor and Kapitza resistance between the sensor and the absorber. The
long decay time comes from the weak thermal link between the absorber and the heat
bath through the gold wires.

Detector operation and the load curve

The sensor is biased with the circuit shown in Fig. 3.4 (left). To read the signal by
the thermistor, a constant bias current IB is generated by a DC power supply. The
thermistor is placed in series with load resistors of resistance RL much larger than the
resistance of the thermistor Rbol. This means that IB is practically independent of the
value of Rbol, since IB = VB/(RL + Rbol) ' VB/RL. Measuring the voltage drop across
the thermistor Vbol will lead to reading the resistance of the thermistor Rbol which is
related to the temperature of the bolometer.

Before starting data taking, it is crucial to search for the optimal working point, in
which the signal to noise ratio is the highest. A set of Ibol and Vbol points are measured
by varying VB to get a curve similar to Figure 3.4 (right). The load curve starts almost
linearly, where Rbol is almost constant, and then it starts to deviate from linearity because
of what is called the electrothermal feedback. The applied bias across the thermistor
leads to a temperature rise of Tbol caused by the dissipated power P = Ibol · Vbol, which
in turn will lower Rbol. This happens until equilibrium is reached, where the power
dissipated in the sensor is equal to the power being evacuated to the heat bath:

Tbol = T0 +
P

G
(3.10)
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the low value of the heat capacity (dominated by a term of
metallic type CepT) of the silicon strip (of order 10�13 J/K);
� the signals generated in the detector by the heater pulses

showed a variation with time and baseline that are equivalent
to signals from energy deposited by particles. This is a crucial
point, since it is this correspondence which allows to perform
an effective heaters-based stabilization, according to the
procedure described in Section 5;
� the stabilization performed with particle-based energy pulsers

and heaters produced the same effects on the resolution, with
the advantage that heater pulses could be easily identified by
software.

As a consequence of these results, a devoted production run was
then started at FBK-irst, with the aim of optimizing the performances
of such heating devices and in order to standardize the fabrication
process. A target resistance value of order 100 kO at the operating
temperature was chosen to ensure that the power dissipation is
dominated by the Si resistor (this is at least 100 times higher than the
wire resistance and feasible with a relatively simple meander
structure). The basic layout consisted in a 6 mm wide by
� 120 000 mm long resistive meander, occupying an area of 1938�
1917 mm2 and with geometrical resistance of 20 000 squares, accord-
ing to Eq. (3). To allow some variation of the resistance after
fabrication, more than one of such single modules were printed side
by side during the masking process. The production process allowed
to attach the contact pads almost freely, in various locations through-
out the meander: as a result the resistance value can still be tuned by
discrete amounts by bonding the suitable pads. During this run,
different doping elements and levels were tested, as well as various
annealing configurations. The final single chip dimensions were
chosen to be well suited for the bolometer construction and not to
exceed the detector heat capacity: therefore the produced wafers
were cut in order to obtain 3�3�0.5 mm3 die. The final results
showed a very good resistance stability (within 1% between 50 and
800 mK), matching the requested performances [1]. Since then, the
above described devices have been successfully used for long run
measurements with bolometric detectors, and used for several R&D
studies in the frame of the CUORE experiment preparation.

2.2. The production run of the CUORE heaters

Following the success obtained with the early test and in view
of the development of the CUORE detectors, a dedicated produc-
tion run (named LTR4) was then carried out, in which a total
number of 15 wafers, each one with 36�36 single elements, have
been produced.

The fabrication process was established taking into account
the previous results and is reported in detail in Ref. [13]. In
particular, phosphorus was chosen as doping element (the critical
concentration for the Si:P system is 3.74�1018 atoms/cm3). The
starting material is a p-type Si /1 0 0S CZ (monocrystalline
silicon grown with the Czochralski method [14]), with a
16 O cm resistivity. The single device structure is shown in
Fig. 1: the resistive meander is visible (shaded area) and the
dimensions (mm) and geometrical resistance n measured in
squares number (sq.) are reported. Each heater (Fig. 2) is provided
with four pads, therefore it is still possible to select three
resistance values, by choosing which pair of pads to contact. In
fact, since the whole meander structure has been realized with
the same implantation procedure, it is expected to exhibit a
uniform resistivity at low temperatures. As a result the pad-to-

pad resistance should equal to 1/3 of the total value measured
between the two pads placed at the extremities of the meander.

In the context of the characterization at both room and low
temperatures, it is useful to conventionally name the various pads

of each heater with four consecutive numbers, so that the
resistance between them can be identified as Rij with
i,j¼1,2,3,4. It is possible then to check the uniformity of the
implant by measuring the pad-to-pad low temperature resis-
tances, which must show the following relationships:

R12 ¼ R23 ¼ R34 ðresistance between two adjacent padsÞ

R13 ¼ R24 ¼ 2 � R12

R14 ¼ 3 � R12 ð4Þ

As stated above, the complete fabrication process, valid for all
the 15 wafers, was identified during the previous test. The only
parameter varied is the implant dose, according to which the
wafers are split into three groups, as shown in Table 1. Therefore
it is still possible to choose the resistance value best suited among
the three groups.

Fig. 1. Structure of the single heater: chip total dimensions ðmmÞ, geometrical

resistance (sq.¼squares) and pads dimensions ðmmÞ are shown. The shaded area

indicates the location of the resistive meander.

Fig. 2. The single LTR4 chip: the connecting pads are clearly visible on the upper

left hand side, and the resistive meanders are barely visible under the green

protective coating. (For interpretation of the references to color in this figure

legend, the reader is referred to the web version of this article.)

E. Andreotti et al. / Nuclear Instruments and Methods in Physics Research A 664 (2012) 161–170164

Figure 3.5 – The heater.

The voltage Vbol initially increases as we increase the applied current Ibol, until it reaches
a maximum (“inversion point”) where then the voltage starts to drop as the current
increases. Tracking the signal-to-noise ratio at each applied bias will specify the optimal
working point, which typically is just below the inversion point.

At a specific working point and at static conditions, i.e. no energy is deposited to
perturb the equilibrium between the bolometer and the heat bath, the voltage of the
thermistor is given by:

Vbol = VB
Rbol

Rbol +RL
∼ VB

Rbol
RL

(3.11)

When energy is released in the absorber, the voltage variation in the dynamic conditions
is expressed as:

∆V = VB
∆R

RL
= AVbol

∆T

Tbol
=

E

CTbol
A
√
PRbol (3.12)

The equation characterizes the detector performance, as it relates the signal ampli-
tude ∆V to the energy deposited E that has generated the signal. The parameter ∆V /E
(usually expressed in this work in nV/keV) is defined “sensitivity". Of course, the higher
the sensitivity the better the performance of the detector for a given noise level.

3.1.3 The heater

Temperature fluctuations and instability of the cryogenics can arise and affect the quality
of the data of a measurement, especially if it is running for a long period of time,
spoiling as a consequence the energy resolution. To control and stabilize the thermal
response of the bolometer, a pulser is used to deliver periodically a constant amount
of energy (through Joule effect on a resistive element glued at the crystal and referred
to as “heater" in the following) that will generate pulses very similar to pulses from
particle interactions. An offline correction to the detector response for pulser events can
be applied. In addition, the heater allows us to search quickly for the optimum working
point. The heater that is used in our experiments is a Si semiconductor heavily doped
element, shown in Fig. 3.5, and it is glued on the crystal with Araldite® epoxy glue.

Stabilization by heater is performed by establishing a relationship between the pulse
amplitude of the heater-induced pulses and the DC baseline level before the pulse onset,
which is an instantaneous measurement of the detector temperature. The lower the
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baseline level, the lower the temperature and the higher the pulse amplitude. This
relationship is fitted, typically with a polynomial of first or second degree, and the
fit results can be used to correct any pulse amplitude according to the baseline level
preceding the pulse.

3.1.4 Intrinsic energy resolution

Thermodynamic noise: At the fundamental level, the intrinsic energy resolution of the
bolometer is limited by the fluctuations of energy transported by the phonons exchanged
between the absorber and the heat bath. A crude method to evaluate the amount of
these fluctuations is the following. The mean energy of the phonons is kbT . For a total
deposited energy in absorber E = C/G, the number of created phonons is N = E/(kbT ),
in case of full thermalization of the deposited energy. Considering a Poisson fluctuation
in N , the mean of the energy fluctuation is given by:

∆E =
√
N kbT =

√
kbC(T )T 2 (3.13)

The intrinsic energy resolution is independent of the deposited energy. To get a feeling
of how excellent is the intrinsic energy resolution of a bolometer, consider a Li2MoO4

crystal with a 1 kg of mass operating at 10 mk. The heat capacity in this case is around
2.5 · 10−2 T 3 J/K, so ∆E is equal to 11.6 eV (∆EFWHM = 2.35 ∆E = 23.2 eV).

It should be noted that, if the detection takes place mainly through out-of-equilibrium
phonons transmitted directly from the crystal to the sensor before full thermalization,
the intrinsic energy resolution is expected to be much worse. In fact, prompt phonons
created by particle interactions are in the meV range, and so their number is much
smaller than in the case of thermal phonons, leading to larger relative Poisson fluctua-
tions. This situation is analogous to that occurring in conventional nuclear and particle
detectors, where the energy resolution is limited but the fluctuation in the number of
out-of-equilibrium elementary excitations (electron-hole pairs, electron-ion pairs, scintil-
lation photons) produced by the impinging particle. Here, the elementary excitations
are the “high" energy prompt phonons.

Johnson noise: Since the thermistor can be considered as a resistor with resistance
R, it generates a white noise with a power spectrum:

eR =
√

4kbRT (3.14)

where T is the temperature of the resistor, R is the resistance and kb is Boltzmann
constant. This is another source of irreducible limitation of the energy resolution. It can
be shown [77] that in a well optimised bolometer with resistive readout this component
can be kept under control without affecting seriously the energy resolution with respect
to that given by Eq. 3.13.

However, the real energy resolution is affected by the dominant extrinsic noise. The
extrinsic noise includes the noise coming from the cryogenic setup and the mechanical
vibrations of the bolometers (microphonic noise), the electronic noise, electromagnetic
references and baseline temperature variations not fully corrected by the heater method.

3.1.5 The complete thermal model

A real bolometer is actually more complicated than what is shown in Fig. 3.1 (right).
The heat capacity C and conductance G are actually a sum of many contributions from
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Figure 3.6 – Three-node thermal model for a bolometer, which consists of
the absorber, sensor lattice and sensor electrons nodes.

different elements in the detector and not just one global contribution. Figure 3.6 il-
lustrates a more complete bolometer scheme. The model consists of three nodes: the
absorber and two nodes for the sensor, each having a certain heat capacity C. The sensor
at low temperature shows a decoupling behaviour between the phonons and the electrons
explained by the Hot Electron Model (HEM). The two subsystems are at different tem-
peratures and are thermally coupled by a conductance. In this case, the resistivity
(Eq. 3.8) depends on the temperature of the electrons system since the injected bias
current to measure the resistance of the thermistor is deposited in the electrons node.

The nodes are thermally connected through conductance that transfers heat from the
higher temperature node to the lower temperature one. The link between the absorber
and the thermistor is through the glue. There are two thermal links from the bolometer
to the heat sink. One is from the absorber through the PTFE (polytetrafluoroethylene)
pieces, and are used to fix the crystal well in the copper holder. The other thermal
connection to the heat bath is from the thermistor lattice and it is through Au bonding
wires which give also the electrical connection with the thermistor. There is no direct link
between the sensor electron system and the heat sink. It is crucial that the transmission
time of the heat from the absorber to heat sink is longer than the time needed to reach
an equilibrium between the absorber and the sensor. This is controlled by having a weak
conductance between the absorber and the heat sink.

3.1.6 Pulse amplitude and comparison of two bolometers

In order to compare the performance of two bolometers, we need before to make some
considerations about pulse amplitudes.

Equation 3.12 assumes implicitly that the bolometer is monolithic. Actually, the
bolometer has a complicated structure described by the thermal network discussed in
the previous section. In addition, the mechanism of pulse formation could be not com-
pletely thermal: a fraction of the energy deposited in the absorber could reach the sensor
electrons through out-of-equilibrium phonon transmission.

Also, we have access only to the temperature of the electrons Tel: it is this parameter
that fixes the resistance of the thermistor, whose variations provide the thermal signal.
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Therefore, a more general version of equation 3.12 is:

∆V = AVbol ·
∆Tel
Tel

(3.15)

This equation is composed by two parts. The factor AVbol depends on the operation
point and on the thermistor properties: it is related to the efficiency of the readout
in converting a (fractional) temperature change into a voltage signal. The factor ∆Tel

Tel
is intrinsic to the bolometer and does not depend on the readout: it is related to the
efficiency of the bolometer in converting a deposited energy into a fractional temperature
change of the electrons. In the naive case of monolithic bolometer, ∆T

T = E
Ctot·T , where

T = Tel: the only relevant parameter it the total heat capacity Ctot. In the most
general case, ∆Tel

Tel
is an almost linear function of the deposited energy E that depends

on the thermal conductances and the heat capacities appearing in Fig. 3.6, but also on
parameters related to out-of-equilibrium phonons if the bolometers has no pure thermal
behaviour.

We can incorporate all the deviations from the naive monolithic bolometer by in-
troducing a parameter Ceff with the dimension of a heat capacity and assuming that
∆Tel = E

Ceff
. If the bolometric response is purely thermal, we will have that Ceff ≥ Ctot,

as the thermal network of Figure 3.6 can only make the transmission of heat to the ther-
mistor electrons less efficient with respect to the monolithic case. (The equality will hold
in the monolithic case.) However, if there is an important athermal component in the
pulse formation (see Section 3.3), energy can be transferred efficiently to the thermistor
before thermalization in the absorber, and therefore the heat capacity of the thermistor
electrons becomes the relevant parameter. In this case, it may happen that Ceff < Ctot.

In this thesis work, we have often to compare the intrinsic performance of two bolome-
ters, in order to evaluate the effect of adding thin films on bolometer faces. It would be
misleading to do this by comparing the respective sensitivities only, as they depend also
on the operation points and thermistor properties. It is more accurate to compare two
different bolometers in terms of the fractional temperatures changes. From Eq. 3.15 one
can derive what we will define a “reduced sensitivity", η, which is equal to the fractional
variation of the electron temperature in the thermistor and can be extracted by the
signal amplitude and easily measurable parameters.

η =
∆Tel
Tel

=
∆V

AVbol
(3.16)

The thermistor logarithmic sensitivity A=1/2(T0/T )1/2 can be derived by character-
izing the thermistor and so determining T0. The parameter Vbol can be extracted when
doing the load curve and choosing the operation point.

A bolometer is intrinsically better than another one if it has a higher η. If we want
to show that the addition of a thin film does not spoil bolometric performance, we can
check that η does not change after film deposition.

3.2 Scintillating bolometers

The background in the ROI, according to the CUORE background model [63, 78], is
dominated by energy-degraded α’s due to the contamination of the materials surrounding
the detector or the surface of the bolometer itself. This represents a limiting factor on
the sensitivity of the 0νββ experiments.
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Surface events in the ROI

In terms of location of the sources, there are three types of contamination that can
contribute to the background in bolometers: internal (bulk) contamination of the crys-
tals, external contamination, and surface contamination (both of the crystals and of the
material surrounding them).

Internal contamination can be controlled by choosing radiopure materials for the
detector construction. In addition, when having 238U and 232Th internal contamination,
a β decay may be in sequence with an α decay. Therefore, β/γ events can be rejected
using delayed α-β coincidences.

The external contamination can be mitigated with a proper shielding (lead, polyethy-
lene,...), and if necessary active vetoes.

Surface contamination on the other hand is difficult to control. Bolometers are very
sensitive detectors to any decay or event happening close to it because they are detectors
with a full active volume lacking a dead layer. Fig. 3.7 illustrates the origin of the
surface background events, which are due to radioactive decays occurring in the detector
surrounding materials. An α and a recoil nucleus can be produced from a decaying
nucleus on the surface of the bolometer or the surrounding materials that will produce
a signal in the detector through five different cases:

1. An α decay occurs on the surface of the crystal and the decay energy is not fully
confined in it. The energy of the α and of the corresponding recoil nucleus is shared
between two crystals.

2. An α decay occurs on the surface of the crystal. The α deposits all its energy
Eα in the absorber. The recoil nucleus deposits some of its energy Erecoil in the
absorber and loses the remaining fraction in the surrounding inert materials, such
as copper. The signature of this case is a peak at Eα with a tail that extends up
to Eα+Erecoil.

3. An α decay occurs on the surface of the surrounding inert material. The α loses
all of its energy in this material and the recoil nucleus releases some of its energy
in this material and the rest in a bolometer. A continuous distribution that end at
Erecoil appears in the energy spectrum.

4. An α decay occurs on the surface of a surrounding material. The recoil nucleus
deposits all of its energy in this material and the α particle loses some of its energy
Eα in it before releasing the rest in a bolometer. A broad distribution up to Eα is
produced in the energy spectrum.

5. An α decay occurs on the surface of the crystal. The recoil nucleus releases all of
its energy in the crystal and the α’s energy is partially deposited in the surround-
ing materials. A broad distribution starting from Erecoil and extending at higher
energies (even close to Eα) appears in the spectrum.

Since the ROI for 0νββ searches is around 2.5-3 MeV, case-3 isn’t dangerous. In fact,
the recoil nucleus has an energy of few tens/hundreds of keV which is far below the Qββ

of the 0νββ isotopes. Case-2, case-4 and case-5 affect the ROI, since most of the α’s
have an energy between 4-8 MeV and may reach the bolometer with a degraded energy
close to the Qββ. Surface events as in case-1 can be excluded by performing coincidence
cut.
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Figure 3.8 – A scheme of a scintillating bolometer in which the main crystal
is coupled to another bolometer acting as a light detector.

It is necessary then to develop a technology that allows us to mitigate the background
induced by surface α particles.

CUPID, which is an upgrade of CUORE with particle identification capability, adopts
a method to reject the α events based on scintillating bolometers, which allow for particle
identification. In a scintillating bolometer, the absorber containing the double-beta
candidate emits scintillation light when a particle interacts in it. Only a small fraction
of the total energy released in the absorber is converted into light. A second independent
bolometer, a light detector, is placed facing the primary scintillating bolometer to collect
the emitted light (Fig. 3.8). This technology of having a dual read-out of heat and light
is powerful and it can be exploited to get rid of the α background. This is possible
because α and β/γ events have a different light yield (LY). The light yield is defined
as the fraction of the energy emitted in scintillation photons (L) to the total deposited
energy in the absorber (E):

LY =
L

E
(3.17)

The light yield for α’s is usually quenched compared to the β/γ events of the same
energy (Fig. 3.9 (bottom left)). This was observed in almost all of the tested scintillating
crystals (Li2MoO4 is one of them). On the other hand, ZnSe scintillating bolometer,
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Figure 3.9 – top left : Light versus heat scatter plot for crystals with a
quenching factor (QF) < 1. top right : Light versus heat scatter plot for
crystals with a quenching factor (QF) > 1. bottom left : The light yield
scatter plot for (QF) < 1. bottom right : The light yield scatter plot for
(QF) > 1.

which was tested in the pilot project LUCIFER (evolved subsequently in the experiment
CUPID-0 [79]), showed a peculiar behaviour: the α light yield is higher in this case than
the β/γ light yield. So, the quenching factor (QF), which is defined as ratio between LYα

and LYβ/γ , is greater than 1 for ZnSe scintillating crystals, while it is less than 1 for most
of the other tested crystals. An explanation for why usually α’s have a lower LY with
respect to β’s is given by the fact that α’s have a larger stopping power. Consequently,
the energy deposited for unit volume is much higher, leading to a saturation in the light
centers.

The discrimination capability between α’s and β/γ can be quantified in terms of the
discrimination power (DP), where µ and σ are the mean and the standard deviation
respectively extracted from the Gaussian fit applied to the LY distributions of α and
β/γ:

DP =
|µα − µβ/γ |√
σ2
α + σ2

β/γ

(3.18)

We notice that the same formula can be used for any other parameter that has a
different mean value for α’s and β/γ’s or — this is very relevant for this thesis work —
for bulk and surface events. In particular, we will use pulse-shape parameters for the
discrimination, and the formula 3.18 will refer to the distributions of these parameters,
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Figure 3.10 – Left : ordinary Ge light detector with a Ge-NTD glued on
it. Right : Neganov-Luke light detector.

described in Section 3.5.
The light detector consists of a highly pure Ge or Si wafer coupled to a sensor for

temperature rise measurement as shown in Fig. 3.10 (left).

Neganov-Luke light detector

The ordinary Ge light detectors shows a good performance when detecting the scintilla-
tion light [80], which enables the discrimination between α particles and β/γ’s [62]. But
some bolometers are poor scintillators, such as TeO2 [81,82]. In this case, detecting the
Cherenkov light produced by the particle interaction is a viable alternative, as proposed
by T. Tabarelli de Fatis [83]. The energy threshold for electrons to produce a Cherenkov
radiation is 50 keV, while for α particle a very high energy threshold, around 400 MeV.
Thus, the α interactions will have almost no light and would be possible to discriminate
α’s from β/γ’s. However, the discrimination efficiency is very low because of the weak
emitted Cherenkov light signal from β/γ interaction. The tiny detected Cherenkov sig-
nal in the light detector is also partially trapped in the absorber because of the high
refraction index of TeO2. The light signal in this case has to be amplified exploiting
the Neganov-Luke effect [84, 85] to achieve the required particle identification. When
Cherenkov photons with an energy E0 interacts in the LD, phonons and charge carriers
are produced. An applied electric field between Al electrodes (shown in Fig. 3.10 (right))
will drift the electron-hole pairs generating additional phonons which will amplify the
thermal signal so that the total energy E is equal to:

E = E0 + ξ
q.V

ε
E0 (3.19)

where q is the charge of the electron, V is the applied voltage, ε is the energy needed
to create an electron-hole pair, and ξ is a coefficient taking into account the energy lost
due to charge recombination and trapping in the light detector. It varies between 0 and
1, and tends to 1 when conditions are perfect: high purity Ge, high electrodes bias, short
drift length and neutralised germanium. The gain can be expressed as:

G = 1 + ξ
q.V

ε
(3.20)

Fig. 3.10 (right) shows a Neganov-Luke light detector.
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3.3 Phonon physics

When energy is released in the absorber, the mechanism that leads to a detectable signal
depends on which type of sensor we are using. Some sensors are sensitive to athermal
phonons, as the case of NbSi, while others are mainly sensitive to thermal phonons,
as the Ge-NTD. It is crucial to understand how phonons propagate and evolve in the
crystal, and for this it is useful to provide some basic and qualitative notions of phonon
physics.

3.3.1 Generalities on phonons

Phonons play an important role in various solid state phenomena, such as the thermal
and electrical conductivity of the materials. The term phonon, a quantum of lattice
vibrations, is used as an analogy to the photons which represent a quantum of the
electromagnetic radiation. So they are described as the allowed energy levels of lattice
vibrations. Even if we are working at very low temperatures, the atoms of the lattice
do not stay still, they vibrate, because of the Heisenberg uncertainty principle that does
not allow atoms to have a definite position and momentum at the same time, even at
0 K.

The phonon dispersion relation (shown in Fig. 3.11) expresses the relation between
the wave vector k and the frequency (ω) or energy (E). It can consist of two modes: the
acoustic and the optical modes. In acoustic mode the atoms coherently move together
from their equilibrium position. When k is small (long wave limit) the dispersion curve
is linear taking the form ω = vk, where v is the phase velocity. The nature of vibrations
in this region is like sound waves. By looking into the entire lattice, it is as if the whole
crystal were stretched and compressed. In the optical mode, the atoms move against each
other. In the long wave limit (k→0), the frequency in the optical branch is constant.
It corresponds to the maximum frequency of vibrations. The optical phonons can be
created or annihilated by radiation, thanks to the electric field that can displace the two
oppositely charged ions in different directions.

Each type of phonon modes is further divided into transverse and longitudinal phonons.
In the transverse case, the direction of atomic displacement is perpendicular to the di-
rection of propagation, while for the longitudinal it is parallel. For a three-dimensional
crystal with n atoms per unit cell, there are two transversal acoustic (TA) and one lon-
gitudinal acoustic (LA) branches, and there are 3n− 3 optical branches, where n is the
number of atoms in the elementary cell. So a mono-atomic lattice (n = 1) can have only
acoustic branches.

After this brief introduction to phonon physics, it is important for our application to
see how phonons generated by a particle interaction propagate and evolve in the crystal.

3.3.2 Athermal and thermal phonons

When an ionizing particle impinges in a dielectric crystal, it loses energy to the atomic
electrons in the media via Coulomb interaction. This leads to the production of a cloud of
electrons and holes far from the thermal equilibrium containing most of the energy of the
particle (within ∼0.1 ps). In turn, the cloud of electrons and holes relaxes on the edges of
the conduction and valence bands respectively, producing optical phonons in the crystal
(within a time scale ∼10 ps). On a much longer time scale (a few µs) the electrons and
holes recombine releasing an energy that produces acoustic phonons around the Debye
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Figure 4.2. Mono-dimensional representation of the phonon dispersion curve.

related to the cryogenic properties of the material. Double beta decay of 130Te
occurs through the transition:

130Te →130 Xe + 2e− + (2 ν̄) . (4.9)

The most striking feature of 130Te compared to other 0νDBD isotopes is the high
natural abundance (see Sec. 3.2). Compared to other materials that usually need
to be enriched, the abundance of 130Te allows to build an experiment with natural
Tellurium. This is an advantage both in terms of costs and material cleanliness, as
enrichment procedures often introduce radioactive contaminations. The transition
energy of 130Te (Qββ = 2527.518 ± 0.013 keV [136]) is not very high. It has been
shown in Sec 3.2 that experiments using isotopes with Q-values above 2615 keV are
affected by a much lower radioactivity background. However, this transition energy
happens to be situated between the peak and the Compton edge of the 2615 keV
line of 208Tl which leaves a clean window to look for the signal.

The possibility to use pure tellurium crystals as absorbers was taken into ac-
count but it was ruled out mainly because of the poor mechanical properties at
low temperatures. Stresses caused by the thermal contractions revealed to produce
excessive damages on pure Te crystals. TeO2 has instead a good mechanical behav-
ior, and has an higher Debye temperature, implying lower specific heat and thus a
higher sensitivity to thermal pulses.

4.1.3 The thermal sensor

The phonon sensor is usually a thermistor, a resistive device with a steep depen-
dence of the resistance on the temperature. There are basically two types of ther-
mistors, Transition Edge Sensors (TES) and Semiconductor Thermistors (ST). TES
are superconducting films kept at the critical temperature, they have a rather fast
response (∼ µs) but can only work in a narrow range of temperatures. On the
other hand ST have a slower response (∼ ms) but can be used in a wider range of
temperatures. A parameter characterizing the sensor is the logarithmic sensitivity

Figure 3.11 – Phonon dispersion curve.

energy (ωD). Another possibility is that the released energy is transferred to an electron
in the conduction band that then de-excites producing optical phonons. Therefore, after
few µs, the particle energy released in the crystal is stored in the form of optical and
Debye-energy phonons. These phonons are referred to as athermal phonons, which are
phonons out of thermal equilibrium with an energy around few tens of meV. In this
work, we use “athermal phonons" and “out-of-equilibrium phonons" as synonyms. The
optical phonons will decay to longitudinal acoustic phonon around the Debye energy.
The acoustical phonons can undergo two important scattering processes [86]:

• spontaneous anharmonic decay in which the acoustic phonon splits into two lower-
energy phonons;

• elastic scattering with lattice imperfections (isotopes, impurities and point defects).

One process rate can dominate over the other depending on the phonon frequency.
The relation between the rate and the frequency for each process is given by:

• Anharmonic decay: τ−1
a =ηωD(ω/ωD)5

• Elastic scattering: τ−1
e =γωD(ω/ωD)4

where ωD is the Debye frequency, η and γ are the material-defined constants.
If the rate of the elastic scattering dominates (τe«τa), then the phonons with fre-

quency ω during its life-time τa will undergo multiple elastic collisions separated by time
τe. This results in diffusive propagation mode. In case the anharmonic decay process rate
dominates ((τe»τa), the phonons along the crystal will decay to lower energy phonons,
such as LA decaying to two TA. This mode is referred to as “quasiballistic" mode [87].
Quasidiffusive transport has been defined as occurring when the rate at which acoustic
phonons scatter elastically exceeds the anharmonic interaction rate. The life-time and
the distance traveled by a generation of ω-frequency phonons increases as ω decreases.
This will lead to long living ballistic phonons (∼1-10meV) that will further thermalise
to reach an energy of the order of µeV.

The excess phonons produced by the impinging particle are measured by a phonon
sensor. The phonon sensor is connected to the absorber with an interface capable of
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transmitting athermal and/or thermal phonons. If the sensor is mainly sensitive to
thermal phonons and if its response is slow with respect to the time required for the
out-of-equilibrium phonons to degrade in energy and for the thermal equilibrium to be
reached among the various detector components, we return to the case of monolithic
bolometer.

As already extensively discussed, there are two types of sensors that will be used
in this thesis, thermal and athermal sensitive sensors. The Ge-NTD belongs to former
case, it is glued to the surface of the crystal with an epoxy glue which leads to a slow
transmission interface. The NbSi is athermal phonons sensitive thermistor and having
a good transmission interface with absorber due to the fact it is deposited directly with
a relatively large contact surface (∼cm2). The Ge-NTD will feel the temperature rise
when the bolometer reaches thermal equilibrium, which translates into a excellent energy
resolution (better than NbSi sensor case) since all the deposited energy is measured in
the final state as heat. It is important to state however that no sensor is able to select
exactly thermal or athermal phonons. All in general are sensitive to both, but with
different efficiencies.

3.4 The CROSS technology

We have shown in Section 3.2 how challenging for double-beta decay experiments the
surface α background is, and how it is possible to discriminate α from β/γ by using
scintillating bolometers. However this method has two drawbacks: an additional device,
the light detector, to collect and measure light is needed, and — much more important
— surface β events are not rejected. In fact, the surface α background is not the only
surface background limiting future 0νββ experiments, but also surface β contamination.

Above 2615 keV, there are two β transitions — originated from 214Bi and 208Tl —
with Q-values greater than 3 MeV (respectively, 3270 and 4999 keV). Thus, these two
isotopes produce γ’s and β’s that are energetic enough to give events around 2.5-3 MeV on
the whole if they are absorbed together. When these processes happen in the bulk of the
crystal, if the internal radioactivity is low enough (typically below a few µBq/kg) these
high energy β transitions are not harmful for next-generation experiments as they are
accompanied by α emissions and can be rejected by delayed coincidences, as stated above.
Conversely, if the processes described above occur at the surface of the materials facing
the crystal, since the β range is of the order of 1 mm while that of the α’s of a few tens
of µm, it may happen that the α particle does not reach the crystal, which will register
a pure high-energy β event. This source is extremely challenging as it is very difficult to
model, measure and control. We remark once again that scintillating bolometers cannot
get rid of this contribution, as they tag α but not surface contamination of βs.

It is then crucial to develop new experimental ideas that could extend the sensitiv-
ity of future searches by rejecting all sources of background. An innovative detector
technology is tested in the R&D project CROSS (Cryogenic Rare-event Observatory
with Surface Sensitivity). In CROSS, the problem can be definitely solved thanks to
generalised surface sensitivity (both for α and β). CROSS, in its firstly proposed ver-
sion, is based on providing bolometers with surface sensitivity features by coating them
with a few µm thick superconducting Al film [88]. The film coating will act as a pulse
shape modifier for surface events, thus allowing to identify them. The proof of concept
of CROSS was a test performed in 2010 at CSNSM lab (Orsay, France) with a TeO2

crystal coupled to NbSi sensor [89]. In this experiment, a 10 µm Al film coating on
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Figure 1. Qualitative scheme of the mechanism of surface-event identification in CROSS. The

time response of the phonon sensors depends on the distance of the particle energy deposit from

the superconductive Al film. If the ∼ 1 mm-size phonon hot spot reaches the film, an athermal-

phonon sensor will provide a delayed signal with respect to a bulk event (left panel) due to energy

trapping in the form of quasi-particles. Conversely, a thermal-phonon sensor will provide a faster

signal with respect to a bulk event (right panel) as the film accelerates the phonon thermalization

process. Signals from athermal-phonon sensors are anyway globally faster than those from thermal-

phonon ones.

fact that the leading edge of surface-event signals is indeed faster — and not slower as

predicted — than bulk-event signals in the NTD-Ge-thermistor case. The test described

in section 3.4 provides a viable interpretation of this mechanism.

3 Preliminary results on the identification of surface events

3.1 Experimental set-up and prototype construction

We have designed and fabricated a set-up (depicted in figure 2) to test simultaneously up

to four crystals (Li2MoO4 or TeO2) with 20×20×10 mm or 20×20×5 mm size. For the

moment, we have operated up to three detectors in each run. Both Li2MoO4 and TeO2

crystals are grown with materials of natural isotopic composition. The samples of Li2MoO4

are cut from a large cylindrical crystal grown with the low-thermal gradient Czochralski

technique at Nikolaev Institute of Inorganic Chemistry (Novosibirsk, Russia) [48] and sim-

ilar to the samples employed in the LUMINEU and CUPID-Mo projects. The samples of

TeO2 are produced by the company SICCAS (Shanghai, China) following the same protocol

employed for the crystals of the CUORE experiment [41].

Even if CROSS intends to perform background rejection without optical bolometers,

a light detector has often been used in the tests described below in order to discriminate α

– 7 –

Figure 3.12 – Scheme of surface identification events in CROSS.

one surface faced by an α source showed capability of modifying pulse shapes of surface
events, thus allowing their discrimination versus bulk events. The mechanism of how
pulses are modified is described below. CROSS will use two types of crystals for the
bolometer construction: Li2MoO4 and TeO2.

3.4.1 Sensitivity to surface events

In the original CROSS proposal, which underwent some important revisions thanks to the
work performed in this thesis, discriminating surface events from bulk events is obtained
by depositing a few µm thick superconducting Al film on the surface of the crystal. Al
film critical temperature is Tc= 1.2 K [90]. The discrimination results depend critically
on the type of sensor used, especially whether the sensor is sensitive to thermal phonons
or athermal phonons.

Let’s first study the case in which we a have an athermal phonon sensitive thermistor
(NbSi-based in our work) as shown in Fig. 3.12 (left). As discussed in the previous
Section, when a particle deposits energy in a non-metallic absorber [91]), it produces
athermal phonons that, on a time scale much shorter than µ’s, form a cloud of about ∼
1 mm size around the event location, with energies of about a few meV (Debye energy),
corresponding to temperatures ≥ 30 K. If the produced high energy phonons are far
from the surface (at a distance larger than about 1 mm), i.e. bulk event, the phonons
from this cloud will decay spontaneously due to the quasi-diffusive mode of phonon
propagation before reaching the surface, with a decay rate proportional to the fifth power
of the phonon energy (or frequency) [92]. Therefore, they will reach the Al film with an
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energy insufficient to break the Cooper pairs, even if they will still be far from thermal
equilibrium. The binding energy of Cooper pair in Al is about 0.1 meV, corresponding
to Tc= 1.2 K. Since our sensor is sensitive to high energy phonons, it will register them
with a fast response due to their quick thermalization in the NbSi film itself. On the
contrary, the events happening close to the surface with Al film have enough energy to
break Cooper pair, since the primordial phonon cloud will intersect the film without no
important degradation in the phonon energy. Breaking Cooper pair will produce quasi-
particles that have a long recombination time at temperature well below the transition
temperature of the superconductor. So a significant fraction of the particle energy will
be trapped in the superconducting film in the form of quasi-particles for a time that can
extend up to the millisecond range in ultra-pure aluminium (as it is the case for our
work). Subsequently, the quasi-particles will recombine to ∼ 1.2 K phonons, adding a
delayed component to the phonon signal read by the NbSi film [93]. By studying the
pulse shape of bulk and surface events we will see that there is a difference between
them. In particular, the pulse rise-time of bulk events are faster than the surface events,
which have a delayed component. The rising part for surface and bulk events is shown
in Fig. 3.13.

In CROSS, it was proposed initially to use the mechanism described above using NbSi
films, sensitive to athermal phonons. We anticipate here that, in this thesis work, we
have been able to demonstrate that pulse shape discrimination works also with Ge-NTD
as a thermistor, that initially was deemed too slow to highlight pulse shape differences
between surface and bulk events. This solution was chosen in all the CROSS prototypes
and is now the best candidate for the future large-scale CROSS demonstrator. This
choice was preferred because it will allow us to keep the present CUORE approach in
terms of detector structure and construction. In addition, the manipulation of Ge-NTD
thermistors is much easier than that of NbSi films. The Ge-NTDs are simply glued at
the crystal, while the NbSi films must be evaporated with a rather complicated and
time-consuming process. Furthermore, the use of photo-lithography for the preparation
of structured NbSi films is problematic on Li2MoO4 because this crystal is hygroscopic.

When we adopted a Ge-NTD phonon readout, we saw an opposite behaviour in
terms of the rise-time since these devices are mainly sensitive to thermal phonons. For
the bulk events, it will require a long time (on the order of millisecond) for the high
energy phonons to degrade to thermal phonons. Only after thermalization the NTD will
feel efficiently the bulk events. However, for the surface events, a significant fraction of
the energy will be absorbed by the Al film. After the quasi-particle recombination, the
phonons are re-injected from the film to the crystal with a much lower energy, equal to
the superconducting gap of Al ∼ 1.2 K (of the order of 0.1 meV). The phonons produced
in the proximity of the film are energy down-graded and thermalized faster than the
phonons created in the bulk, as the film converts efficiently phonon energy from the
meV scale to ∼ 0.1 meV, in a shorter time with respect to that required for spontaneous
phonon energy degradation in the bulk. Hence the surface events are faster than bulk
events when read by a Ge-NTD as shown in Fig. 3.13 (right).

3.5 Pulse shape parameters

The analysis program used to study the bolometer readout is based on the optimal filter
developed by E. Gatti and P.F. Manfredi [94], which is a powerful tool to reduce the noise
contribution to a signal, leading to the best possible estimation of the signal amplitude in
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Figure 3.13 – The pulse rise-time edge for surface and bulk events. left :
Surface events are slower than bulk events when having NbSi sensor. right :
Surface events are faster than bulk events for Ge-NTD readout.

presence of noise whose power spectrum is known. The signal shape in absence of noise
is also assumed to be known. The signal is filtered through a unique transfer function
given by

H(ω) =
Sm(ω)

|N(ω)2|e
−iωτm (3.21)

where Sm(ω) is Fourier transform of a mean pulse built by averaging over a large
number of pulses — in order to minimize the impact of noise — and N(ω) is the noise
power spectrum obtained by averaging the power spectrum of a large set of data win-
dows not containing signals. The optimal filter does not preserve the signal shape, but
the amplitude of the filtered signal provides the best estimation of the original pulse
amplitude and thus of the particle energy.

Several pulse shape parameters associated to each single pulse are extracted after
data processing. Some of them are computed directly from the pulse waveform in the
time domain, without applying any digital filtering. Others are applied always in the time
domain, but after the application of the optimum filter. All of them have been tested to
check which is the best for discriminating surface from bulk events. Two parameters were
chosen, the rise-time and the so-called “fitted amplitude". They are described below.

3.5.1 The rise-time

The rise-time is a very simple parameter. It is the time interval from 10% to 90% of the
maximum pulse amplitude, using the waveform in the time domain without any digital
filtering. This parameter is the most intuitive one and can be directly related to physical
interpretations. For athermal phonon sensitive thermistor, the rise-time is in general
shorter compared to the thermal phonons sensitive thermistor. As discussed above, the
way the rise-time of the signal works for discrimination depends on the type of sensor
and in particular on its sensitivity to athermal or thermal phonons.

3.5.2 The fitted amplitude

The parameter “fitted amplitude” has shown to be very effective in discriminating surface
from bulk events. It is obtained in the following way.

Individual pulses and the average pulse are transformed using the optimum filter
transfer function — built from a template of the pulse shape and from the noise power
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spectrum — and considered in the time domain. The waveforms discussed below refer
always to these pulses transformed according to the optimum filter.

An average pulse A(t) with sampled amplitudes Ai = A(ti) at time ti is constructed
from the bulk events. The maximum amplitude is normalized to 1. Let Si = S(ti) be
the sampled amplitude of an individual pulse S(t) without normalizing it. The average
pulse and the individual pulses are synchronized according to their maximum. When
plotting Si vs Ai we obtain approximately a straight line. (If the individual pulse and
the mean pulse are identical, the straight line will have a slope equal to the individual
pulse amplitude passing through the origin.) By fitting linearly the straight line we will
obtain two parameters, the y-intercept and the slope m.

The slope m is an estimator of the filtered pulse amplitude and it almost coincides
with the pulse amplitude Sm estimated with the optimum filtering if S(t) and A(t)
have the same shape. Our pulse shape parameter is m/Sm, which turns out to be a
very sensitive parameter to the pulse shape, and is equal to 1 for pulses with the same
shape as the average pulse. It turns out that in general bulk events have m/Sm ∼ 1,
as expected, of course with a dispersion related to noise. On the contrary, for surface
events this parameter deviates considerably from 1.

Unlike the rise-time, which takes into account only the rising edge of the pulse, this
parameter is sensitive to the whole pulse shape.

Conclusion

After a general introduction about bolometric detectors, where we have established all
the basic notions on which the CROSS technology is based, we have discussed how
superconducting Al coating can give surface sensitivity to bolometers to reject surface
background.

In the next chapter, we will present the results obtained by coating several sample
crystals. We will follow the path that led us to change the initial protocol in favour of
a new solution, which allowed us to achieve the desired sensitivity to surface α and β
events.



Chapter 4

Study of the surface sensitivity for
CROSS detectors

As discussed in the previous chapters, the main limiting factor for the investigation
of neutrinoless double-beta decay is the background in the region of interest. In the
bolometric approach, the dominant background is due to the α surface contamination
in addition to a less dominant contribution from β surface contamination. The BI is
estimated to be of the order of 10−5 counts/(keV kg yr) after the surface background
rejection. So it is crucial to develop a bolometer capable of rejecting the surface back-
grounds. This can be achieved by developing a bolometer with surface sensitivity by
coating the crystal with the appropriate material.

4.1 Isotope and compound choice in CROSS

Many bolometric compounds have been tested throughout the years in many projects
studying neutrinoless double-beta decay: MIBETA [95], CUORICINO [96], CUORE-
0 [97] and CUORE [38] with TeO2 bolometers; LUCIFER/CUPID-0 [79] with ZnSe
bolometers; LUMINEU/CUPID-Mo [98] with Li2MoO4 bolometers. The results obtained
showed that the TeO2 and Li2MoO4 are the best choices in terms of energy resolution,
ease of crystallization and internal radiopurity. Two crystal samples used for CROSS
prototype tests are shown in Fig. 4.1.

TeO2 detectors exhibit an excellent energy resolution with values around 5 keV
FWHM at the Qββ of 130Te at 2527 keV and a very high internal radio-purity [99]
being less than 1 µBq/kg for 238U and 232Th and their daughters. TeO2 has been tested
in CUORE, the first tonne scale bolometric experiment. In addition, 130Te has a high
natural isotopic abundance (34%) which will translate into easiness of enrichment and
lower cost as well. One drawback of 130Te is the position of Qββ just below the end point
of the natural γ radioactivity at 2615 keV of 208Tl belonging to 232Th decay chain. This
means that controlling the 232Th contamination is a major issue. Another drawback of
TeO2, as mentioned in the previous chapter, is being a poor light emitter. This will
lower the ability to discriminate α particles from β/γ to reject them. It is needed then
to detect the tiny Cherenkov radiation emitted by β particles with a high performance
light detector. This requires an intense R&D that needs some time.

The other choice, Li2MoO4, fulfills the major requirement of having aQββ of 3034 keV
above the highest-energy line of 208Tl. This crystal has been tested extensively as a
scintillating bolometer, coupled to a light detector, under LUMINEU and CUPID-Mo

56
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Figure 4.1 – Li2MoO4 (left) and TeO2 (right) with a Ge-NTD and a heater
glued on each crystal.

projects. The energy resolution of Li2MoO4 is excellent, 5 keV in the ROI, and its
radiopurity is very high (< 1 µBq/kg for 238U and 232Th and their daughters). The
crystallization process is simple with a negligible irrecoverable losses of 100Mo (< 4%).
This implies low-cost crystal production and high production rate [100]. A drawback of
100Mo is the relatively fast 2νββ decay with a half-life T1/2 ∼ 7 · 1018 yr [101]. This will
induce background in the ROI because of the random coincidences of the 2νββ events
(two overlapping 2νββ events) due to the slow bolometric response [102].

CROSS aims to study both options, in order to guide the selection of the appropriate
bolometer for future experiments or to have a multi-isotope 0νββ bolometric experiment
[103]. The CROSS technology, as explained in chapter 3, provides a technique to mitigate
background due do the surface contamination without relying on the light emitted by
the crystals. This technology is especially convenient for the case of TeO2 due to being
a poor scintillation in addition to the difficulty to detect the tiny Cherenkov radiation.
The CROSS approach can only control the surface α and β background, so the γ’s in
the ROI for 130Te are still challenging. But what encourages employing the CROSS
approach on 130Te is its high natural isotopic abundance. Thus this compound would be
ready for large-scale future experiment that could be hosted in an extremely radio-pure
environment with low γ emission.

4.2 Detector assembly

4.2.0.1 Detectors and detector holders

We have designed a very simple holder consisting of a copper disc to fix the bolometers.
The holder is capable of holding four 20×20×10 mm crystals simultaneously, 2 crystals
on each side of the holder (Li2MoO4 (small LMO) and TeO2 (small TeO2)). Another
holder was designed to hold ∅40 × 20 mm cylindrical Li2MoO4 (big LMO). The two
copper holders with crystals are shown in Fig. 4.2. The crystals are grown with mate-
rials of natural isotopic composition. Li2MoO4 crystals are cut from a large crystalline
boule grown with the low-thermal gradient Czochralski technique at Nikolaev Institute
of Inorganic Chemistry (Novosibirsk, Russia) [100]. TeO2 crystals are produced by the
company SICCAS (Shanghai, China) [104]. The Li2MoO4 and TeO2 sample crystals have
the same features as the crystals employed for CUPID-Mo and CUORE. Each crystal is
fixed to the holder using two small PTFE pieces under the crystal and two PTFE pieces
pressing from the top and affixed to the holder by copper/brass screws. Table 4.1 shows
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Bolometer Compound Crystal size [mm] crystal mass [g]
small LMO Li2MoO4 20× 20× 10 12
small TeO2 TeO2 20× 20× 10 25
big LMO Li2MoO4 ∅40× 20 67

Table 4.1 – Crystalline samples used in the CROSS tests.

the description of the three types of crystals used for the CROSS above-ground tests
here described.

Although CROSS aims to get rid of the light detector, relying on rejecting the back-
ground by coating the crystal with the appropriate material, a light detector was used
in all of the CROSS prototype tests. The purpose was mainly to discriminate neutron
capture events on 6Li from the β/γ events. These events are generated by the reac-
tion 6Li(n,t)α, which has a high cross section of 940 barns, and the available energy for
the two products is 4.78 MeV. The discrimination is possible because neutrons capture
events (which produce the heavy charged particles triton and α) have a lower light yield
compared β/γ events, similar to the pure α light yield. This will help in understand-
ing the effect of the interaction point location with respect to the crystal coated-surface
on the PSD (details in Section 4.7). In addition, light detection is often useful for a
better interpretation of the results achieved on surface event discrimination, as in many
measurements most of these events are generated by α sources, providing a useful redun-
dancy for their identification. The light detector used is an optical bolometer consisting
of a high-purity germanium wafer (∅44× 0.175 mm).

The light detector also has another role, which is to veto the high flux of cosmic
muon events since we are working above-ground. It was a Neganov-Luke light detector
with a purpose to enhance the device sensitivity [105]. The Neganov-Luke light that has
been used is shown in Fig. 4.3.

The copper holder is covered with a reflecting foil (VikuitiTM Enhanced Specular
Reflector Film) and also the crystals are enclosed inside a reflecting foil and then a copper
foil. Adding the reflecting foil will increase the light collection in the light detector, which
is placed facing the two crystals and fixed with copper rods. The closed assembly is shown
in Fig. 4.4.

4.2.0.2 Phonon sensors

The phonon sensor used for the three bolometers is a Ge-NTD that is glued on the surface
of the crystals by means of six small epoxy spots of Araldite® glue and a 25 µm thick
Mylar spacer. The mass of the Ge-NTD is around 50 mg, and the size is 3×3×1 mm.
Two opposite 3×1 mm faces are metallized for electrical and thermal contact through
gold bonding wires. The light detector also has a Ge-NTD sensor with one third of the
size of the Ge-NTD glued on the crystals. At 20 mK, the resistance of the Ge-NTD is
around 1 MΩ. A heater is glued on each crystal to provide periodically thermal pulses
in order to stabilize the response of the bolometers [106]. The crystals heat sink is
thermalised mainly through the sensor bonding gold wires with a thickness of 25 µm,
which give also the electrical connection to read the signal.
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Figure 4.2 – Photographs of the assembly of the three bolometers used
for CROSS prototypes. left : small LMO and small TeO2 with a size of
20×20×10 mm affixed on a copper holder that is covered with a reflecting
foil. Two small PTFE pieces are placed under each crystal, and two other
PTFE pieces are used on the top to press and fix the crystals. A Ge-NTD
and a heater are glued on the top of each crystal. An uranium α source
is placed below the crystals to induce surface events. This source appears
clearly under small LMO crystal, as in this case no Al film is deposited
on the bottom surface. Sometimes a Po α source is used and it is placed
facing the upper face of the bolometers. right : Big LMO also assembled
in the sane way. The Po α source for this detector is placed facing the
lateral surface.

Figure 4.3 – The Neganov-Luke light detector used for CROSS prototype
assembly. The light detector is facing the crystals. It consists of a Ge
wafer coated with a SiO thin layer to reduce the light reflection.
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Figure 4.4 – left : The crystals and the light detector are surrounded by a
copper foil covered with a reflector internally. right : The final assembly is
attached to the floating plate.

Figure 4.5 – Small TeO2 (left) and small LMO (right) with 10 µm Al film
coating on one surface.

4.2.0.3 Film evaporation on crystals

To provide the crystal with surface sensitivity, the surface is coated with a thin layer
of aluminum. First the Li2MoO4 crystal is polished to avoid effects due to the weak
hygroscopicity of Li2MoO4. The TeO2 surface are roughly treated to have an opaque
surfaces as for CUORE crystals. The surface of the crystals is then bombarded by 90 eV
Ar ions that remove about 1 nm layer from the surface. Before depositing Al on the
surface, a 25 nm thick SiO under-layer is deposited in order to improve the Al adhesion
on the surface. Al coating is done by evaporation under vacuum on a side of the crystal,
that is mechanically fixed, by means of an electron gun located at IJCLab. The thickness
of the Al tested was between 1 and 10 µm with a deposition rate of 4 nm/s. The thickness
of Al is controlled by looking at the evaporation duration with a periodic check of the
rate through a piezoelectric quartz. Fig. 4.5 shows Li2MoO4 and TeO2 with one surface
coated with Al.
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4.2.0.4 α and β sources

To induce surface events, an α source was placed facing the surface of the crystal. Two
α sources were used, an uranium and a polonium sources.

The uranium α source is obtained by desiccating a drop of uranium acid solution on
a copper foil. The source is 0.6 mm away from the surface of the crystal. The source
has two main α lines at ∼ 4.2 and ∼ 4.7 MeV from 238U and 234U decays respectively.
In addition, it works also as a β source with a spectrum extending up to ∼ 2.27 MeV
from the isotope 234mPa decay. The decay chain of 238U is shown in Fig. 4.6. The β rate
of 234mPa is very close to the α rate of 238U. Due to the fact that the solution is acid,
it was concluded from the results (the α energy is degraded for a significant fraction of
the events) that this source penetrates below the surface of the copper foil and exhibits
significant straggling.

The polonium α source is obtained by implanting 218Po atoms (produced by 222Rn
decay) on a copper tape which will decay quickly into 210Pb. (The polonium source is
in fact a 210Pb source.) This nucleus has a half-life of 22.3 yrs and decays to 210Po that
provides a ∼ 5.3 MeV monochromatic α line. This source is in addition a β emitter from
the isotope 210Bi, direct daughter of 210Pb, with a spectrum extending up to ∼1 MeV
(see Fig. 4.6 for the 210Pb sub-chain). Even in this case, the α and the β rates are very
similar to each other.

The uranium α source is placed facing the coated side, thus generating identifiable
surface events. The 210Po is usually placed facing an uncoated side which will generate
events similar to the bulk events. More seldom, it is placed facing a coated face (we will
point out which is the case when this source is used). In the following, even if improperly,
we will define surface events those events occurring close to the surface with a coating
film, and bulk events are the ones occurring far from the surface with the film. The
sensitivity to surface events with respect to the distance from the Al film is discussed in
4.7.

After completing the assembly, the detector is ready for cooling inside the cryostat
located above-ground at IJCLab (Appendix A). The cryostat used is a dry high-power
dilution refrigerator with a 4 K stage cooled by a pulse-tube [107]. Fig. 4.4 (right) shows
the detector attached to the floating plate which is thermally coupled and mechanically
decoupled to the mixing chamber by four springs to reduce the acoustic noise due to
cryostat vibrations. The cryostat is surrounded by a lead shield to suppress the envi-
ronmental γ background. The measurements are typically done at mixing-chamber base
temperatures of 15.5 mK and 22 mK.

4.3 Electronic readout system

In order to read out the resistance of the thermistor, a current is injected in the thermistor
using a DC bias circuit. By imposing a potential across the series of the thermistor
and two load resistors with resistance RL >> Rbol, a constant current flow across the
thermistor with resistance Rbol. The value of the load resistor is in the range 100 MΩ-
30 GΩ depending on the thermistor resistance.

The front end electronics is located at room temperature. The electronics chain
is custom [108] and consists of a differential voltage-sensitive low-noise preamplifier,
a programmable gain amplifier (PGA), and a Bessel low-pass filter, which is usually
set with a high frequency cut-off at 675 Hz. The data acquisition is performed by a
commercial 16 bit Analog-to-Digital Converter (ADC) with 5 kHz sampling frequency.
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Figure 4.6 – The decay chain of 238U.
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4.4 Data processing and data analysis

The data of the measurements are streamed and stored continuously. Then they are
treated and analyzed offline with a tool developed at IJClab (Ithaca program). The
program extracts signal amplitudes according to the Gatti-Manfredi optimum filter [94],
whose purpose is to maximise the signal to noise ratio, providing the best estimation of
the signal amplitude under given noise conditions and with known signal shape. This
filter doesn’t preserve the pulse shape.

First, the data processing starts by building a template for a measurement. It consists
of a mean pulse obtained by averaging over a certain number of pulses chosen manually
within a specific amplitude range (they are taken from the bulk events at an amplitude
much below that of the surface α’s events) and a noise power spectrum. The next step is
to trigger the required events. Triggering the events is based on setting two parameters:
(i) the threshold, an amplitude value above which events are tagged — it is chosen to be a
multiple of the standard deviation of the baseline to avoid selecting noise fluctuations; (ii)
a parameter called “correlation", which quantifies how much the filtered pulse is similar
to the mean pulse — it is the Pearson correlation coefficient between the individual pulse
above threshold and the mean pulse (if they are identical, the correlation is equal to 1,
otherwise it is < 1). To be triggered, a pulse must have a correlation above a given fixed
value.

At the end of data processing, the output of the analysis is an n-tuple file that contains
a set of parameters for each event, arranged in columns. Some of the parameters are:
the raw amplitude, the filtered amplitude Sm, the correlation, the decay time (from 90%
to 30% of the maximum amplitude), the rise-time and the slope of the fitted amplitude
parameter m (the last two parameters are discussed in section 3.5).

4.5 Surface events identification with Ge-NTD sensor

Many tests of prototypes have been performed with Li2MoO4 and TeO2 crystals. Each
test had the aim to understand how film coating works in providing discrimination be-
tween surface and bulk events and how different variables affect discrimination. The
varying parameters in the runs were the type of coating material, the thickness of the
coating and the fraction of coating material covering the crystal. The description of each
run is shown in Table 4.2 and 4.3.

In the following, each cryogenic run will be designed with the code “CROSS#", where
# refers to the time ordering of the runs. Some numbers are skipped, as the related run
did not succeed or provided no relevant results.
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4.5.1 Small Li2MoO4 with Al coating

4.5.1.1 Test on bare Li2MoO4 crystal (CROSS1)

The first test performed on Li2MoO4 (small LMO in Table 4.1) was without any coating,
just a bare crystal. This test is very important as it helps to understand the intrinsic dis-
crimination power (DP) of the crystal with Al film. In addition, checking the bolometric
performance in terms of energy resolution and sensitivity is essential. This will confirm
later if the bolometric performance is affected by the addition of a coating material. The
measurements were performed at 15.5 and 22 mK (mixing chamber temperatures).

The Ge-NTD was characterized to obtain the resistance as a function of temperature
(shown in Fig. 4.7). By a variable transformation that linearizes Eq. 3.9 and fitting the
points we obtain the R0 and T0 parameters. The load-curve and the optimum working
point is obtained before starting data taking to choose the bias with best signal to
noise ratio. The load-curve is shown in Fig. 4.8. The optimum working point at each
temperature is shown in the table below:

Temperature Current [nA] Vbol [mV] Rbol [MΩ] Thermistor
temperature [mK]

15.5 mK 1.3 5.9 4.7 19.0
22 mK 8.3 4.1 0.49 26.4

Table 4.4 – The bias current, voltage, the resistance and the temperature
of the thermistor of small LMO without Al film coating.

Although the floating plate temperature is at 22 mK (or 15.5 mK), the temperature
of the thermistor is in fact at a higher temperature because of the applied bias. The real
temperature, when bias is applied, can be deduced from the resistance of the thermistor
using the equation below derived from Eq 3.9:

Tbol =
T0

(log R
R0

)2
(4.1)

Substituting the value of R0, T0 and Rbol at the working point we get the real
temperature of the thermistor which is stated in Table 4.4. This temperature is a few
mK higher than the stabilised temperature on the floating plate, as the detector is heated
up by the readout power.

At very low bias or at low power, the temperature of the thermistor is close to the
temperature of the floating plate. Fig. 4.9 shows the temperature of the bolometer as a
function of power which tends to the floating plate temperature as the power decreases.

An external thorium calibration source was placed facing the detector (external to
the cryostat) in order to calibrate the energy spectrum. The 232Th source provides some
main γ-lines: 212Pb 238.6 keV, 208Tl 510.7 keV, 208Tl 583.2 keV, 228Ac 911.2 keV. The
calibrated energy spectrum of small LMO at 15.5 mK is shown in Fig. 4.10. Some of
the peaks are from 238U natural γ radioactivity, such as the 214Bi 609.3 keV, related to
radon in the air. The energy resolution is about 3.5 keV FWHM at the 208Tl 583 keV.

In Table 4.5 we report the sensitivity, defined as the pulse amplitude/deposited energy
[nV/keV] and it is calculated using this formula:

S =
DR A

2n G E
(4.2)
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Figure 4.10 – The spectrum for small LMO without Al coating at 15.5 mK.
The peaks are generated by the environmental radioactivity and by the
232Th calibration source.

where DR is the dynamic range, n is the ADC digitization, G is the gain, A is the
amplitude of the peak in ADU and E is the energy of the same peak in keV. In addition,
the reduced sensitivity (η), the rise-time τr, the decay-time τd and the baseline resolution
are reported in the table.

Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

15.5 292 6.7 ×10−3 12 38 1.2 350
22 58 2.2 ×10−3 8.5 33 1.3 75

Table 4.5 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for LMO without Al coating.

It is interesting to compare the observed sensitivity with the one expected from
the considerations reported in Section 3.1.6 and using the Eq. 3.15. The thermistor
logarithmic sensitivity A (related to T0 by A = 0.5 ·

√
T0/Tele), the voltage across the

thermistor Vbol and the thermistor-electron temperature Tele are known. Assuming a
monolithic bolometer, ∆Tele = ∆T is given by the deposited energy divided by the
total heat capacity, which can be obtained by summing that of the LMO crystal (see
Section 3.1.1) and that of the Ge-NTD (see Section 3.1.2). Using the values reported
in Table 4.4 for the operation point and the value of T0 reported in Figure 4.7, it is
readily calculated that the sensitivity should be 202 nV/keV at 22 mK base temperature
and 1000 nV/keV at 15.5 mK base temperature. The real sensivities (see Table 4.5)
are between 3 and 4 times lower. This is not surprising when considering the brutal
approximation of monolithic bolometer. A full thermal simulation — based on the
actual bolometric thermal model of Section 3.1.5 — shows indeed that the temperature
variation of the Ge-NTD electrons is in general a few times smaller than that obtained
when considering a single thermal stage.
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Figure 4.11 – The rise-time vs pulse-amplitude of small LMO without Al
film. The amplitude is calibrated using the γ calibration. The two lines
of the uranium α source are apparent in the β/γ band with a very slight
deviation towards faster events.
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Figure 4.12 – The fitted-amplitude PSD parameter vs pulse-amplitude for
small LMO without Al film coating. Discrimination between α and β/γ
events is apparent that is discussed in the text.
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We have tested the intrinsic pulse shape discrimination for LMO without Al film. We
will report the pulse shape discrimination capability between α and β/γ using the rise-
time and the fitted-amplitude pulse shape parameters (described in section 3.5). In terms
of the pulse rise-time, LMO shows hints of discrimination between α and β/γ as shown in
Fig. 4.11. Using the fitted-amplitude parameter (Fig. 4.12), a clear separation between
α and β/γ appears, although it is not enough to reject the α’s completely without losing
β/γ events. The discrimination powers (as defined in Eq. 3.18) are 2.8 and 3 using rise-
time and fitted amplitude respectively. (We consider discrimination acceptable when
DP> 3.2, which corresponds roughly to 99.9% rejection of the background events.) This
discrimination is due to the fact that LMO is a scintillating bolometer, and it is a well
known phenomenon especially for molybdates [109]. The light yield depends on the
nature of the interacting particle in the crystal. For α’s, the scintillation states along
their path in the crystal are saturated because of the high ionization density. This implies
a larger fraction of their energy to flow in the heat channel. This is less significant for
β/γ. This will lead also to different time evolutions of the signal between α and β/γ in
the heat channel. The discrimination power is computed for a range around the 4.2 MeV
taking only 238U α line.

4.5.1.2 One surface 10 µm Al film coating (CROSS3)

10 µm Al film was evaporated on one side of the small LMO crystal (20×20 mm2) that is
facing a uranium α source. The fraction of the coated surface represents 1/4 of the total
crystal surface. We try to reproduce the same experimental conditions with respect to
the initial test without Al film. The working points at 15.5 and 22 mK has been chosen
to have a resistance of the thermistor comparable to the one of CROSS1 (as referred to
in Table 4.4). The table below shows the biased current, Vbol, Rbol and the thermistor
temperature:

Temperature Current (nA) Vbol (mV) Rbol (MΩ) Thermistor
temperature [mK]

15.5 mK 1.3 5.1 4.08 19.4
22 mK 6.3 3.0 0.484 26.4

Table 4.6 – The bias current, voltage, the resistance and the temperature
of the thermistor of small LMO with 10 µm Al film coating on one side.

The Ge-NTD in this run was not characterized, so it was assumed to have the same
R0 and T0 as the previous measurement, since it is the same sensor and was glued in
the same way. The temperature of the thermistor at the working point is comparable
to the previous measurement and it is stated in Table 4.6. So the working temperature
between this run and the previous run with no Al film are almost the same.

The energy spectrum of small LMO with Al film at 15.5 mK is shown Fig. 4.13. The
energy resolution of the bolometer at the 208Tl 583 keV peak is around 3.8 keV, which
is comparable to CROSS1. The resolution of the bolometer in this run was affected
by the unstable baseline that shows a lot of variations over time. The sensitivity of the
measurement and also the reduced sensitivity η are similar to the corresponding CROSS1
parameters, which means that the Al film did not have an impact on the performance
of the bolometer (Table 4.7). Also the baseline resolution is good and similar to small
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Figure 4.13 – The spectrum for small LMO with 10 µm Al coating at
15.5 mK. The peaks are generated by the environmental radioactivity and
by the 232Th calibration source.

Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

15.5 192 5.5 ×10−3 6.7 39 1.2 230
22 53 2.8 ×10−3 4.1 32 1.9 101

Table 4.7 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for small LMO with 10 µm
Al-film-coating.

LMO without a coating material. Since the Ge-NTD was re-glued and re-bonded, it is
not surprising that the rise-time and the decay-time vary to some extent with respect to
the previous measurement.

The effect of the Al film appears clearly if we look at Fig. 4.14 which shows the
rise-time versus the energy. The film provides a faster pulse for the surface events as it
has been anticipated in section 3.4.1. So surface events are characterized by a shorter
rise-time. All the surface α’s can be safely rejected with a full acceptance of β/γ. No
clear discrimination is visible for surface β which are emitted also from the uranium
source. However, a hint of β discrimination can perhaps be appreciated in the plot of
the rise-time vs energy at 15.5 mK (Fig. 4.14) where there is a faster rise-time population
(merging with the bulk population) that extends up to 2 MeV. Since this population did
not appear in CROSS1, it could be a hint of β’s from 134mPa. Note that calibrating the
spectrum by means of the γ peaks leads to the a miscalibration of surface α events: the
low energy uranium α line appears at about 4.7 MeV instead of the nominal 4.2 MeV. This
is consistent with the argument that close-to-film events are more effectively thermalised,
in addition to that the detector response to heavy charged particles is different from that
to γ’s in Li2MoO4 (thermal quenching of alphas). We have to consider however that the
application of the optimum filtering [94] may distort the amplitude evaluation for surface
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Figure 4.14 – The rise-time vs pulse-amplitude of small LMO with 10 µm
Al coating. The surface α events, from the uranium source placed facing
the Al film, are faster than the bulk events. The α lines shows different
populations. These population are discussed in the text.

events, since the reconstruction of the amplitude by the optimal filter depends on the
pulse shape. In fact, two pulses with the same amplitude but different shapes will be
assigned a different amplitude after filtering, and so different energy.

In general, we use the fitted-amplitude pulse shape parameter because it shows to
provide a better discrimination power between surface and bulk events. Fig. 4.15 shows
the fitted-amplitude parameter versus the energy, where surface α’s are completely sep-
arated from the bulk if we neglect the pile-up that affects heavily the pulse shape. The
discrimination powers are shown in the insets. As discussed below, the shape of the α
distributions is not simply Gaussian, because of the non-negligible thickness of the Al
film. Therefore, in some cases we fit the alpha distribution with two Gaussian curves (for
example in 4.15, right), obtaining two values for DP. The lower value will be considered
to establish if the discrimination is sufficient. In this case, α’s are separated well above
the requirements.

As stated above, the α event region shows different populations. It is important to
stress that the α range in aluminum is around 16.8 µm and 20 µm at 4.2 MeV and
4.7 MeV respectively. This means that α particles that are emitted at a small angle with
the surface of the crystal are fully absorbed in the Al film since the thickness of the Al
film is similar to the range of the α’s in aluminum. α particles that have been emitted
almost normal to the surface of the crystal, deposit partially their energy in Al film and
the rest in the crystal.

Fig. 4.16 illustrates the three different α populations (regions 1,2 and 3) and the
neutron capture in lithium events (region 4, section 4.7). Region 1 are the α particles
that are fully absorbed in the Al film. Region 2 represents the α particles that deposited
partially their energy in the Al film and the rest in the crystal. A GEANT4 based
Monte Carlo simulation [110, 111] of this configuration was done to measure the ratio
between α’s in region 1 and region 2. It is expected that ∼ 58% of the α particles are
fully absorbed in Al film for the 4.2 MeV line. This showed a very good agreement
with the experimental distribution of the two regions. Fig. 4.17 shows the experimental
distribution of the 4.2 MeV α’s. Region 3 correspond to the energy-degraded α’s that
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Figure 4.15 – The fitted-amplitude parameter is plotted as function of the
energy for small LMO with 10 µm Al coating. The α events from the
uranium source are clearly discriminated.
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in the text.

lose some of their energy in the source before reaching the Al film.
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Figure 4.17 – Left : Schematic geometry of the α-particles absorption in
the Al-film coated on a side of the crystal. Right : The distribution of the
rise-time of the events corresponding to the ∼4.2 MeV α-particle from the
uranium source.

Figure 4.18 – A 10 µm Al film evaporated on one side on big LMO.

4.5.2 Large Li2MoO4 with Al coating

The fact that the CROSS demonstrator, that will take place in Canfranc underground
laboratory, will be based on large crystals and not small ones, as demanded by double-
beta decay applications, led us to move to large crystals to see if in this case the discrim-
ination can be kept even with a large fraction of the crystal surface covered by Al film
coating. A preliminary test was performed on a ∅40× 20 mm cylindrical Li2MoO4 crys-
tal, with a mass of about 67 g, (big LMO) to confirm first that pulse shape discrimination
for surface α events also works on big crystals. The crystal is shown in Fig. 4.18.

4.5.2.1 One surface Al film coating (CROSS7)

A 10 µm Al film was evaporated on one base of the cylindrical crystal shown in Fig. 4.18.
The Al film was faced by an uranium α source. The NTD was glued with a thin layer
of glue spread all under it (not 6 small spots). A measurement was performed at 22 mK
with the bias and the corresponding resistance shown in Table 4.8. The temperature
of the crystal is around 26.8 mK with a floating plate temperature of 22 mK. The
sensitivity for big LMO, 36 nV/keV, is lower than small LMO, as expected, due the
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Figure 4.19 – The RT curve of big LMO, fitted to extract R0 and T0.

larger heat capacity. It should however be noted that the reduced sensitivity is only half
that of small LMO in spite of a mass ∼6 times higher, showing the good performance of
the detector. The sensitivity, reduced sensitivity, rise-time, decay-time and the baseline
resolution are given in Table 4.9.

Temperature Current [nA] Vbol [mV] Rbol [MΩ] Thermistor
temperature [mK]

22 mK 4.6 4.97 1.07 26.8

Table 4.8 – The bias current, voltage, the resistance and the temperature
of the thermistor of big LMO with 10 µm Al film coating on one side.

Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

22 36 1.2 ×10−3 3.4 90 9.3 335

Table 4.9 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for big LMO with 10 µm
Al film coating on one side.
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Figure 4.20 – The spectrum for big LMO with 10 µm Al film coating at
22 mK.
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Figure 4.21 – Left : The rise-time vs the energy. Right : The fitted-
amplitude vs the energy for big LMO with 10 µm Al film coating on
one side.

The energy resolution in the energy spectrum is not excellent. The FWHM of the
214Bi 609 keV peak is around 11.9 keV, however justified by the large baseline noise
(FWHMbsln = 9.3 keV). Fig. 4.20 shows the energy spectrum of big LMO with one side
Al coating. The discrimination capability between surface α’s and the bulk is preserved
for bigger crystals. Fig. 4.21 shows the rise-time and the fitted amplitude parameters vs
the amplitude. The discrimination power using the fitted amplitude parameter for big
LMO with one-surface-Al-coating is around 9.3. This is a very important results, as it
confirms that the discrimination can work for big crystals as the CROSS demonstrator
will require. However, no surface β’s discrimination is appreciable, as observed in small
LMO.
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4.5.2.2 Lateral surface Al-film-coated crystal (CROSS9)

The next step was to increase the fraction of the coated surfaces for big LMO. In addition
to the existing 10 µm Al film on the bottom face, a 2 µm Al film was evaporated on
the lateral curved side, by rotating the crystal during the deposition. A polonium α
source was placed facing the lateral side, leaving the uranium α source facing the bottom
coated face. The measurement working point was chosen to achieve the same thermistor
resistance as the previous measurement. It was necessary to work at a lower temperature,
20.6 mK, to have the required Ge-NTD resistance, as given in Table 4.10. This is related
to the non-complete reproducibility of the assembly. The bolometric performance in
terms of the sensitivity was decreased a little, but this is not surprising since the setup
was reassembled (Table 4.11). What is more important is that the reduced sensitivity of
this measurement is the same as the previous one.

Temperature Current [nA] Vbol [mV] Rbol [MΩ] Thermistor
temperature [mK]

20.6 mK 4.0 4.2 1.1 26.8

Table 4.10 – The bias current, voltage, the resistance and the temperature
of the thermistor of big LMO with 10 µm Al film coating on one side plus
2 µm-thick Al film on the lateral surface.

Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

20.6 31 1.2 ×10−3 3.4 120 6.3 195

Table 4.11 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for big LMO with 10 µm Al
film coating on one side plus 2 µm-thick Al film on the lateral surface.

The discrimination capability for surface α’s from the uranium source (facing the
10 µm Al-coated-surface) has been reduced significantly (Fig. 4.22). The α’s from the
polonium source (facing the 2 µm Al-coated-surface) appear to be better discriminated
from the bulk events with respect the α’s from the uranium. Looking at the bulk events,
it seems that they are affected by the large fraction of surface Al-film-coated leading to
their better thermalization as happens for the surface α’s. It is not clear what could
be the reason for the better separation of polonium α’s compared to the uranium α’s.
The two possible options that first come to the mind are the Al film thickness or the
quality of the Al film. The Po α’s are facing a 5 times less Al film thickness compared
to uranium α’s. The second possibility could be that the Al film quality on the lower
side was affected, since it was evaporated before the lateral surface. To clarify if the loss
in discrimination is due to a deterioration of the bottom Al film coating or the increase
of the coated-surface fraction, the Al film on the lateral surface was removed and the
surface was polished. The next section describes this test and the results in details.



78 Chapter 4 - Study of the surface sensitivity for CROSS detectors

2000 4000 6000 8000
Energy (keV)

3

3.5

4

4.5

5

R
is

e-
tim

e 
(m

s)
rise*1000:amp_cal {rise<0.016 & rise>0.0026 & amp_cal>0}

big LMO-Al film-20.6mK

238U 234U

6Li(n,t)α

210Po
2000 4000 6000 8000

Energy (keV)

0.97

0.98

0.99

1

1.01

1.02

1.03

1.04m
/S

m

PSD:amp_cal {amp_cal>0 & PSD<1.05 & PSD>0.95}

big LMO-Al film-20.6mK

Figure 4.22 – Left : The rise-time vs the energy. Right : The fitted-
amplitude vs the energy for big LMO with 10 µm Al film coating on
one side plus 2 µm-thick Al film on the lateral surface.

4.5.2.3 Polishing lateral surface (CROSS10)

To investigate the possible reason of losing most of our discrimination capability in
big LMO, it was decided to recover the initial setup of big LMO with just Al-film
coating on the bottom surface. If the discrimination capability is recovered, it means
that increasing the fraction of coated surfaces affects the discrimination of surface α’s. If
not, it means that the Al film on the bottom surface is not doing its job anymore because
of possible defects appeared after the first test on big LMO. This may happen due to
the hygroscopicity of LMO that can lead to an alteration of the LMO-Al interface. The
same working point as the previous tests was chosen (Table 4.12). The sensitivity and
the reduced sensitivity is similar to that obtained in the first measurement of the big
LMO. The baseline resolution has been improved due the better measurement conditions,
especially in terms of noise level. The sensitivity and the pulse-shape parameters are
given in Table 4.13.

Temperature Current [nA] Vbol [mV] Rbol [MΩ] Thermistor
temperature [mK]

20.6 mK 4 4.9 1.02 27

Table 4.12 – The bias current, voltage, the resistance and the temperature
of the thermistor of big LMO with 10 µm Al film coating on one side after
polishing the lateral side.
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Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

20.6 38 1.2 ×10−3 3.7 104 4.4 167

Table 4.13 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for big LMO with 10 µm Al
film coating on one side after polishing the lateral side.
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Figure 4.23 – (Left): The rise-time vs the energy. (Right): The fitted-
amplitude vs the energy. The detector is big LMO with 10 µm Al film
coating on one side after polishing the lateral side.

Fig. 4.23 shows the rise-time and fitted-amplitude vs the amplitude for big LMO
with one surface coating. The discrimination power has been recovered after removing
the lateral surface coating. This result leads to a primary conclusion that increasing the
fraction of coated surface affects the discrimination capability, it reduces our pulse shape
discrimination power. The reason is not fully understood yet, but it may be explained
by the fact that the bulk events are also being affected by the Al film in terms of faster
thermalization since they see a large fraction of the crystal surface coated.

4.5.3 Small TeO2 with Al coating

4.5.3.1 Test on bare TeO2 crystal (CROSS1)

As for small LMO, the first test on small TeO2 was carried out with a crystal without
any Al coating (CROSS1). This test is important to check the intrinsic performance of
the crystal without any coating. The Ge-NTD was characterized to obtain R0 and T0

(Fig. 4.24). The load-curve and the optimum working point was obtained before starting
data taking to choose the bias with best signal to noise ratio. The load-curve is shown
in Fig. 4.25. The optimum working point at 22 mK is shown in the table below:
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Temperature Current [nA] Vbol [mV] Rbol [MΩ] Thermistor
temperature [mK]

22 mK 5.0 4.2 0.83 22.7

Table 4.14 – The bias current, voltage, the resistance and the temperature
of the thermistor of small TeO2 without coating.
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Figure 4.24 – The RT curve of small TeO2, fitted to extract R0 and T0.

The thermistor temperature, derived from Eq. 4.1, is given in Table 4.14. The power
versus the temperature of the thermistor at 22 mK is given in Fig. 4.26. For a low bias
or power, the temperature of the thermistor is close to the temperature of the floating
plate.
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Figure 4.25 – The load curve of small TeO2 without Al film at 22 mK.

A thorium calibration source was placed in front of the detector and outside the
cryostat. The energy spectrum of small TeO2 at 22 mK is shown in Fig. 4.27. The
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for small TeO2 without Al film.
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Figure 4.27 – The energy spectrum for small TeO2 without Al coating at
15.5 mK. The peaks are generated by the environmental radioactivity and
by the 232Th calibration source.

peaks that appear in the spectrum are γ-lines from the 232Th and 238U decay chains.
The energy resolution is about 3 keV FWHM at the 214Bi 609 keV. More pronounced γ
peaks appear in TeO2 compared to small LMO because of its higher density and average
atomic number. In Table 4.15 we report the sensitivity, the reduced sensitivity (η), the
rise-time (τr), the decay-time (τd) and the baseline resolution at 22 mK for small TeO2.
The sensitivity of small TeO2 is similar to the one of small LMO.

The test showed that there is no discrimination between α and β/γ using either pulse
shape parameters, the rise-time or the fitted-amplitude. This is explained by the same
but reversed argument used for LMO crystal. Since TeO2 is a very poor scintillator, the
pulses in the heat channel for α and β/γ have the same time evolution. Fig. 4.28 shows
the rise-time and the fitted-amplitude versus the pulse amplitude.
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Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

22 48 1.8 ×10−3 8.0 69 1.5 72

Table 4.15 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for small TeO2 without Al
film coating.
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Figure 4.28 – Left : The rise-time vs the energy . Right : The fitted-
amplitude vs the energy for the same crystal for small TeO2 without Al
film coating.

4.5.3.2 One surface 10 µm Al film coating (CROSS2)

A 10 µm thick Al film was evaporated on one surface of small TeO2 (20×20 mm side).
An uranium α source is facing the Al film to induce surface α’s. A polonium α source
was placed facing a non-coated surface, the surface opposite to the coated one. 1/4
of the total crystal surface is coated. The working point of the experiment is close to
the one of the previous measurement. The bias current, Vbol and Rbol at 22 mK are
given in Table 4.16. The temperature of the thermistor at the working point is 22.2 mK
(Table 4.16). The working temperature of the thermistor between this run and the
previous one are close.

Temperature Current [nA] Vbol [mV] Rbol [MΩ] Thermistor
temperature [mK]

22 mK 5 4.7 0.95 22.2

Table 4.16 – The bias current, voltage, the resistance and the temperature
of the thermistor of small TeO2 with 10 µm-Al-film-coating on one side.
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Figure 4.29 – The γ spectrum for small TeO2 with 10 µm-thick Al film
coating on one side. The peaks are generated by the environmental ra-
dioactivity and by the 232Th calibration source.

Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

22 55 1.7 ×10−3 6.3 54 1.6 88

Table 4.17 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for small TeO2 with 10 µm-
Al-film-coating on one side.

The energy spectrum of small TeO2 at 22 mK is shown in Fig. 4.29. The energy
resolution FWHM at the 212Bi 609 keV is around 3.8 keV. The sensitivity of the crystal
was not affected by the addition of Al film (55 nV/keV). In addition, the bolometric
performance in terms of the reduced sensitivity is the same as in CROSS1. Table 4.17
shows the bolometric parameters.

Al film coating on TeO2 showed to be effective, as one can appreciate in Fig. 4.30,
where the surface α’s from the uranium source are clearly separated from the bulk. The
surface α’s from the polonium source are in the bulk region, as expected. The surface
events are faster than the bulk events also for TeO2. The interpretation of distribution
of the uranium surface α’s in the figure is describe on page 70 (CROSS3). The Po α line
is at its nominal energy (5.3 MeV) because the QF of α is close to unity for TeO2 [112].
On the other hand, the U α’s are at a higher energy because the thermalization efficiency
of close-to-film events is higher than bulk events and is maximum for full absorption in
the film.
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Figure 4.30 – Left : The rise-time vs the energy . Right : The fitted-
amplitude vs the energy for small TeO2 with 10 µm-Al-film-coating on
one side.

4.5.3.3 One surface 1 µm Al film coating (CROSS3)

It is interesting to see the effect of Al film thickness on discrimination between surface
and bulk events. For this test, a 1 µm Al film was evaporated on one surface of TeO2.
The working point was chosen to be as close as possible to the previous tests (Table 4.18).
The temperature of the thermistor is a little bit higher than the previous test, but this
should not affect the discrimination or the bolometric performance significantly. The
bolometric performance in terms of sensitivity and the reduced sensitivity are preserved.
The measurement bolometric parameters are given in Table 4.19. The energy spectrum,
shown in Fig. 4.31, shows clearly the peaks of the γ calibration source (232Th). The
resolution of the peaks is mostly affected by the instability of the baseline.

Temperature Current [nA] Vbol [mV] Rbol [MΩ] Thermistor
temperature [mK]

22 mK 5.0 3.6 0.72 23.2

Table 4.18 – The bias current, voltage, the resistance and the temperature
of the thermistor of small TeO2 with 1 µm Al film coating on one side.

Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

22 43 1.8 ×10−3 7 63 2.0 86

Table 4.19 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for small TeO2 with 1 µm Al
film coating on one side.



85 Chapter 4 - Study of the surface sensitivity for CROSS detectors

500 1000 1500 2000 2500
Energy (keV)

0

20

40

60

80

100

120

C
ou

nt
s 

/ 2
 k

eV

590 600 610 620 630
Energy (keV)

0
5

10
15
20
25
30

C
ou

nt
s 

/ 2
 k

eV

FWHM=5.96 keV
Bi, 609 keV214

TeO2-1μm Al film-22mK

Figure 4.31 – The γ spectrum for small TeO2 with 1 µm-thick Al film
coating on one side. The peaks are generated by the environmental ra-
dioactivity and by the 232Th calibration source.

The crucial issue is the discrimination capability. In Fig. 4.32, the rise-time pulse
shape parameter shows some discrimination between bulk and surface events, not suf-
ficient though for the full rejection of surface events. On the other hand, the fitted-
amplitude parameter shows almost a full separation between surface α’s and the bulk.
Enough to reject 99.9% of the surface α’s. The ability of having discrimination with a
thinner film is important, as the evaporation process is easier and less time consuming,
and the film adhesion better.
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Figure 4.32 – Left : The rise-time vs the energy. Right : The fitted-
amplitude vs the energy. The detector is small TeO2 with 1 µm Al film
coating on one side.
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Figure 4.33 – Left : Small LMO with 10 nm Pd film. Right : Small TeO2

with 10 nm Pd film.

4.5.4 Small Li2MoO4 with Pd film coating

The results achieved with Al film coating show lights and shadows. In general, surface
α’s separation works when one surface is coated. Problems arise when the coating is
extended to a significant fraction of the crystal, as was shown in section 4.5.2. However,
it is clear that Al coating has missed one of the main CROSS goals, also when it works
for α’s: the separation of surface β events. For this reason, we decided to move to other
options for the coating material.

According to the results achieved using Al film, the mechanism of discrimination
between surface and bulk events rely on thermalizing faster the surface events (see sec-
tion 3.4.1). This is the opposite of the initial CROSS principle. A superconductor is not
an ideal material to accelerate thermalization, as it can trap energy in form of quasipar-
ticles for a long time with respect to the phonon pulse evolution. It makes sense then
to try another coating material, a normal metal, with the hope to improve further the
thermalization for surface events and open the possibility to discriminate also surface β’s.
One drawback of normal metals is their high heat capacity (due to the Fermi gas term
proportional to the temperature at low temperatures), which will affect the sensitivity
of the bolometer (see Eq. 3.4 and related discussion in Section 3.1.1). It is crucial to
reduce the heat capacity by moving from µm scale to nm scale thickness.

Palladium films were chosen to coat small LMO and TeO2. Palladium can give
continuous very thin films by standard deposition by evaporation (down to 2.5 nm if
needed). It has a good adhesion without under-layers (like SiO for example). It does not
react with the atmosphere. Its high heat capacity (the so called Sommerfeld coefficient
for the specific heat is quite high for palladium, see Section 3.1.1) can be compensated
by the ability of depositing very thin films. Small LMO and TeO2 with a 10 nm Pd film
is shown in Fig. 4.33. The film is so thin that it is practically transparent and one can
see the Ge-NTD glued on the opposite surface in the case of polished small LMO.

4.5.4.1 One surface 10 nm Pd film coating (CROSS7)

A pulse shape discrimination test on small LMO with Pd was performed. A 10 nm thick
Pd film was evaporated on one face of small LMO. The film was faced by an uranium
α source. The applied bias and the resistance of the thermistor is shown in Table 4.20.
The temperature of the crystal is 26 mK for a floating plate temperature of 22 mK.
The calibration of this crystal was not trivial, the γ peaks from the 232Th calibration
were not clear. The energy resolution of the spectra is not good even after stabilization
(Fig. 4.34). The sensitivity of the LMO crystal has dropped to 23 nV/keV, two times



87 Chapter 4 - Study of the surface sensitivity for CROSS detectors

Temperature Current [nA] Vbol [mV] Rbol [MΩ] Thermistor
temperature [mK]

22 mK 6.0 3.1 0.52 26.2

Table 4.20 – The bias current, voltage, the resistance and the temperature
of the thermistor of small LMO with 10-nm-thick Pd-film coating.

lower than the sensitivity of the same crystal with Al film coating. The same decrease
is appreciable on the reduced sensitivity η. This is because of the higher heat capacity
of Pd with respect to Al, which starts to compete with that of the whole LMO crystal.
The bolometric performance parameters are shown in Table 4.21.

The effect of Pd film coating on pulse shape discrimination is shown in Figures
4.35. Using the rise-time parameter, we see discrimination between surface α events and
the bulk events. In addition, there are hints for discrimination also for lower energy
events (between 0 and 2 MeV). These events appear clearly using the fitted-amplitude
parameter. There are clearly two separated populations at an energy lower than the
α’s energy. The events are interpreted to be surface β’s from the uranium source. All
the surface events were selected (events in red in Fig. 4.36 (left)) roughly manually. A
quantitative selection method has been implemented and will be used for another test in
section 4.5.8. The light yield (Fig. 4.36 (right)) shows that surface α’s have a much lower
light compared to the β/γ, whereas the other surface events at lower energy lay in the
β/γ band, which means that they can be consistently interpreted as β’s from the uranium
source. The bad energy resolution can be due to the fact that β surface sensitivity was
achieved in small crystals, where position effects can show up due to the large fraction of
the crystal that behaves as surface. The detector response is not presumably the same
in the bulk and at the surface. The result of achieving discrimination for surface β is of
great importance and can be considered a breakthrough, as the goal of discriminating
both surface α’s and β’s is achieved for the first time with a bolometer.

Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

22 23 1.2 ×10−3 7 92 3.6 83

Table 4.21 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for small LMO with 10-nm-
thick Pd-film coating on one side.
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Figure 4.34 – The energy spectrum for small LMO with 10-nm-thick Pd-
film coating at 22 mK.
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The next step was to fully cover small LMO with 10 nm Pd film. Unfortunately the
sensitivity of the crystal was destroyed because of the high contribution of the Pd film on
the heat capacity. In fact, the specific heat of the Pd film is given by Eq. 3.4 where γN
is equal to 9.6×10−3 (J/K/mol) [113] (page 583), and therefore the film heat capacity is:

C = γN
V · ρ
A

T (J/K) (4.3)

where V, ρ and A are the volume, density and atomic mass of the film. This implies that
the heat capacity of a 1.8×1.8×1 cm3 Pd film is 3.5×10−9T J/K. The heat capacity of
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small LMO (from Table 3.1), Pd film one side coverage and the Pd film full coverage is
shown in Fig. 4.37.

4.5.5 Small TeO2 with Pd film coating

4.5.5.1 One surface Pd film coating (CROSS7)

Pulse shape discrimination was also tested on TeO2 with 10 nm Pd film coating on one
surface. The film was faced by an uranium α source. The working point is shown in
Table 4.22. The temperature of the thermistor is 23 mK with 22 mK floating plate
temperature. The sensitivity of the crystal has also dropped compared to having Al
film coating because of the higher heat capacity of Pd. The bolometric properties of the
crystal are shown in Table 4.23. The energy resolution of the crystal is worse compared
to having Al film (Fig. 4.38).

The discrimination capability between the surface and bulk events of the crystals is
negligible (Fig. 4.39). So the Pd film showed its feasibility only for LMO. The reasons
for the difference between LMO and TeO2 are not clear. Also as for LMO, a fully coated
TeO2 crystal with Pd film experienced a dramatic reduction of the sensitivity.

Temperature Current [nA] Vbol [mV] Rbol [MΩ] Thermistor
temperature [mK]

22 mK 3.4 2.56 0.754 23

Table 4.22 – The bias current, voltage, the resistance and the temperature
of the thermistor of small TeO2 with 10-nm-thick Pd-film coating.

Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

22 30 1.8 ×10−3 9 138 2.8 83

Table 4.23 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for small TeO2 with 10-nm-
thick Pd-film coating.
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Figure 4.38 – The energy spectrum for small TeO2 10 nm Pd film coating
at 22 mK. The peaks are generated by the environmental radioactivity
and by the 232Th calibration source.
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Figure 4.39 – Left : The rise-time vs the energy. Right : The fitted-
amplitude vs the energy for small TeO2 with 10-nm-thick Pd-film coating
on one side

4.5.6 Small Li2MoO4 with Pd-Al bi-layer film coating (CROSS12-13-
14)

Giving up Pd because of its high heat capacity was not our choice because it showed
that we are able to discriminate also surface β’s. The choice was to search for a way to
decrease the heat capacity of Pd. The idea was to introduce superconductivity in Pd
using Al film.

Al is a superconductor at the temperature we work at (∼ 20 mK), having Tc=1.2
K. Because of the proximity effect, the Al film will introduce superconductivity in the
Pd film. The bi-layer Pd-Al film was studied to measure the Tc of the film. Pd film was
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already decided to have a thickness of 10 nm because it was working well in terms of pulse
shape discrimination for LMO. The Tc of the bi-layer film depends on the thickness of Al
film. Different Al film thicknesses were tested to get a suitable Tc. Tc should not be too
low to insure that the film has dropped sufficiently in heat capacity as the temperature
decreases. In addition, not a high Tc because this means we need a thicker Al film which
makes evaporation takes more time. The Al film thickness that was chosen is 100 nm,
giving a Tc around 650 mK.

It may be noticed that this procedure may appear inconsistent. If superconductivity
by itself does not help discrimination when aiming at a faster thermalization because of
energy trapping in quasiparticles, this issue should persist with the bi-layer. However,
the quasiparticle lifetime depends strongly on the type of superconductor and on Tc, so
we decided to perform this test.

A 10 nm Pd and 100 nm Al films were deposited on one surface of small LMO. The
first layer evaporated is Pd and then Al was evaporated on it. A uranium α source was
placed facing the film. The working point chosen was similar to the one of small LMO
with just one surface Pd coating (Table 4.24). The floating plate temperature was chosen
to be at 21.5 mK to recover the same resistance of the thermistor. The sensitivity of the
bolometer is doubled compared to having only Pd film coating (Table 4.25). This proves
that Al film is extending superconductivity to Pd film. The reduced sensitivity is also
comparable to CROSS1.

Temperature Current [nA] Vbol [mV] Rbol [MΩ] Thermistor
temperature [mK]

21.5 mK 6.0 3.1 0.52 23.4

Table 4.24 – The bias current, voltage, the resistance and the temperature
of the thermistor of small LMO with 10 nm-Pd-100 nm-Al-films coating.

Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

21.5 43 2.1 ×10−3 7.5 58 2.4 103

Table 4.25 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for small LMO with 10 nm-
Pd-100 nm-Al-films coating.
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Figure 4.40 – The energy spectrum for small LMO with 10 nm Pd-100 nm
Al bi-layer film coating on one surface at 22 mK.

The energy spectrum, shown in Fig. 4.40 shows that the detector has no good energy
resolution. The pulse shape discrimination parameters (the rise-time and the fitted
amplitude) shows that surface α’s are separated from the bulk events. (Fig. 4.41). In
addition, surface β discrimination is also apparent (from 0 till ∼ 2 MeV). These events
were selected (in red Fig. 4.42 (left)) and plotted in a light vs heat scatter plot, where
they populate the region with high light output, confirming that they are β’s.

Another test was performed having this time a Po α source facing the Pd-Al bi-
layer. As with the uranium source, surface α’s and surface β’s are separated from the
bulk (Fig. 4.43). Some of the neutron capture events are even more discriminated than
surface α’s, as shown in Fig. 4.43 (right). This phenomenon is not well understood yet.

The same detector was operated after removing the α/β source with the purpose to
confirm that β’s from the sources were actually discriminated. The plot in Fig. 4.44 shows
the pulse shape parameter (fitted amplitude) as a function of the energy. There is a clear
difference in the events below 2 MeV between this measurement and the measurement
with the β sources. No big cluster of events appear in the surface event region as
in Figures 4.41 and 4.43. This confirms that what we saw in the previous runs were
definitely β’s from the source.
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coating on one side. A clear separation for surface α’s and β’s emitted
from the U source.
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Figure 4.42 – Left : Fitted-amplitude vs energy for small LMO with 10 nm
Pd-100 nm Al films coating on one side. The events that are highlighted
in red are the surface β events. Right : Light yield energy, where it is clear
that the surface β’s have, as expected, a higher light yield with respect to
the α’s.



95 Chapter 4 - Study of the surface sensitivity for CROSS detectors

1000 2000 3000 4000 5000 6000 7000
Energy (keV)

0.92

0.94

0.96

0.98

1

1.02

1.04

1.06

1.08

1.1
m

m
/S

1400 1600 1800 2000 2200
Amplitude (ADU)

0.94

0.95

0.96

0.97

0.98

0.99

1

m
m

/S
Figure 4.43 – Left : Fitted-amplitude vs energy. Right : Zoom on neutron
capture events and Po sources α’s. The detector is small LMO with 10 nm
Pd and 100 nm Al bi-layer films coating on one side. A clear separation
for surface α’s and β’s emitted from the Po source is appreciable.
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Figure 4.44 – Fitted-amplitude vs Energy for small LMO with 10 nm Pd
and 100 nm Al bi-layer films coating on one side with no source.

4.5.7 Small TeO2 with Pd-Al bi-layer film coating (CROSS12-13-14)

Small TeO2 with 10 nm Pd and 100 nm Al bi-layer coating on one surface was also
studied. A uranium α source was used. The working point chosen was similar to the one
of small TeO2 with just Pd film (Table. 4.26). The energy spectrum is shown in Fig. 4.45.
The sensitivity has not been improved (Table. 4.27) compared to having just Pd film
coating. However, the pulse shape discrimination has been improved after the addition
of Al film. Surface α’s are well separated from the bulk as can been from Fig. 4.46. In
addition, there are lower energy events that are shifted from the bulk towards the surface
events. These events, as for small LMO, are said to be surface β’s. Checking the light
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output of these events is not helpful (Fig. 4.47), as TeO2 is a very poor scintillator and
working with a Neganov-Luke light detector is not sufficient to check low energy events.

An additional confirmation that the lower energy events are surface β’s was even
here obtained by removing the α/β sources. Fig. 4.48 shows the result, no discriminated
events are apparent between 0 MeV and 2 MeV. What we saw before are definitely surface
β’s. But it is still not understood why surface β’s in small LMO are better discriminated
from the bulk with respect to TeO2.

Temperature Current [nA] Vbol [mV] Rbol [MΩ] Thermistor
temperature [mK]

22.5 mK 3.4 2.6 0.76 23.1

Table 4.26 – The bias current, voltage, the resistance and the temperature
of the thermistor of small TeO2 with 10nm-Pd-100nm-Al-films coating.

Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

22.5 26 1.5 ×10−3 13 110 5.8 150

Table 4.27 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for small TeO2 with 10nm-
Pd-100nm-Al-films coating.
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Figure 4.45 – The energy spectrum for small TeO2 with 10 nm Pd-100 nm
Al bi-layer film coating on one surface at 22 mK.
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Figure 4.46 – Left : The rise-time vs the energy. Right : The fitted-
amplitude vs the energy. The detector is a small TeO2 with 10 nm Pd-
100 nm Al film coating on one side.
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Figure 4.47 – The heat vs light for small TeO2 with 10 nm Pd-100 nm Al
film coating on one side.
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Figure 4.48 – The fitted-amplitude vs the energy for small TeO2 with
10 nm Pd-100 nm Al film coating on one side with no source.

4.5.8 Surface β spectrum fit with MC model for small LMO

After proving that Pd+Al bi-layer film provides surface β separation in Li2MoO4 (lower
fitted-amplitude PSD events in Fig. 4.49 that extend up to ∼ 2 MeV), it was very
instructive to fit the β spectrum with a Monte Carlo model. Two β spectra were fitted,
from 234mPa and 210Bi β decays. The surface β events were selected according to the
following procedure. (I will describe only the one performed for 234mPa, the selection of
210Bi β’s are done in a similar way.)

First the events in Fig. 4.49 are stabilized along the fitted-amplitude PSD parameter
axis, as shown in Fig. 4.50. This will make the next step easier and more accurate. Next,
the events were divided into intervals of 50 keV at low energy and larger intervals (up
to 300 keV) at higher energy (up to 3000 keV). A double Gaussian fit was performed
on each interval for the bulk and surface events (Fig. 4.51). This allows us to extract
the standard deviation of the bulk events for each interval, used to set a discrimination
threshold between bulk and surface events. The black points in Fig. 4.50 represent 3σ
from the mean value of the bulk events, this will include more than 99% of the bulk
events. The black points (3σ) are fitted with a power law (a.xb+c) curve (Fig. 4.52), so
that the events that are under the curve can be considered as surface events. The events
that have been selected are not only β’s from the source, there are also background
events. To select the background, the measurement without the source was used. The
same treatment was applied to the measurement with just the background to select
the events in the same region (Fig. 4.53). A Monte Carlo simulation was performed to
simulate both β sources. The uranium source was simulated as a source with a depth
of 150 nm, as we know from the plots that some α’s are energy degraded. The chosen
depth reproduce well the low energy tail of the α population. On the other hand, the
Po source doesn’t show hints of degradation of particles energies, so it is considered to
be directly on the surface of the copper tape. This is consistent with the two different
methods of fabricating the sources. Fig. 4.54 and 4.55 show the fitted β spectrum of
214Bi and 234mPa. The green line represents the Monte Carlo simulated β spectra of
210Bi and 234mPa respectively. The red line represents the selected β’s from our data and
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the blue line the selected background. As mentioned before, selected β events contains
also background, so the β spectrum was fitted with a model that contains a combination
of the MC simulation and the background. The fit is plotted in black, as can be seen
from the figures 4.54 and 4.55.
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Figure 4.49 – The unstabilized fitted-amplitude vs the energy for small
LMO with 10 nm Pd-100 nm Al film coating on one side with U source.
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Figure 4.50 – The stabilized fitted-amplitude vs the energy for small LMO
with 10 nm Pd-100 nm Al film coating on one side with U source. The
black points are 3σ away from the center of the bulk event distribution
(see Fig. 4.51).



100 Chapter 4 - Study of the surface sensitivity for CROSS detectors

0.92 0.94 0.96 0.98 1 1.02 1.04
mm/S

0

20

40

60

80

100

120

C
ou

nt
s

Figure 4.51 – Double Gaussian fit for a selected 50 keV range. The distri-
butions are related to the bulk and surface β’s.
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Figure 4.52 – U source measurement: Fitting the 3σ points with a.xb+c
to select the events under this curve as surface β’s plus background.
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Figure 4.53 – No source measurement: Fitting the 3σ points with a/xb+c
to select the events under this curve as surface background.
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Figure 4.54 – Fitting the β’s from 214Bi plus the background from our
experiment with a Monte Carlo model plus the background. The green
spectrum is the 210Bi β’s simulated by MC. The blue spectrum is the esti-
mated background from the source free measurement. The red spectrum
is the selected source surface β plus the background. The black line is the
MC model fit applied to red spectrum.
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Figure 4.55 – Fitting the β’s from 234mPa plus the background from our
experiment with a Monte Carlo model plus the background. The green
spectrum is the 234mPa β’s simulated by MC. The blue spectrum is the
estimated background from the source free measurement. The red spec-
trum is the selected source surface β plus the background. The black line
is the MC model fit applied to red spectrum.

From Fig. 4.52, it can be noticed that surface β’s are more separated from the bulk
at lower energy and tends to be closer to the bulk at energy around 2 MeV. It was
interesting to estimate the range of β’s in LMO [114]. It was found that a β with an
energy of 1 MeV has a maximum range about 2 mm and a β with an energy of 2 MeV
has a maximum range of about 4 mm (Fig. 4.56). The shape of the β population goes
with our expectations: the lower range β’s (low energy) are more separated from the
bulk compared to the higher range β’s because of higher fraction of energy deposited
near the surface.

Figure 4.56 – The β range as a function of its energy calculated according
to the computational tool described in [114]

It is important to compare the number of surface α’s to surface β’s for the two
sources, uranium and polonium. It is expected that for each α decay there is a β decay,
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so the counts should be equal. Starting with the less complicated source, Po, that does
not show a degraded α’s in the scatter plots (Fig. 4.43) except a negligible amount. This
means that there is no risk of having a significant amount of alphas being absorbed in
the source. The surface β’s were extracted from the scatter plot similar to Fig. 4.52,
but for the Po source measurement, and selecting the events under the fit curve. Of
course these events are not pure surface β’s, there are also background (beta+bkg). The
backgrounds were extracted from Fig. 4.53 by selecting the events under the fit curve
(bkg). Subtracting the beta+bkg from the bkg will give as the pure surface β counts.
The surface α’s selection is rather easy by using the light output. The number of counts
for the surface events was found to be rather close: 844 counts for β’s and 754 counts
for α’s. Studying the counts in the U source is more complicated since we already see
a high portion of alphas being energy-degraded. This means that there is an unknown
fraction of alphas not escaping the copper foil of the source in contrast to β’s that will
just escape without any problem. The same evaluation technique was used for U source
measurement and it was found that surface β counts is 3875 and the surface α counts is
found to be 2460. α’s are much lower as expected.

4.5.9 Small LMO with Pd-Al bi-layer grids coating (CROSS15)

As will be discussed in Section 4.7, PSD capability is shown to occur down to 1-2 mm
away from the film. So it is not necessary for the particles to pass and deposit energy in
the film, it is enough to deposit the energy in the vicinity of the film. For this reason, it
was reasonable to use a Pd-Al grid (in accordance with our qualitative model of surface
sensitivity, based on the initial formation of a high-energy phonon blob of 1 mm scale).
The idea for using Pd-Al grid came to avoid having a complete covering of the crystal
with the film. As shown from the results of CROSS9, the addition of coating material led
to losing the good discrimination between the bulk and surface events. This should also
lead to a lower heat capacity contribution of the coated grid compared to when having
a film.

Small LMO with Pd-Al grid on one surface of the crystal is shown in Fig. 4.57. A
10 nm Pd and 100 nm Al bi-layer grids were deposited on one surface of small LMO.
The thickness of the grid lines is 70 µm and the spacing between the lines is 700 µm. A
U source was shining the coated surface. The measurement was performed at 18 mK to
get a similar working point as when having Pd-Al film. The working point is shown in
Table 4.28. The sensitivity has been increased, possibly because of the lower heat capac-
ity of the grid compared to when having a film (Table. 4.29). The reduced sensitivity is
comparable to CROSS1 (bare crystal case). Fig. 4.58 shows the energy spectrum which
shows peaks with bad resolution.

Figure 4.57 – Small LMO with Pd-Al grid.



104 Chapter 4 - Study of the surface sensitivity for CROSS detectors

Temperature Current [nA] Vbol [mV] Rbol [MΩ] Thermistor
temperature [mK]

18 mK 6.0 3.3 0.56 22.4

Table 4.28 – The bias current, voltage, the resistance and the temperature
of the thermistor of small LMO with 10nm-Pd-100nm-Al-grids coating.

Temperature
(mK)

Sensitivity
(nV/keV) η (MeV−1) τr (ms) τd (ms) FWHMbsln

(keV)
FWHMbsln

(nV)

18 51 2.5 ×10−3 13 65 2.8 143

Table 4.29 – The sensitivity, η, rise-time (at 2.6 MeV), decay-time (at
2.6 MeV), baseline resolution in keV and nV for small LMO with 10nm-
Pd-100nm-Al-grids coating.

Fig. 4.59 shows that rise-time and the fitted amplitude pulse shape parameters. The
separation of surface α’s and β’s from the bulk is now even better and much more
appreciated than when having a Pd-Al film. This result is very encouraging as it may
open the door for a fully grids coated crystal avoiding the high fraction of coated surface.
The surface betas were selected, following the steps described in the previous section,
and they are plotted in red in Fig. 4.60.
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Figure 4.58 – The calibrated energy spectrum of small LMO with 10 nm
Pd and 100 nm Al bi-layer grid coating.
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Figure 4.59 – (Left): Rise-time vs energy. (Right): Fitted-amplitude en-
ergy. The detector is small LMO with 10 nm Pd-100 nm Al grids coating
on one side. A clear separation for surface α’s and β’s emitted from the
U source is appreciable.
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Figure 4.60 – The selection of surface betas based on the same steps de-
scribed in section 4.5.8.

4.6 TeO2 with NbSi and Ge-NTD sensors

In all the tests done with Ge-NTD sensor, the surface events have a faster rise-time with
respect to the bulk events. The use of an athermal-phonon sensitive sensor showed a
different result. A 20× 20× 5mm TeO2 crystal equipped simultaneously a Ge-NTD and
an NbSi sensor (Fig. 4.62) was measured to understand how a thermal-phonon sensitive
sensor and an athermal-phonon sensitive sensor behave with respect to surface events
close to Al film. The Ge-NTD thermistor is sensitive mainly to the thermal component
of the signal due to its slowness and the glue interface, while the NbSi is deposited
directly on a large area of the crystal (14×14mm2). This makes these sensors highly
sensitive to the prompt athermal component of the phonon population produced by the
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impinging particle. The Nb fraction in the 0.65 nm thick film is 8.65%. With these
parameters, the NbSi film behaves likes the Ge-NTD sensor, featuring an exponential
increase of the resistance as the temperature decreases. The film can be read out by the
same electronics used for the NTD Ge thermistors, but the optimal resistances (several
MΩ’s) are achieved in the 30-40 mK temperature range, because of the extremely high
impedance of the sensor. The NTD Ge thermistor, glued on a 20×20 mm surface in the
part not covered by the film, was selected in order to have resistances similar to that
of the film in the same temperature range. A description of the NbSi-film-production
procedure is described in Ref. [89].

A 10 µm Al film was evaporated on the 20×5mm side of the crystal. A uranium α
source was placed facing the coated surface in order to generate the surface events to be
discriminated. A similar source was deposited directly on the opposite uncoated surface
surface, providing bulk-like events. The detector was operated at ∼30 mK with the two
sensor, Ge-NTD and NbSi, working simultaneously. Fig. 4.61 shows a comparison of the
pulse shapes related to the same bulk event detected by the two sensors. The NbSi pulse
is faster because of the important athermal-phonon component.

The amplitude vs the rise-time for NbSi and Ge-NTD is shown in Fig. 4.63, right
and left panels simultaneously. The inset of the figures shows the difference in pulse
shape between the bulk and surface events of the same deposited energy. The rise-time
behaviour is opposite for the two sensors. It has been confirmed that the surface events
are faster than the bulk events for Ge-NTD sensors as already discussed in the results
above. On the contrary, surface events are slower than bulk events when read by NbSi
sensor according to the argument exposed in section 3.4.1.

Although NbSi sensor works well in terms of providing the required discrimination
between surface and bulk events as when using a Ge-NTD, it was not considered in
CROSS prototypes because of the more complicated procedure to deposit on the crystal
compared to NTD that needs only to be glued. In addition, Ge-NTD showed a better
energy resolution.
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Figure 4.61 – Comparison between normalized pulses provided by the NbSi
sensor and by the Ge-NTD thermistor for the same bulk event.
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Figure 4.62 – 20×20×5 mm3 TeO2 with NbSi sensor and Ge-NTD sensor.
A 10 µm Al film is evaporated on one 20×5 mm side. The film is faced by
a U source to mimic surface events and another drop of U source is put
on the opposite side without coating to mimic bulk events.
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Figure 4.63 – The same set of events acquired by TeO2 represented with
rise-time vs. pulse-amplitude plots for Ge-NTD signals (left) and NbSi-
film signals (right). The inverted behaviour of the two sensors in terms of
rise-time of surface events is apparent. In the insets, a direct comparison
of signal rise-times for bulk and surface events is shown.

4.7 Depth-dependence of discrimination

From Fig. 4.16, the neutron capture on 6Li (events in region 4) can provide valuable
information about the dependence of discrimination capability on the depth of the in-
teraction from the coated surface. The neutron capture events in the figure show that
the related distribution does not lie entirely in the bulk event band. There is a tail that
tends towards the surface event region. This happens in spite that the neutrons have a
long neutron absorption length compared to the thickness of the film.

The isotope 6Li has a 7.8% natural abundance [115] and a very high cross-section for
thermal neutron capture (940 barns) [116]. The thermal-neutron capture on 6Li releases
a total kinetic energy of 4.78 MeV from the emission of a 2.05 MeV α particle and a
2.73 MeV triton. The ranges of the α particle and the triton in Li2MoO4 are 17 µm
and 40 µm respectively. The thermal neutrons has an absorption length of 6.6mm in
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Li2MoO4. This means that the neutron capture events can penetrate deeply in the crystal
(20×20×10 mm3) with a significant fraction of the events occurring close to the film. The
energy deposition for each event can be assumed as point-like (the total energy release
is confined within ∼ 50 µm around the neutron capture events) with a total energy of
4.78 MeV. A Monte Carlo simulation (GEANT4) for a 25 meV neutrons with an isotropic
flux was performed to evaluate the distribution of the neutron capture events in small
LMO along the axis perpendicular to the surface with Al coating. The simulation of a 1M
isotropic thermal neutrons shows that 12.5% are captured in the crystal. The distribution
of the neutron capture events along the 10mm width of the crystal (perpendicular to the
coated side) is shown in Fig. 4.64. An important contribution to the distribution of the
neutron capture events near the coated surface come from neutrons that reached the
detector from the sides that are not coated.
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Figure 4.64 – Distribution of the distances of the neutron-capture events
from the surface with Al film (at z=0) evaluated by a Monte Carlo sim-
ulation in a 20×20×10 mm Li2MoO4 detector (106 generated neutrons,
125468 neutron captures).

From Fig. 4.64, we can obtain the ratio between neutron-capture events occurring
up to a distance z from the Al film and the total number of neutron-capture events Sz:

RC(z) =

∫ z
0 C(z′)dz′

Sz
(4.4)

This will allow us to establish a relationship between RC and the depth z, shown in
Fig. 4.65. The curve is fit with a 4th order polynomial (z=c4R

4
C + ...).

From our data (Fig. 4.16) we can extract a relationship between the rise-time and the
ratio of neutron-capture events and the total neutron-capture events, as discussed below
in detail. The bulk events in Fig. 4.16 were used to stabilize all the events along the
rise-time. This will prevent any overestimation of the rise-time distribution width when
a large energy range is chosen. The neutron capture events can be isolated completely
from the rest of the bulk events (mainly cosmic-ray events) using the light channel. In
fact, the neutron-capture events have a lower light yield compared to the β/γ (Fig. 4.66).
(The light yield of the neutron-capture events and the surface α’s in Fig. 4.66 appears
negative because there was a problem of cross-talk between electronic modules which
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Figure 4.65 – The cumulative ratio of neutron capture events along the
z-axis (distance from the Al film) obtained from the Monte Carlo distri-
bution in Fig. 4.64.

brought to evaluate the amplitude incorrectly, but this does not spoil the discrimination
power.) Note that the surface α’s can be easily discriminated from the rest of the events
using the rise-time.

Figure 4.66 – The separation of neutron capture events from the bulk
using the light yield.

Fig. 4.67 shows the distribution of the neutron capture events over the rise-time, which
lies between 5.9 and 6.4 ms. The peak of the distribution corresponds to the neutron
events sitting in the bulk event region. The tail of the distribution on the left of the
peak (shorter rise-time), corresponds to surface events. The whole distribution is fitted
with a Crystal ball function (red fit in Fig. 4.67). The right part of the distribution
is fitted with a half Gaussian and then it is prolonged to a full Gaussian fit (green fit
in Fig. 4.67). The Gaussian part of the distribution is assumed to be the bulk neutron
capture events. Subtracting the full distribution from the Gaussian distribution will leave
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Figure 4.67 – Rise-time distribution for neutron-capture events for small
LMO. The slower rise-time part on the right is fitted with a half-Gaussian
fit and then extended to a full Gaussian. The Gaussian peak contains the
bulk events. The whole distribution is fitted with a Crystal Ball func-
tion. The tail at faster rise-time values contains close-to-Al-film events,
i.e. surface events.

us with only the surface neutron capture events S(tR) (the tail component of the neutron
capture events distribution). A ratio SR between the surface events up to a rise-time tR
(maximum value is taken 6.3 ms, corresponding to the end of surface neutron capture
events) and the total number of neutron events (the surface and bulk) is constructed by
integration:

RR(tR) =

∫ tR
tRmin

S(t′R)dt′R

SR
(4.5)

Fig. 4.68 shows the RR as a function of the rise-time. Using the polynomial fit in
Fig. 4.65, we can obtain a relationship between the rise-time and the depth z for our
data by substituting the ratio RR. Fig. 4.69 shows the relationship between the rise-time
and the depth z from the Al-film. Events that are within 1.4mm from the Al-film can
be discriminated. Above this distance it will be hard to discriminate the surface events
from the bulk events. The inset of Fig. 4.69 shows the relationship between rise-time
and z in logarithmic scale, which is approximately linear.

No phonon-physics model has been developed to explain this behavior yet. How-
ever, these data are very useful to test future first-principle description of the observed
mechanism.
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Figure 4.68 – The ratio of neutron capture events near the surface as a
function of the rise-time. This has been extracted from data in Fig. 4.67.
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Figure 4.69 – Pulse rise-time as a function of the depth of the neutron
impact point for small LMO. In the inset, the same relationship in semi-
log scale. The band shown in blue represents the bulk events. The surface
events are proven to be affected by the Al film when the impact point is
within 1.4 mm, beyond this distance the events will lay in the bulk events.

4.8 Summary

In this chapter, we have presented a new bolometric technology capable of rejecting sur-
face events. This will set the ground for future large experiments searching for 0νββ with
a background level of only 0.5 counts/(ton yr) (using Eq.2.8 where: BI ∼ 10−5 counts/
(keV kg yr), M=1 ton, T= 10 yr and ∆E=5 keV) and compatible with ton-scale setups.
We remind that the key idea in CROSS is to be able to reject the surface events, α’s and
β’s, by pulse shape discrimination. We summarise below in a few points the achieved
conclusions:

1. Al films with thickness ≥ 1 µm lead to pulse shape discrimination on surface α
events if just one face is covered. This result is achieved in small (20×20×10 mm)
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Li2MoO4 and TeO2 crystals and in a large (�40×20 mm) Li2MoO4 crystal. Apart
from some ambiguous hints, there is no evidence of surface β separation. (CROSS2
and CROSS3)

2. The sensitivity to surface events in one-face Al-film-covered Li2MoO4 crystals ex-
tends down to about 1.4 mm from the film if the energy deposition is point-like
(within 50 µm scale) as observed in neutron capture events (section 4.7). In spite
of that, apart from some ambiguous hints, there is no evidence of separation for
surface millimetre-range β’s.

3. The mechanism responsible for separation using Ge-NTD sensors is confirmed as
an enhanced thermalization of surface events, as shown by their faster response
with respect to the bulk. This mechanism was clearly confirmed with a double
readout TeO2 crystal featuring both a thermal and an athermal phonon sensor
(section 4.6).

4. To improve separation for surface β’s, a normal-metal 10-nm-thick Pd film was
deposited on a face of small 20 × 20 × 10 mm crystals. Surface β separation was
obtained in case of Li2MoO4 (even with 2 MeV β’s that have a maximum range of
about 4 mm), but at the price of an (expected) reduction of the sensitivity due to
the film heat capacity. The surface α’s were still discriminated from the bulk, but
with a lower DP compared to having an Al film. (section 4.5.4 and section 4.5.5)

5. Surface β separation was kept and sensitivity was recovered by using a Pd-Al bi-
layer (10 nm/100 nm) film, that exhibits a superconductive behaviour because of
the proximity effect. The separation was satisfactory in Li2MoO4 but less evident
in TeO2 (section 4.5.6 and section 4.5.7 respectively)

6. In general, energy resolution is worsened when the detectors have β surface sensi-
tivity, but remains as good as in crystals with Al films (α separation only). This
may be due to the fact that β surface sensitivity was achieved in small crystals,
where position effects can show up due to the large fraction of the crystal that
behaves as surface. The detector response is not presumably the same in the bulk
and at the surface. In addition, we have low statistics measurements that gives big
uncertainty in estimating the energy resolution.

7. Increasing the covered-surface/volume ratio tends to deteriorate the surface event
rejection, at least with Al film where this was tested (CROSS9).

8. In general, results are more ambiguous and less reproducible in TeO2 than in
Li2MoO4. This may be due to the fact that TeO2 faces have not been polished as
in Li2MoO4. The surface roughness can induce a thermalizing effect that competes
with that of the films.

9. The effect of films on the sensitivity is in general negligible for superconductive
films, but normal-metal films spoil detector performance by decreasing the pulse
amplitude. In Fig. 4.70, the reduced sensitivity η is plotted as a function of the
sensitivity. The negative effect of normal Pd coating is appreciable, while in the
other cases the detector behaviour is similar to that obtained with a bare crystal.

10. Pd-Al bi-layer grids were tested on small Li2MoO4. It showed to work perfectly
in discriminating surface β and α events (section 4.5.9). This result is of great
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importance as the grids help in achieving a reduction in the covered-surface/volume
ratio when considering fully coating the crystal thus avoiding the problem described
in the 7th point.

For the future actions, we will consider as established the protocol of using Pd-Al
bi-layers grids. The main problem of keeping the sensitivity to surface events even when
covering a large fraction of the crystal should be solved with grids coating. Fully Pd-
Al bi-layer grids coating will be tested first on small crystals and then on large ones.
Another advantage of the grids is that they will allow us to use light detectors even for
fully covered crystals.
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Figure 4.70 – The reduced sensitivity versus the sensitivity for the different
CROSS runs on small LMO.



Chapter 5

CUPID-Mo

CUPID-Mo is a neutrinoless double-beta decay bolometric experiment based on the
isotope 100Mo. In spite of being considered a small scale experiment, CUPID-Mo showed
to be among the most leading ones in the field, with a new world leading limit on 0νββ
half-life of 100Mo T 0ν

1/2 > 1.5·1024 yr.

5.1 Introduction

The CUPID experiment (CUORE Upgrade with Particle IDentification) is the future
proposed follow-up of CUORE (Cryogenic Underground Observatory for Rare Events),
to be installed at the CUORE cryogenic infrastructure at LNGS. The aim of CUPID is to
decrease the background (mainly α particles from the contamination of the crystals or the
nearby materials [63]) in the ROI and to increase the mass of the 0νββ isotope chosen.
The suppression of the α particles can be achieved by having a dual heat-light readout
system [80]. For this, a Ge optical bolometer (light detector (LD)) is used to collect the
light emitted from the scintillating bolometer after a particle interacts in it. Rejecting
the α particles is possible with this technology thanks to the different light yield of β
and α particles at an equal deposited energy. To test this technology of dual readout,
two CUPID demonstrators were developed and operated: CUPID-0 and CUPID-Mo.
CUPID-0 studied 26 enriched Zn82Se crystals since 2017 and it is located at LNGS.
It has proved the feasibility of the complete rejection of the α background reaching the
lowest background achieved by a cryogenic experiment (3.5+1.0

−0.9 · 10−3 counts/(keV kg yr)
[117]) in the ROI. However, the obtained FWHM energy resolution at the Q-value of
82Se (20.05 ± 0.34 keV [79]) and the radiopurity of the crystals [118] does not fulfil
the requirements of CUPID. The promising demonstrator CUPID-Mo is based on a
technology developed by the LUMINEU project that studied Li2MoO4 [57,66] and that
has shown to have excellent radiopurity and FWHM energy resolution at the Qββ of
100Mo. CUPID-Mo aims to show the applicability of the LUMINEU technology to a
larger scale preserving the good energy resolution and the high crystal radiopurity, and
efficiently rejecting the α’s to have zero background in ROI. This allows CUPID-Mo to
be in the group of leading 0νββ experiments.

Table 5.4 summarizes approximately all the stages of CUPID-Mo experiment. The
assembly of the detectors started in fall 2017 and then they have been installed at
LSM underground laboratory (Laboratoire Souterrain de Modane) in the EDELWEISS
cryostat at the beginning of 2018. The experiment faced some cryogenic problems in
spring 2018 that led to delay the Commissioning I to summer 2018. Shortly afterwards

114
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Accomplishment
Fall 2017 Assemble the detectors at CSNSM and LAL (IJCLab)

January 2018 Install the detectors at LSM in EDELWEISS-III

Spring 2018 Cryogenic problems lead to some delay

Summer 2018 Commissioning I at 20.5-22.0 mK

August 2018
Serious cryostat failure that took long time to fix

Assembly Upgrade:
change some LD’s Ge-NTD, fix the contacts & add reflecting foils

Winter 2018/2019 Commissioning II at 19.25-22.0 mK

Since Mar. / Nov. 2019

Physics data taking at 20.7 / 22.0 mK
Notable interruption:

LHe refill and Th/U calibration (every ∼ 10 days)
Neutron irradiation (Apr., Jun. 2019)

Partial warm-up (Mar., Oct., Dec. 2019)
calibration with two 56Co γ sources (June-July 2020)

Jun. 2019 / Jun. 2020 Data blinding / unblinding

Table 5.1 – A brief history for the stages of the CUPID-Mo experiment.

a serious cryostat failure occurred that leads to heat up the cryostat and makes some
upgrades to the assembly while fixing the cryogenic problem. Commissioning II started
in winter 2018/2019. The physics data taking started in March 2019 at 20.7 mK and then
at 22.0 mK from November 2019 till June 2020. During this period, different calibration
sources are used (see the table). The analysis was performed by blinding the ROI. The
unblinding was done at the end of the experiment in June 2020.

5.2 Experimental setup

5.2.1 The bolometers: Li2 100MoO4 crystals and Ge wafers

CUPID-Mo consists of 20 enriched Li2 100MoO4 scintillating bolometers (enrLMO). Each
crystal weighs 0.2 kg (4.158 kg total weight of the 20 crystals), with enrichment to ∼ 97%
in 100Mo, giving a total of 2.264 kg of 100Mo (1.36 ·1025 nuclei). The crystals are of a
cylindrical shape with a size of �44 × 45 mm. Four of these crystals has been tested
before under the LUMINEU project [57]. The Nikolaev Institute of Inorganic Chemistry
(NIIC, Novosibirsk, Russia) produced these crystals by a double-crystallization crystal
growth using the low-thermal-gradient Czochralski technique [39]. It is crucial to have
high purification level of the materials used for crystal growth: 100Mo, 100Mo oxide
and lithium carbonate. A double-crystallization is carried out to have a higher crystal
perfection and a lower level of impurities. After slicing the boules into the required
crystal shape, the surface of the crystal is polished using radiopure silicon oxide abrasive
powder and vacuum oil. Fig. 5.1 shows some of the produced Li2 100MoO4 crystals. The
crystals were then stored at LSM under nitrogen flux to avoid contaminating them with
radon and cosmogenic activation before their assembly.
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Figure 5.1 – Li2 100MoO4 crystal produced for the CUPID-Mo experiment.

A high-purity Ge wafer is complementing each scintillating Li2 100MoO4 crystal to
read out the scintillation light, and it is placed facing the bottom of each crystal. It
has a diameter of 44.5 mm and a thickness of 175 µm. In order to increase the light
collection, the Ge wafer is coated with a ∼70 nm silicon oxide (SiO) layer on both sides,
leaving a small part exposed to glue the sensor on it. This increases the light collection
by ∼35% [119].

5.2.2 Thermistors

Ge-NTD sensors are used as thermal [120] sensors for enrLMO and Ge wafers. The
ones glued on the crystals have size of 3×3×1 mm3, while the sensors glued on the light
detectors have a smaller size to reduce their heat capacity contribution, thus increasing
the sensitivity. The Ge-NTD on the LDs has been cut from the 3×3×1 mm3 NTD once
horizontally and twice vertically to get 6 NTDs with a size of 3×0.8×0.4 mm3. Only two
LDs were equipped with 1/3 Ge-NTD (Ge-NTD cut into 3 pieces). The NTDs are glued
on the crystals with a dedicated tool using a two-component epoxy resin (Araldite®

Rapid). The NTD is kept 50 µm away from the enrLMO using a Mylar mask, this will
allow to have separated gluing spots. The NTD of enrLMO are glued with 6 or 9 tiny
spot matrix. Because of the smaller size of the NTDs of LDs, they were glued on the
LD with a uniform veil of glue. Separate spots help in reducing the effects of different
thermal contractions between enrLMO and the Ge-NTD. This effect is less harmful for
the Ge-glue-Ge interface of the LD.

During Commissioning I, all the LDs with a size of 1/6 NTDs exhibited a high noise
with a strong 1/f component. The exception was just for one LD with a 1/3 Ge-NTD
(the other LD with 1/3 NTD had lost contacts). This may be related to the size or to
the cutting technique. Fig. 5.2 shows an example of 4 LDs, the 3 LDs equipped with
1/6 NTD show a worse noise condition compared to the one with 1/3 NTD. Turning off
the GM cryocooler improves a bit the noise level but does not remove the 1/f noise in
LDs (Fig. 5.3). Even when the NTDs were strongly biased, the issue of bad noise was
not solved (Fig. 5.4). After a serious cryogenic failure and heating up the cryostat, it
was necessary to work on the LDs to improve their performance. The detectors were
disassembled to perform a run on some of the LDs at the CSNSM (Orsay) aboveground
cryostat (Ulysse) to investigate this issue. The 1/f noise issue of the LDs, observed at
LSM with AC electronics, is prominent also for DC electronics in Ulysse, and therefore,
it is related to the reduced NTD size and not to some features of the readout. Fig. 5.5
shows a LD with 1/6 NTD tested again in Ulysse where a clear 1/f noise is dominant even
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Figure 5.2 – Noise power spectrum for three LD with 1/6 NTD and one
LD with 1/3 NTD. The LD with 1/6 NTD shows a prominent 1/f noise.

Figure 5.3 – Noise power spectrum for three LDs with 1/6 NTD and one
LD with 1/3 NTD with the GM cryocooler off. The result is a lower noise,
but the 1/f noise still persists.

with over biasing the NTD (up to 50 nA). A 1/3 Ge-NTD was glued on two CUPID-Mo
LDs and was tested in addition to new LDs with also 1/3 NTD. The result is shown
in Fig. 5.6. The issue of 1/f noise was therefore clarified, and 1/3 NTDs were used to
replace all the existing 1/6 NTDs on LDs, leaving just one LD with 1/6 Ge-NTD due to
lack of NTDs.
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Figure 5.4 – The noise power spectrum of one LD with 4.5 nA and an
over bias of 18 nA. Over biasing does not remove the 1/f component in
the noise.

Figure 5.5 – A LD from the CUPID-Mo detectors was tested in another
cryostat with DC electronics. The 1/f is still there, implying that it is
related to the Ge-NTD size. Over biasing does not remove the 1/f noise
although it does reduce the noise level in general.

Figure 5.6 – The 1/6 NTDs on LDs were replaced by 1/3 NTDs. A
significantly better noise is achieved.
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Figure 5.7 – The design of a single detector module (left) which contains
a ∅44 × 45 mm enrLMO and a ∅44 × 0.175 mm Ge wafer LD on the
bottom. The full 20 enrLMO and 20 Ge LD are assembled in 5 towers,
each tower containing four detector modules (right) [98].

The enrLMOs are also instrumented with a heater. The heater is made out of a
silicon substrate (about 2.5×2.5×0.5 mm) with a heavily doped meander that works
as a weakly temperature dependent thermistor, and it is used to inject periodically a
constant Joule power through a pulser system to stabilize the response of the bolometer
(affected by temperature drifts) in the offline analysis.

5.2.3 Detector structure and assembly

The complete detector structure consists of 20 modules, each one being a single piece
copper holder housing an enrLMO and a Ge LD. The detector modules are arranged
in five towers, each tower containing four modules as shown in Fig. 5.7. This design is
compact, allowing to house 40 bolometers in a restricted experimental space. All the
elements used in a single detector module are shown in Fig. 5.8. Before starting assem-
bling the detector, all the materials were well cleaned to minimize the contamination.
The copper holders were etched with citric acid, and the PTFE pieces were cleaned with
ethanol in an ultrasonic bath. The 3 small L-shape PTFE are placed at the bottom of the
copper holder to support the enrLMO and decouple them from the thermal bath (copper
holder). The 3 larger L-shaped PTFE are used to press the crystals from the top and
fix them by copper screws, as can be seen clearly in Fig. 5.9 (left). The LD is clamped
with 3 PTFE pieces and fixed with copper screws facing the bottom of the crystal (the
side without an NTD and heater). Fig. 5.9 (right) shows the Ge-wafer clamped between
three PTFE pieces and fixed.

Kapton with gold pads were glued on the copper holder and the Ge-NTDs were
bonded with a 25 µm gold wire to these pads to provide the electrical readout in addition
to the thermal link to the copper holder.

In Commissioning I, reflective foils were not used to surround the enrLMO to increase
the light collection in LDs. It was demonstrated previously from the results of LUMINEU
R&D on enrLMO that the α/γ(β) separation is sufficient to reject all the α’s without a
reflective foil. Fig. 5.10 shows the light yield scatter plots for enrLMO without (top) and
with (bottom) a reflective foil. An additional argument to reject the use of a reflective
foil in CUPID-Mo was to avoid a source of background due to what is called "bright
alphas" [66] (Fig. 5.11). The reflective foil has some scintillation properties, so when
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Figure 5.8 – All components used to assemble a detector module: a copper
holder, a Li2 100MoO4 crystal with glued NTD and heater, a Ge LD with
NTD, the copper screws, the PTFE spacers and fixing elements, the Kap-
ton with golden pads. Note that the reflecting foil is not shown here [98].

Figure 5.9 – A detector module with a top (left) and a bottom (bottom)
view. On the bottom, the Ge NTD is placed [98].

an α particle from a surface-originated decay deposit energy in the reflecting film it
scintillates. This scintillation adds up to the scintillating light produced from the α
energy deposition in the crystal. It may then happen that energy-degraded α’s have an
enhanced light amplitude with respect to the expected value for α particles, and they
can even leak into the ROI of 100Mo in the heat-light scatter plot. Because of the bad
performance of the LD during Commissioning I, in addition to replacing the NTDs as
mentioned before, a reflective foil (3M VikuitiTM) was added in Commissioning II to
avoid the risk of having a bad α/γ(β) separation.

A single module assembly, with a top and bottom view, is shown in Fig. 5.9. Four
single detector modules are affixed together with three long copper bars, as shown in
Fig. 5.12. The modules in a single tower are open to each other with the LD being on
the bottom of each module. Therefore, each of the lower three crystals is seen by two
light detectors and the top crystal is seen by just one.
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• A pilot 2β experiment with four 0.2-kg Li2100MoO4 cryogenic detectors.

The results of the LUMINEU R&D demonstrated that the crystallization technology is mature for a mass production
of large (up to �4.5 × 15 cm or �6 × 10 cm), perfect optical quality, highly radiopure Li2100MoO4 scintillators and
that the bolometric technology is well reproducible in terms of high detector’s performance (e.g. see in Table 1 and
Figure 1), which altogether completely satisfies the LUMINEU specifications.

TABLE 1. Performance and radiopurity of four Li2
100MoO4 scintillating bolometers tested at 17 mK in the EDELWEISS set-up

at the Modane underground laboratory (LSM, France). The energy resolution (FWHM) is measured at 2615 keV γ quanta of
208Tl during a 232Th calibration. The light yield for γ(β)’s (LYγ(β)) and the α/γ(β) separation efficiency are extracted from an
AmBe calibration data (the 2.5–3.5 MeV γ(β)’s and α+t events with ∼5.1 MeV electron-equivalent energy caused by 6Li(n,t)α
reaction were used). The radioactive contamination is estimated from the analysis of the energy spectra of α events accumulated
in the background measurements. The performed analysis is similar to the one described in detail in [7].
Detector’s Crystal’s FWHM (keV) LYγ(β) α/γ(β) Separation Activity (μBq/kg)

ID mass (g) at 2615 keV (keV/MeV) above 2.5 MeV 228Th 226Ra 210Po
enrLMO-1 186 5.8(6) 0.41 9σ ≤4 ≤6 450(30)
enrLMO-2 204 5.7(6) 0.38 9σ ≤6 ≤11 200(20)
enrLMO-3 213 5.5(5) 0.73 14σ ≤3 ≤3 76(10)
enrLMO-4 207 5.7(6) 0.74 14σ ≤5 ≤9 20(6)
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FIGURE 1. Left panel: The energy spectra of the 232Th source and the dependence of FWHM energy resolution measured by a
single 0.2 kg Li2

100MoO4 module and four-bolometer array operated at LNGS (12 mK; [7]) and LSM (17 mK), respectively. The
expected resolution at Qββ of 100Mo is ∼5–6 keV FWHM shown as an open circle and an open square with error bars according to
the fits to the LNGS and LSM data respectively. Right panel: The scatter-plots of light yield vs. heat energy of the AmBe data (290
h) of the enrLMO-2 and enrLMO-4 detectors operated at LSM without and with a reflecting film, respectively.

INVESTIGATION OF 2β DECAY OF 100Mo

The LUMINEU pilot 2β experiment was able to perform a precise investigation of the two neutrino double-beta decay
of 100Mo, as it is illustrated in Figure 2 (left). The analysis is similar to the one described in [7]. The half-life value
is derived with the best up to-date accuracy (see Table 2). Figure 2 (right) shows a few events registered above the
2615 keV peak with an average rate 1.1(2) cpd/kg, but no events are observed in the 200-keV-wide energy interval
centered at Qββ of 100Mo. Thus, we set a lower half-life limit T 0ν2β

1/2 ≥ 0.7×1023 yr at 90% C.L. which is about one
order of magnitude weaker than the NEMO-3 result (T 0ν2β

1/2 ≥ 1.1× 1024 yr at 90% C.L. [9]), but it is achieved over an
exposure of 100Mo shorter by a factor 600 (0.06 vs. 34.3 kg×yr).

020017-2

with reflecting foil

without reflecting foil

Figure 5.10 – The scatter-plots of light yield vs. heat energy of the AmBe
data enrLMO without a reflecting foil (top) and another enrLMO with a
reflecting foil operated at LSM. The light yield without a reflecting foil is
good and sufficient, however, it is higher when using a reflecting foil as
expected [57].
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Fig. 4 Scatter plots of light-versus-heat signals of the background data
collected with scintillating bolometers based on 334 g ZnMoO4 (ZMO-
b, top figures), 382 g Zn100MoO4 (enrZMO-b, bottom left), and 186 g
Li100

2 MoO4 (enrLMO-t, bottom right) crystals over 2767, 1300, 593,
and 1303 h, respectively. The Zn100MoO4 detector was operated in the
CUPID R&D cryostat, while the other data were accumulated in the
EDELWEISS-III set-up (the light signals of the latter are in analog-to-

digit units, ADU). The heat channels were calibrated with γ quanta. The
γ (β) and α events populations are distinguished in color by using the
cuts on the heat energy and the light yield parameters (see the text). The
particle identification capability of the ZnMoO4 detector affected by
vibration noise (top left) was substantially improved in the suspended
tower (top right). The features of the α particle populations are discussed
in the text

99.9% α rejection while preserving practically 100% 0ν2β

signal selection efficiency. The separation efficiency is illus-
trated in Fig. 5 for the scintillating bolometer enrZMO-t with
the lowest achieved DPα/γ (β) due to the modest performance
of the GeB light detector. It is to emphasize the LYγ (β) ∼ 0.1
keV/MeV obtained with the LMO-3 detector, which would
not allow effective particle identification by using a standard-
performance light detector with 0.2–0.5 keV FWHM base-
line noise.7 However, the performance of the B304 optical
bolometer – which featured 0.02 keV FWHM baseline noise

7 This is the case for Cherenkov light tagging in TeO2 bolometers; e.g.
see Ref. [75].

– was high enough to provide highly-efficient particle iden-
tification even with this detector (DPα/γ (β) = 11).

4.4.2 Peculiarities in particle identification

Figure 4 illustrates observed peculiarities of some detec-
tors which could affect the particle identification capabil-
ity. These peculiarities are originated either by a noise-
affected detector performance or by a feature of the detector’s
response to αs, which exhibits classes of events with more
quenched or enhanced light signals. Below we will discuss
briefly these observations and their impact on background in
a 0ν2β decay experiment with 100Mo.
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with reflecting foil

Figure 5.11 – Light vs heat for enrLMO with a reflective foil of the LU-
MINEU project. α particles are discriminated, but some α’s are charac-
terized by a higher light yield ("bright α’s") due to the reflective foil [65].
See text.

5.2.4 Wiring

Silk-covered constantan twisted wires were soldered on the other side of the Kapton pad
that is bonded to the NTD. A Kapton pad was also glued on the top of each tower to
arrange the wires conveniently (Fig. 5.13 (left)). The constantan wiring of the NTDs and
the heater (the heaters on each tower are connected in parallel) are soldered to one side
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Figure 5.12 – The 5 assembled towers.

Figure 5.13 – The connections of the all the Ge-NTDs and heaters in a
tower, silk constantan twisted wires, are soldered on the top of the tower
on a Kapton golden pad (left). Copper wires are soldered from the Kapton
pad on the top of the tower to a copper plate placed inside the cryostat.

of the Kapton pad on the top of the tower and copper wires were soldered on the facing
pads going to the copper plate placed inside the cryostat (Fig. 5.13 (right)). The copper
plate provides the link to Si-JFET (junction gate field-effect transistor) pre-amplifiers at
100 mK.

5.2.5 Suspending the towers

Each tower is suspended with three stainless steel springs to mitigate the vibrations from
thermal machines that can introduce noise, especially in the light detectors. Fig. 5.14
(left) shows a tower suspended by three springs, where two springs are visible in the
picture. The springs have a diameter of 0.5 mm and 10 N load. Fig. 5.14 (right) shows
the five towers installed in the EDELWEISS cryostat.

5.2.6 The cryogenic facility

CUPID-Mo is installed in the EDELWEISS-III cryostat [66, 121], which is a wet cryo-
stat (see Appendix A). The EDELWEISS infrastructure is located underground in one
amongst the deepest laboratories in the world with a depth of 1700 m to reduce the
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Figure 5.14 – (left): One CUPID-Mo tower is suspended by means of
three stainless steel springs. (right): The five towers are suspended in the
cryostat [98].

cosmic muon flux to 5 muon/m2/day [122]. The cryostat is contained within an active
and passive shielding. A layer of 20 cm of lead and 55 cm of polyethylene shield against
environmental radiation. A layer of 2 cm in the inner part of the lead shield is made
of Roman lead, which has low 210Pb radioactivity, < 0.12 Bq/kg. It is crucial also to
protect the detectors from any radioactivity coming from any nearby materials. For that,
a 14 cm layer of Roman lead and 10 cm of polyethylene is used at the 1K-plate. The
cryostat is surrounded by 100 m2 plastic scintillator muon-veto system allowing to detect
97.7% of muons passing through a central with 1 m radius. The atmosphere between the
lead and the cryostat copper screens is radon free (∼ 30 mBq/m3 of 222Rn). The whole
set-up is placed in a class 10000 clean room. The cryostat contains twelve slots, five of
which are used by CUPID-Mo to read out the five towers (Fig. 5.14 (right)).

5.2.7 CUPID-Mo calibration sources

A significant amount of the time for data taking is dedicated to calibrating the detectors.
For enrLMO calibration, mixed U/Th, AmBe and 56Co sources were used depending on
the aim. The mixed U/Th source has a ∼ 50 Bq of 232Th, ∼ 100 Bq of 238U and few
Bq of 235U. It has a prominent γ line 2615 keV, which is the closest peak from this
source to the 100Mo Qββ. The AmBe is a neutron and a γ source which emits around 21
neutrons/s. The neutrons are generated by the following nuclear reaction:

9Be+ α→ n+12 C∗ +Q(5.704MeV ) (5.1)

the α comes from the decay of 241Am. The excited 12C∗ emits 4.44 MeV γ-rays. The
56Co calibration has a prominent γ line at 3253 keV, very close to the Qββ thus allowing
to compute the energy resolution in the ROI more precisely.

For the light detectors calibration, high activity 60Co γ source is used during LHe
refill (every 10 days). When the crystals and the setup are exposed to the 60Co γ source,
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Figure 5.15 – The EDELWEISS cryostat.

X-ray fluorescence from Mo and Cu are emitted. The X-rays peak from Mo and Cu are
shown in Table 5.2.

Material From Kα1
Energy [Internsity I] From Kα2 From Kβ1

Mo 17.48 keV [100%] 17.37 keV [52%] 19.61 keV [15%]
Cu 8.05 keV [100%] 8.03 keV [51%] 8.91 keV [17%]

Table 5.2 – The X-rays emitted from Mo and Cu after γ irradiation from
60Co.

5.3 General CUPID-Mo detectors performances

The performance of enrLMO showed a good uniformity, suitable for larger arrays. Op-
erated at 20.7 mK, enrLMO showed a good sensitivity with a median value around
17 nV/keV, which is typical for crystals with such a size and operation temperature [79].
The obtained median values for the rise-time and the decay-time are around 24 ms and
299 ms respectively. These values are consistent with the values from the LUMINEU
project [57]. The data were calibrated with a mixed Th/U γ source using the prominent
peak of 208Tl at 2615 keV. This peak was used to stabilize the detector response correcting
the signal gain due to temperature drifts. This means that there is a bias on the energy
resolution of this peak, especially when the statistics is low (2.2 days). To calibrate,
a first-order polynomial fit with zero intercept was performed on the 2615 keV peak.
This of course means that the detector non-linearity is neglected. The energy spectrum
is shown in Fig. 5.16 and the fit on the 2615 keV peak is shown in its inset, where the
FWHM is 5.3 keV. The fit is performed with a model that includes a Gaussian function, a
smeared step function for multi-Compton events and a flat background around the peak.
Table 5.3 shows the performances of all of the enrLMO crystals at 20.7 mK. It shows
the resistance of the thermistor, the rise-time, the decay-time, the sensitivity and the
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Fig. 12 Sensitivity versus baseline resolution (FWHM) for the 19
LMO detectors considered in this analysis. One detector (LMO 2) is
omitted due to abnormal performance; see text

30% (see Table 3). For unknown reasons, the detector LMO
2 shows very low sensitivity in comparison to the results of
the CUPID-Mo Commissioning I (6 nV/keV at 20.5 mK)
and LUMINEU (47 nV/keV at 17 mK [42]). As in the case
of LDs, larger sensitivity of LMO bolometers is expected at
colder temperatures (e.g., compare results given in [28]).

The same method utilized for the investigation of LDs’
baseline resolution (see Sect. 3.3) is also applied for
Li2100MoO4 bolometers. We obtained characteristic (median)
values of 1.96 keV FWHM for the baseline resolution with
the spread of the distribution given in Fig. 11 and individual
detector based resolutions presented in Table 3. The baseline
noise versus sensitivity data is also illustrated in Fig. 12.

For further analysis, we utilize a preliminary set of anal-
ysis cuts. First, periods of atypical noise and temperature
spikes of the cryostat are rejected, removing ∼11% of the
data from the commissioning period. A large part of the loss
of livetime is caused by a suboptimal setting of the cryo-
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Fig. 13 Summed calibration spectrum for 19/20 Li2MoO4 bolometers.
All the major peaks have been labeled. The inset shows a fit of the
208Tl γ peak at 2614.5 keV

stat suspension, and improved stability has been observed in
more recent data.3 We exclude pile-up events with another
trigger in a (−1,+2) s window which incurs an inefficiency
of ∼ 4% in physics data, dominated by the frequent injection
of our heater pulses during the commissioning period. We
require a baseline slope consistent with the typical behavior
of the channel, and require both the rise-time as well as the
optimum filter peak position to be within 5 median-absolute
deviations (MAD) of the mean range as defined by the overall
distribution of these values. We further select γ /β events by
requiring events to have a RLY (see Sect. 3.5) within 4σ of
the mean amplitude incident in a LD associated with a LMO
bolometer.

The resulting calibration data are presented as a summed
spectrum in Fig. 13. The 2615 keV 208Tl resolution is 5.3 keV
FWHM estimated with an unbinned extended maximum like-
lihood (UELM) fit shown in the inset. The fit model includes a
Gaussian function and two components, a smeared step func-
tion for multi-Compton events and a locally flat background.
We note a potential bias on the resolution since we perform
the thermal gain stabilization on this gamma peak and are in
a low statistics limit. A toy Monte-Carlo (MC) with a typical
value of 20 counts per detector resulted in an estimated bias
(underestimate of the 208Tl peak width) of 0.3 keV.

In addition to the good energy resolution, we highlight
the linearity and uniformity of the data. The maximum resid-
ual between observed peak position and expected peak posi-
tion in the summed calibration spectrum was 3 keV for the
1120 keV line from 214Bi. Similarly, we observe an excess
width for all γ peaks of at most 5 keV due to not yet accounted
for individual detector non-linearities.

3 About ∼ 95% of the data are kept after the data quality selection since
April 2019.
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Figure 5.16 – The energy spectrum of 19/20 enrLMO with clear γ peaks
from Th/U. The inset shows a fit on the 2614.5 keV 208Tl peak.

baseline resolution, which is estimated using a random trigger injected every 101 s. The
estimated median baseline resolution for enrLMO is 1.97 keV. There is just one detector
that shows a bad performance and it was excluded from the analysis (enrLMO 2) [98].
These data were analysed using DIANA analysis tool (a software package for bolometers
developed by the CUORE collaboration) by the analysis group of CUPID-Mo based on
optimum filter.

5.3.1 AmBe data

The light yield was studied using the AmBe calibration data which, thanks to the γ
lines above 2615 keV and the neutron capture events at 4784 keV, allows us to estimate
the bolometric performances more precisely with respect to the U/Th calibration [79],
specifically the light yield and the DP. The data were acquired at 20.7 mK. The presented
data were processed with the CSNSM tool described in Section 4.4 and used for all the
CROSS detectors. The stabilization of the data was performed using the α+t events from
the neutron capture on 6Li. The calibration of enrLMO and the LD were done using the
511 keV γ-rays and the 17.5 keV X-rays induced by 60Co respectively. Fig. 5.17 shows
on the left the energy spectrum in the α region with the resolution of the peaks. The
associated 60Co calibration of the light detectors had a very low statistics, preventing
from performing a fit on the X-ray peaks. The right figure shows the light yield of
one enrLMO, which is around 0.85 keV/MeV providing the capability of rejecting 99.9%
of the α particle with 99.9% acceptance of γ(β). Table 5.4 contains the values of the
light yield, quenching factor, the baseline resolution and the sensitivity of all the light
detectors. The crystals that are faced by just a one LD on the bottom and a Cu cap
from the top show the highest light yield. That is due to the fact that the Cu cap is
reflecting some of scintillation light to be collected by the bottom LD. In addition, the
light yield of the top LD is higher than that of the bottom LD. This is due to the fact
that the bottom protrusion that acts as a support for the crystal makes the bottom
aperture a bit smaller than the top one. Note that the α spectrum in Fig. 5.17 (left) are
at their right energy position because they were calibrated by an α peak. Usually, the
whole energy spectrum is calibrated with γ’s: this leads to observing the α’s at a ∼7%
higher energy due to a so-called thermal quenching. The scintillation light quenching
factor (QF) for the α+t with respect to γ/β is ∼23.5%, higher than the QF of α particle
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enrLMO Rwork (MΩ) τr (ms) τd (ms) Asignal (nV/keV) FWHMbsln (keV)
1 1.37 31 476 10 2.01
2 1.04 48 1093 1.2 30.6
3 0.75 33 302 14 2.56
4 1.07 29 264 25 2.23
5 1.77 19 584 21 1.52
6 1.69 23 384 25 3.62
7 0.85 24 357 21 1.15
8 1.53 29 406 24 1.04
9 0.69 28 464 13 4.48
10 1.94 32 341 28 0.98
11 2.99 18 173 23 1.7
12 3.76 21 213 15 1.85
13 1.37 25 445 15 4.62
14 1.16 15 95 15 3.77
15 1.24 28 195 6 4.98
16 1.38 21 228 20 1.47
17 1.51 24 292 23 1.94
18 2.22 18 192 17 2.09
19 1.36 20 173 18 1.38
20 2.48 14 97 17 1.89

Median 1.37 24 297 17 1.97

Table 5.3 – The performance of enrLMO crystals operated at 20.7 mK:
the Ge-NTD resistance, rise-time, decay-time, sensitivity and the baseline
resolution.

of 210Po which is ∼19.7%. Exploiting the combined light from the two LD facing an
enrLMO can further improve the discrimination power (section 5.4.2).
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enrLMO LYb
(keV/MeV)

LYt
(keV/MeV) QFb QFt FWHMb (eV) LD signalb (µV/keV)

1 0.66 0.69 0.235 0.233 0.19 0.51
2 0.91 - (Cu cap) 0.233 - 0.08 1.16
3 0.39 0.81 0.275 0.236 0.80 0.4
4 0.60 0.57 0.234 0.254 0.12 1.63
5 0.85 - (Cu cap) 0.231 - 0.07 1.05
6 0.62 0.69 0.230 0.232 0.15 0.92
7 - (lost) 0.73 - 0.234 - -
8 0.60 - (lost) 0.236 - 0.31 0.65
9 0.92 - (Cu cap) 0.234 - 0.13 0.96
10 0.62 0.76 0.231 0.232 0.15 1.12
11 0.61 0.71 0.233 0.238 0.15 2.33
12 0.65 0.74 0.230 0.230 0.07 0.97
13 0.87 - (Cu cap) 0.236 - 0.11 1.2
14 0.57 0.62 0.234 0.237 0.12 1.13
15 0.60 0.69 0.239 0.238 0.09 1.21
16 0.57 0.69 0.235 0.233 0.22 0.75
17 0.84 - (Cu cap) 0.233 - 0.17 1.18
18 0.63 0.74 0.230 0.233 0.11 1.15
19 0.67 0.74 0.228 0.230 0.16 1.21
20 0.65 0.74 0.237 0.234 0.16 0.56

Median 0.68 0.71 0.235 0.235 0.18 1.00

Table 5.4 – The performance of the Ge LDs: the light yield and the
quenching factor (QF) for the top (t) and bottom (b) LD, the baseline
resolution and the sensitivity of the bottom LD.

Figure 5.17 – (left): the energy spectrum in the α region (calibrated by
α’s). Two peaks are apparent, the neutron capture events and the α’s from
210Po. (right): The light yield vs the energy (keV) scatter plot (calibrated
with γ lines).
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γ peak Intensity (%)
511 38.0
847 99.9
1038 14.2
1238 66.9
1771 2.3
2035 7.9
2599 17.3
3254 8.1
3451 1.0

Table 5.5 – Some of the γ peaks of 56Co.

5.3.2 56Co

A 56Co source calibration was performed in order to have a precise measurement on
the energy resolution in the ROI of enrLMO, since the source provides γ peaks around
Qββ. The source consists of an irradiated �0.25×10 cm 56Fe wire with a 56Co activity
of ∼60 Bq. The length of the wire was tuned to prevent a high rate of γ peaks that
can lead to pile up events. The source is shown in Fig. 5.18 (left). 56Co is produced
via 56Fe(p,n)56Co reaction. 56Co decay provides many prominent γ peaks, thus allowing
us to calibrate and correct the non-linearity in the detector. Table 5.5 shows the most
prominent peaks. Two 56Co sources were placed in the position shown in Fig. 5.18
(right). The total activity of the sources is ∼118 Bq.

1 m                                        10 cm

5

56Co: 674(3) Bq [10/06/2020] 56Co: 60 Bq [23/06/2020]

56Co source activity tunning

6

LHe
refill
22/06

LHe
refill
03/07

Installation of two 56Co sources
23/06/2020, 10h00-11h30

If we want to use the 56Co calibration 
to benchmark the MC model,
the positions of the sources

have to be determined more precisely
before the Fe wires deinstallation.

60 Bq 60 Bq

Figure 5.18 – (left): 56Co source that consists of a 56Fe wire. (right): the
position of two 56Co source outside the cryostat.

The bolometric response is stabilized using the 1238 keV events distribution vs base-
line offset. An energy spectrum was roughly calibrated by the 1238 keV peaks (Table 5.3).
The analysis of this calibration will be improved soon using other γ peaks observed. This
calibration was done at the last stage of the CUPID-Mo experiment, so it was necessary
to perform a fast analysis to check that the activity of the source in each crystal is not
high. Otherwise, the position of the source has to be changed. Fig. 5.19 shows the γ
spectrum of the 56Co calibration data, where many γ peaks are apparent. The closest
peak to the Qββ, 3253 keV, is prominent with 57 counts/d for the 19 enrLMO in the
range 3230-3270 keV. The rate for each tower is plotted in Fig. 5.20. The rate on each
detector doesn’t exceed the requirement of being below 1/6 Hz.
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14

EXP: 251 cnts in 3230-3270 keV over 4.4 d
 57 cnts / d

Calibrated by 1238 keV ’s

Figure 5.19 – The summed energy spectrum of 56Co source for 19/20
enrLMOs.

15

Rate:
0.1-0.13 Hz @ T4,10 
0.08-0.1 Hz @ T10 
0.06-0.08 Hz @ T3,12

EXP: (0.6-1.2)e-3 cnts/decay

The total rate of 19/20 LMO is ~1.8 Hz or 
~16e-3 cnts/decay 

Figure 5.20 – The summed energy spectrum on each tower that shows the
rate for each one.

5.4 Triple readout: two LD facing a Li2 100MoO4 crystal

5.4.1 Escaped surface-event rejection

Events happening on the surface of the crystal can be a challenging source of background
in the ROI. While most of the α’s can be rejected with dual heat-light readout using
the LY, some surface α events can exhibit a more enhanced light signal, thus leaking
in the γ(β) region. These surface events can originate from an escape of some particles
from the surface of the crystal to hit directly the light detector. It can be an escape of
a nuclear recoil, an α particle or tritium produced from the thermal neutron capture on
6Li (the last case is relevant only in case of neutron calibration). CUPID-Mo setup has
the advantage of having 13 crystals facing two light detectors (they should be 15, but
one light detector is lost). This feature of triple readout allows us to tag the surface
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events on the crystal. On one light detector the escaped event will provide a high fake
light signal, but on the other facing light detector these escaped events will have zero or
very low light output. Fig. 5.21 shows an example of such a triple readout for an AmBe
measurement of enrLMO6 faced by two light detector, LD5 and LD6. The α and neutron
capture events in LD5 are selected (red events in the top-left figure) and the same events
are selected in LD6 (top-right). It appears that two events in LD6 are in the γ(β) band in
the ROI and some other events have a more enhanced light with respect to the neutron
capture events (probably α or tritium escapes after capture events). Therefore, if we
apply the usual cuts using LD6 only and inspect the selected events, we will observe
some events in the γ(β) band that are escaped events in LD6 and can be discriminated
only with the help of the LD5 light output. Thanks to this triple readout one can reject
these backgrounds.
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Figure 5.21 – (top left): light vs heat of LD5, the α events are selected
on this detector (red). top right): light vs heat of LD6, the α events that
were selected in LD5 are plotted (red). We see some events appear in the
γ/β band. These are surface events in the crystal that escaped, depositing
energy directly in LD6 (see text). (bottom left and bottom right): sym-
metrically, surface events appear in LD5 after selecting α particles in LD6
according to the same argument as in the top figure.
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5.4.2 Discrimination power improvement

Another advantage of having a triple readout is the improvement of the discrimination
between α and γ(β) using the light yield. This can be achieved by combining either the
raw binary files of the two light detectors before data processing or the output files after
data processing (ntp file). Before data processing, the two binary files of the two light
detector can be either summed point by point in the window (bit by bit) or by applying
a weighted average according to the following equation:

BINLD1 · σ2
baseline LD2 + BINLD2 · σ2

baseline LD1

σ2
baseline LD1 + σ2

baseline LD2

(5.2)

where BIN is the binary files and σs are the standard deviation of the baseline
distribution in keV, so they represent the signal to noise ratio. This equation allows us
to weigh more the output of the LD with better noise.

The LY and the DP are shown in Fig. 5.22 middle-right and bottom for summed
binary files and weighted average binary files respectively. The DP is bit better for the
BIN weighted average method, however, in some cases the summed BIN show a better
DP as shown in Table 5.6.

Another method for combining the outcome of the two light detectors is to do a
weighted average on the light amplitude following Eq 5.2 and by replacing the BIN by
the light amplitude of each light detector. Figure 5.22 bottom-left shows the LY and the
DP following the later described method. The DP is better than the individual DP for
each LD. Table 5.6 shows all the triple readout detectors with their corresponding DP.
From the results of the DP it was shown that merging the filtered amplitudes of each
LD according to a weighted average results in the best α and γ(β) separation.

This method is specifically useful when one of the two light detector shows a bad
performance in terms of discrimination, in which combining the outputs of the two light
detectors will lead to improvement.
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Figure 5.22 – LMO1 faced by two LDs.(top left): the LY of LD1 with the
DP. (top right): the LY if LD14. (middle left): the LY and DP of the
ntp weighted average combination of the two LDs. (middle right): the
LY and DP of the binary file (BIN) summed combination of the two LDs.
(bottom): the LY and DP of the BIN weighted average combination of the
two LDs.
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enrLMO DPb DPt DPntp weighted DPBIN summed DPBIN weighted

1 8.9 12 13.5 11.2 12.2
2 14.2 - (Cu cap) - - -
3 2.3 11.2 11.4 10.2 13.5
4 8.9 2.7 9.3 10.0 9.5
5 13.3 - (Cu cap) - - -
6 7.9 7.8 9.6 5.8 10.1
7 - (lost) 10.3 - - -
8 6.5 - (lost) - - -
9 11.6 - (Cu cap) - - -
10 11.0 11.0 13.3 13.2 6.2
11 10.3 8.5 15.2 7.7 14.7
12 12 9.8 14.6 15.7 10.8
13 13.1 - (Cu cap) - - -
14 8.5 8.6 12.9 12.9 12.4
15 13.9 7 14.5 9.8 8.8
16 8 9.9 9.3 9 15.3
17 11.7 - (Cu cap) - - -
18 13.4 9 14.4 18.7 13
19 10.2 11.7 13.7 9.9 14.4
20 10.8 10 13.4 12.4 10.8

Table 5.6 – The table shows that discrimination power (DP) achieved by
the top (t) and bottom (b) light detectors, the combined light output
of the two LD by weighted average (Eq. 5.2) of the filtered amplitude
(ntp weighted), the summed binary files before data processing of the two
data processing and the combined binary files of the two LD by weighted
average (Eq. 5.2).

5.5 A new limit on 0νββ-decay of 100Mo

The analysis group of CUPID-Mo have a made big efforts to achieve the final results.
They have analysed a total of 240 days of physics data and 73 days of calibration data.
Not all the physics data were considered for the Neutrino 2020 conference (where the
results were presented for the first time), as only 224 out of the 240 days have a high
statistics calibration data that allowed us to calibrate the energy scale precisely. The
data are split into 7 data-sets according to the operation conditions. One enrLMO
was rejected due to bad performance. The periods of temperature instability were also
rejected. The continuous streamed data are processed with DIANA, a tool developed by
CUORE [123] and CUPID-0 [124]. The DIANA tool is based on optimum filter (OF)
analysis. Triggering offline with the OF decreases energy thresholds for enrLMO and
LD, around 9.7 keV and 0.5 keV respectively. The data were blinded from June 2019 till
June 2020, and then unblinded in June 2020. The blinded energy spectrum is shown in
Fig. 5.23. The total exposure is 2.17 kg× yr and analysis efficiency η=(90.5±0.4(stat)+0.9

−0.2(syst.))%. The energy resolution of the 2615 keV 208Tl peak is around 7.1 keV
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FWHM (Fig. 5.24). Fig. 5.25 shows the approximated energy resolution FWHM at the
Qββ is 7.6 keV by a polynomial fit of the γ peaks. 3

use the same optimum filter based analysis chain with178

the following improvements. The data were re-triggerd179

offline using the optimum filter, also recently introduced180

in the CUORE analysis chain [25]. This resulted in signif-181

icantly lower trigger thresholds with 90% efficiency val-182

ues attained at typical (median) energies of 9.4 keV /183

0.5 keV for the LMOs / LDs. The LMOs analysis and co-184

incidence thresholds have been set at 45 keV, well above185

this efficiency turn on. When available we compute the186

resolution weighted average light signal of the two LDs,187

instead of a single one as in [31]. This results in an188

improved signal-to-noise ratio which is advantageous for189

the discrimination of α events, exhibiting ∼20% of the190

light yield of γ&β events of the same energy [31]. Fur-191

thermore, the energy difference of the upper and lower192

LD, corrected for geometrical light collection efficiencies193

is computed to extend the identification of near surface194

decays. We addressed the relatively low analysis effi-195

ciency of ε = (81.1± 0.5)% obtained in the first analysis196

in [38] with a newly developed pulse shape discrimina-197

tion procedure based on a principal component analysis198

(PCA) [39]. The implemented PCA makes use of the fact199

that the LD-based cuts are independent from the event200

topology in the LMO crystals and we can hence provide201

a clean training sample in the 1 – 2 MeV range of the202

physics data. We define the reconstruction error as the203

square-root of the variance from a pulse with respect to204

the projection onto its leading (leading-two) PCA com-205

ponents. We observe that this variable exhibits a linear206

energy dependence and a constant spread over our γ&β207

data. A selection is hence readily extrapolated to the208

Q-value of 100Mo at 3034.4 keV.209

We adopt a blinding strategy removing all events in210

a ±50 keV window around Qββ to avoid any bias in the211

optimization of our analysis procedures and consider the212

following event selections. As α events are very well sep-213

arated from γ&β events in light yield [31], the LD-based214

cuts are set to obtain close to full coverage at ±3σ based215

on a gaussian fit to calibration data. The pulse shape cut216

in turn is designed to minimize background from multi-217

ple random γ&β events that coincide in time and add up218

to a signal between 2850 and 2950 keV, right below the219

region of interest (ROI). This optimization is performed220

on calibration data, by scaling the expected event rate221

to the 208Tl rate in physics data and maximizing a hy-222

pothetical discovery sensitivity for a 0νββ process equal223

in half-live to the previous best limit [34].224

Further cuts include the following requirements for225

events: a) to be contained in a single crystal and in anti-226

coincidence with the muon-veto system [40]; b) to have227

a single trigger in each 3-s pulse window; c) to have a228

flat pulse pre-trace with a slope of less than 15 median229

absolute deviations to ensure a proper amplitude recon-230

struction.231

The resulting spectra summed over 19 LMO detec-232

tors and the entire data taking period are shown in233

Fig. 1. The physics data exhibit an extended 2νββ234

component which dominates the spectrum from 0.5 to235
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FIG. 1. Physics spectrum (blue) for 2.17 kg×yr of data and
Calibration spectrum (red) scaled to match the 2615 keV
counts from 208Tl. A ± 50 keV region around Qββ has been
blinded (gray). The most prominent γ-peaks in the physics
and calibration data are the following: (1) 208Tl 2615 keV,
(2) 40K 1461 keV, (3) 60Co 1173 keV, 1332 keV, (4) 214Bi
1764 keV, 1120 keV, 609 keV, (5) 212Pb 239 keV, (6) 99Mo
142 keV.

3 MeV, caused by the comparatively short 2νββ half-live236

of 100Mo [41, 42]. Above the 2νββ spectrum only a lim-237

ited number of γ peaks from remaining natural radioac-238

tivity in the EDELWEISS setup [43] are visible. The239

most prominent are 208Tl, 40K, 60Co and an activation240

line from 99Mo, visible for a short time after a neutron241

irradiation of the detectors. The four γ peaks labeled242

in the scaled calibration spectrum also shown in Fig. 1243

are used for the 2nd order polynomial calibration of each244

data-set.245

In order to limit the impact of uncertainties associ-246

ated with the detector response and background index247

around Qββ , we optimize our analysis in terms of a Pois-248

son counting process. For the definition of the signal ROI249

for 0νββ decay we consider detector and data-set based250

resolutions, a preliminary background index and an ex-251

pected final CUPID-Mo exposure of 2.8 kg×yr, described252

in the following.253

The detector based resolutions are extracted from a254

data-set based, simultaneous unbinned extended maxi-255

mum likelihood fit of the 208Tl 2615 keV peak in calibra-256

tion data. The fit is performed with individual parame-257

ters for the detector resolutions, peak amplitudes and po-258

sition, but common parameters for the peak-background259

ratio [38]. Limited by the statistics in physics data we260

estimate a global scaling factor (common to all data-sets261

and detectors) that is used to project the individual cal-262

ibration resolutions to Qββ . We report the more conser-263

vative value of an extrapolation considering the preferred264

scaling described in [38] as well as the polynomial fit used265

in [24, 25]. This results in a characteristic resolution of266

(7.7 ± 0.7) keV FWHM at Qββ for the overall data tak-267

ing. We note that the estimation of the scaling factor268

Figure 5.23 – The calibrated energy spectrum for 2.17 kg ×yr.
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Figure 5.24 – 2615 keV 208Tl peak fit. The energy resolution is 7.1 keV
FWHM.

After unblinding the data, it was observed that the ROI contains zero events (± 50
keV around the Qββ), as shown in Fig. 5.26. There is just one event in the side-band.
(This event resulted to be generated by an internal decay of 208Tl and was eliminated
in a subsequent analysis thanks to a delayed α-β coincidence.) With these results on
the background, CUPID-Mo achieved a new world leading limit on 0νββ of 100Mo with
a half-life T 0ν

1/2 > 1.5 · 1024 yr (90% C.I.) [41]. The limit corresponds to an effective
Majorana mass 〈mββ〉 < (0.31-0.54) eV depending on the Nuclear Matrix Element in the
light Majorana neutrino exchange regime.
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Figure 5.25 – The energy resolution at Qββ is approximated by a polyno-
mial fit of the gamma peaks.
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FIG. 2. Physics spectrum for 2.17 kg×yr of data after un-
blinding. No event is observed in the detector and dataset
based ROI. For visualization the exposure weighted mean ROI
for 0νββ decay (17.9 keV) wide has been indicated with solid
black lines.

of 0νββ events. They are hence covered in the resulting335

containment in the optimized central ROI on a detec-336

tor and data-set basis and not considered independently.337

The only remaining uncertainty for the detector response338

(Index 3) is based on a potential non-gaussianity of the339

0νββ peak. In this analysis we estimate this contribution340

based on the shape of the 2615 keV calibration peak. We341

observe evidence for non-gaussian tails, which are dom-342

inated by unrejected pile-up events caused by the high343

trigger-rate in calibration data. Given the much lower344

trigger-rate in physics data we believe that the contain-345

ment reduction of up to 5%, obtained for pulse shape cuts346

that are representative of the ones used in physics data,347

is a very conservative estimate. The second nuisance pa-348

rameter on the containment (Index 2) accounts for the349

Geant4 modeling uncertainty of Bremsstrahlung events.350

Reported accuracies for the Geant4 Bremsstrahlung pro-351

duction in thick targets [48, 49] of ∼10% result in a sys-352

tematic uncertainty in the containment of 1.5% for our353

crystal geometry, which we include as a multiplicative354

factor with a Gaussian prior.355

The inclusion of the analysis efficiency

ε = (90.5± 0.4 (stat.) +0.8
−0.2 (syst.))%

is split into two parts. For the evaluation of the mean356

value and its statistical uncertainty (Index 4), we make357

use of the two independent signals in the LDs and LMOs358

to evaluate cut efficiencies on a clean sample of signal359

events in the 1.3 MeV to 2 MeV 2νββ spectrum or from360

the 210Po peak [38]. Energy independent cuts are eval-361

uated directly from the ratio between passed and total362

events with binomial uncertainty. The pulse shape anal-363

ysis efficiency is extracted from a linear fit extrapolated364

to Qββ in order to account for the energy dependence in365

the reconstruction error. We note that we observe an ex-366

cess broadening of the recorded light yield with respect367

to the photon statistics model discussed in [31]. The ex-368

cess width is associated with an under-sampling of the369

faster LD pulses and is under further investigation. It370

is modeled with either a linear energy dependence or a371

modified statistical behavior σ(E) =
√
σ2
0 + σ2

photon(E)372

term, where σphoton = a0
√

(E) is an effective statisti-373

cal component with arbitrary normalization factor a0.374

For the present analysis we opted to apply the more375

conservative cut with linear energy dependence. The376

model dependence has been evaluated on a data-set ba-377

sis with a set of pseudo-experiments and is considered as378

an additional multiplicative factor with uniform prior in379

the [0.998, 1.008] interval in our limit setting (Index 5).380

Lastly, we include the subdominant uncertainty in the381

number of 100Mo atoms of 0.2% (Index 1). All of these382

nuisance parameters are considered in the reported limit383

T 0ν
1/2 > 1.4× 1024 yr (90% C.I.).384

We note that after unblinding we investigated the event385

topology of all of our high energy events above 3 MeV386

with respect to the topology of a 212Bi α decay, fol-387

lowed by a 208Tl β-decay (3 min. half-live, 5 MeV Q-388

value). We find one event out of 4, the event at 3083 keV,389

that is consistent with this signature. The event is pre-390

ceded by an α-candidate compatible in energy with the391

Q-value of 212Bi (6207 keV) within less than 1 half-live392

period, 113 s. Considering that a typical cut with 5393

to 10 half-lives of dead-time for all 212Bi-like α events394

in a 6.0 to 6.3 MeV window would result in a negligi-395

ble live-time loss, we also report results of the analy-396

sis including such a cut. We observe that the 0νββ397

limit is minimally affected, resulting in a 1.3% stronger398

limit that rounds to T 0ν
1/2 > 1.5 · 1024 yr (90% C.I.). The399

posterior for the flat background is peaked at zero400

with a 90% C.I. of 1.1 × 10−2 counts/(keV×kg×yr).401

The best fit value of the background index from the402

phenomenological fit model over a much larger energy403

range from 2.7 to 4 MeV is mildly improved resulting404

in an estimate of b = 2× 10−3 counts/(keV×kg×yr) to405

b = 5× 10−3 counts/(keV×kg×yr) for all fit ranges.406

We interpret the obtained half-life limit in the407

framework of light Majorana neutrino exchange using408

gA = 1.27, phase space factors from [50, 51] and Nu-409

clear Matrix Element calculations from [52–59]. The re-410

sulting limit on the effective Majorana neutrino mass of411

〈mββ〉 < [0.31, 0.54] eV is the fourth most stringent limit412

world wide, obtained with 2.17 kg×yr of exposure. It is413

the leading constraint for 100Mo, exceeding the previous414

best limit from NEMO-3 [34] by 30% with almost 30415

times lower 100Mo exposure. The technology of CUPID-416

Mo has proven that it can be operated reliably, reaches417

high efficiency for 0νββ search of 68.5% (containment418

× analysis efficiency) and a resolution of 0.11% (1σ) at419

Qββ . Together with a preliminary estimate of the back-420

ground in the ROI at the few 10−3 counts/(keV×kg×yr)421

level, this results in an excellent sensitivity to 0νββ de-422

cay for the present and future experiments. The obtained423

background index is competitive with the best reported424

Figure 5.26 – Energy spectrum after unblinding for 2.17 kg ×yr. No event
is observed in the ROI [41].

5.6 Conclusion and prospects

CUPID-Mo, demonstrator of CUPID, has validated the reliability of the used technology
of dual heat-light readout. With 20 enrLMO and 20 Ge LD, the experiment showed a
good uniformity and performance of the detectors. The energy resolution at the Q-value
is around 7.7 keV FWHM and the baseline resolution 2 keV FWHM. The preliminary esti-
mation of the background index in the ROI is 3.5×10−3 counts/(keV kg yr). A new limit
was achieved on the half-life of the 0νββ decay of 100-Mo T 0ν

1/2 > 1.5 ·1024 yr (90% C.I.).
The results of CUPID-Mo are very encouraging for the CUPID experiment, which will
consist of ∼1500 Li2 100MoO4 scintillation crystals (∼250 kg of 100Mo) installed in the ex-
isting CUORE cryostat. It is foreseen to reach a background index of 10−4 counts / (keV
· kg · yr), evaluated using the background model for the CUORE cryostat and the infor-
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mation on crystal and other-element radiopurity coming from CUPID-Mo and CUPID-0
results. This will provide a limit on the half-life of T 0ν

1/2 > 1.1 · 1027 yr in 10 yr data
taking, which corresponds to a sensitivity to the effective Majorana mass mββ of 12-
20 meV. CUPID will be therefore one of the most promising neutrinoless double-beta
decay experiments of the next generation, with remarkable advantages with respect to
the competitors: an existing tested infrastructure, a fully-developed mature detector
technology and a reliable background model.



Chapter 6

Conclusions and perspectives

The CROSS prototype tests have demonstrated the viability of a new bolometric tech-
nology capable of setting the grounds for future 0νββ experiments with a very low
background level. It has been shown that Al-Pd bi-layer film coating fulfils our desired
pulse shape discrimination capability of surface β and α events when coating on one
surface. In addition, Pd-Al grids showed to have a better discrimination power between
surface events (β and α) and bulk events. The separation achieved by Pd-Al coating
was satisfactory in Li2MoO4 but less evident in TeO2. The coating works as pulse shape
modifiers for surface events by accelerating the thermalisation of the surface events com-
pared to the bulk events. Few µm Al film coating on one surface of a small cubic crystals
have shown that we can discriminate only surface α events on both Li2MoO4 and TeO2.
Increasing the fraction of film-coated surface in the crystal somehow affects badly the
discrimination power between surface and bulk events. The physical interpretation is still
not in our hands, but an explanation could be that the bulk events also get affected by the
increased amount of coating material, which leads also to their faster thermalization. So,
Pd-Al bi-layer grids will be implemented on crystals for the future CROSS demonstrator.

6.1 The CROSS demonstrator in the Canfranc underground
laboratory

The next step in the CROSS prototype experiments (CROSS16) is to test Pd-Al grids
coating on a large crystals at IJCLab, Orsay, with two possible configurations: lateral
sides coating and full crystal coating. If full crystal coating will be successful in giving
sensitivity to surface α’s and β’s with the required discrimination power (at least 90%
rejection for surface β’s and 99.9% rejection for surface α’s - corresponding to DP≥ 3.5),
this option will be adopted for the CROSS demonstrator (see Fig. 6.1, center). Notice
that full coating by grids is compatible with light collection. Therefore, if the surface α
DP achieved by coating is not or only marginally sufficient, light detectors can be added
(see Fig. 6.1, left).

If good results on discrimination were only achieved when having less fraction of
coated surface (only four coated lateral sides), this will be considered as the protocol. In
this case, we will keep light detectors between the Li2MoO4 cubes facing the non-coated
surface. The light detectors will help in α separation and will reject surface β’s from the
non-coated top and bottom sides by coincidence analysis (see Fig. 6.1, right).

The future medium-scale CROSS demonstrator will run at the existing CROSS fa-

137
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Figure 6.1 – A scheme of the three possible detector modules for the
CROSS demonstrator to be confirmed with the CROSS16 experiment.
(See text.)

cility at LSC underground laboratory (Laboratorio Subterráneo de Canfranc). The
Li2MoO4 crystals already exist, in addition to all the requirements for a bolometric
experiment (cryostat, electronics...etc). So basically it can start as soon as possible,
but, as mentioned in the previous paragraph, the final protocol will be chosen after the
CROSS16 experiment (Fig. 6.1).

The medium-scale demonstrator experiment will consist of at least 32 existing en-
riched Li2 100MoO4 crystals (there are additionally 20 CUPID-Mo crystals and 18 cubic
crystals to be received soon, but here we will conservatively discuss the option with
existing material) with a total of 4.7 kg of 100Mo (enriched in 100Mo at > 95%). The
crystals are of cubic shape with 45mm side and a mass of 0.28 kg. The crystals were
produced in a similar way as the LUMINEU experiment, which ensures high radio-purity
and excellent bolometric performance [57, 66, 125]. Some of these crystals have already
been successfully tested as scintillating bolometers in the CROSS facility [126].

The 32 crystals will be arranged in a tower of eight floors with four crystals each,
according to one of the schemes shown in Fig. 6.1. The floors are open to each other so
as to provide us with background rejection through anti-coincidences. The experiment
has two purposes: one is to confirm the CROSS technology on large detector arrays and
to check the reproducibility of the experiment in terms of surface event rejection; the
other purpose is to provide a competitive limit on 0νββ of 100Mo. The background index
in the CROSS facility is assumed to reach 10−2-10−3 counts/(keV kg yr), a reasonable
value considering that the system, despite the cryostat has been fabricated with radio-
pure materials and that shielding works effectively, is not optimized for extreme low
radioactivity yet. (A veto system to mitigate cosmic ray background will be installed in
the future.) This BI value is within the reach of middle scale bolometric demonstrators,
as shown by the results of CUPID-0 [79] and CUPID-Mo [41]. Note that the surface β
rejection is not a requirement to reach such a BI, but it is crucial for future large-scale
searches beyond the current baseline of CUPID. That’s why it is very important to val-
idate the CROSS technology with the foreseen middle-scale demonstrator.

The expected sensitivity to 0νββ is shown in Table 6.1, considering a set of recent
matrix element calculations for 100Mo. A 2-year sensitivity is competitive with all the
present searches except the KamLAND-Zen experiment [48] and GERDA [52]. A 5-year
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Background level
counts/(keV kg yr))

Live time
(yr)

Half-life limit
(yr) at 90%

mββ

(meV) at 90%

10−2 2 8.5 × 1024 124-222
10−3 2 1.2 × 1025 103-185
10−2 5 1.7 × 1025 88-159
10−3 5 2.8 × 1025 68-122

Table 6.1 – Sensitivity of the CROSS demonstrator to be operrated in
the cryogenics facility of the Canfranc underground laboratory, with the
assumption of two background levels.

live-time with a background level of the order of 10−3 counts/(keV kg yr) is practically
equivalent to the KamLAND-Zen current limit. In all cases, the current worldwide best
limit on 100Mo (see Section 5.5 and Ref. [41]) will be largely improved. This shows the
potential of the CROSS technology even if the experiment can be considered as a small
size demonstrator.

TeO2 crystals for the CROSS demonstrator are an open option at a very small scale
(four or eight crystals in total to be added to the Li2MoO4 tower discussed above). The
CROSS collaboration is developing a protocol for the production of radio-pure TeO2

crystals, improving that available now [127]. The purpose is to validate the CROSS
technology also on TeO2. This goal is very important for long term prospects, where the
use of TeO2 on large scale could provide competitive experiments also without enrich-
ment due to the high natural isotopic abundance of the candidate 130Te.

6.2 Impact of the CROSS technology on future bolometric
searches for 0νββ

The results achieved by the ton-scale cryogenic experiment CUORE and its related back-
ground model showed that an experiment capable of rejecting the α surface background
is compatible with a background level of the order of 10−4 counts/(keV kg yr) at the
ROI (∼3 MeV). CUPID-Mo has demonstrated the technology of rejecting α particles by
the use of dual heat-light readout. The future large scale experiment CUPID will adopt
this dual readout technology. It is foreseen to reach a background index of the order of
10−4 counts/(keV kg yr) by rejecting the dominate surface α background (see Fig. 6.2).

The CROSS technology can provide additionally a rejection for surface β background,
with the ability of reaching a background index of the order of 10−5 counts/(keV kg yr).
Several background components must be reduced to reach this level (see Fig. 6.2), but
this goal is impossible without mitigating the surface β background, which contributes
substantially to the bars “Detector Holder" and “LMO" shown in Fig. 6.2. The left
dominant background contribution to CUPID-like-experiments with CROSS technology
is the random coincidence of 2νββ which needs additional R&D to be reduced.

The CROSS technology applied for example to a possible expansion of CUPID,
dubbed CUPID-1T (ton scale experiment), has the potential to explore fully the inverted-
ordering region and to cover some part of the normal ordering region, even in case of
vanishing lightest neutrino mass. Fig. 6.3 shows the sensitivity to the effective Majorana
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Status of the CUPID background budget
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Figure 6.2 – CUPID background budget. Contributions from different
components. In blue, the background estimation in CUPID CDR [39]; In
red, the current estimation with an upgraded detector geometry.
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Figure 6.3 – The sensitivity on the effective Majorana mass of the cur-
rent, next generation (proposed searches) and next-next generation ex-
periments.

mass of CUORE, CUPID with dual-readout, and CUPID-1T with the application of the
CROSS technology.



Appendix A

The cryostat

The cryostat is a system that houses the dilution refrigerator and contains the bolometers.
The dilution refrigerator is a cooling unit that brings the bolometers to the very low
temperatures (∼10-20 mK) required for the heat capacity of the detectors to be low
enough. Two different cryostats are described: the wet cryostat that uses cryogenics
liquids to cool down (as EDELWEISS cryostat, housing CUPID-Mo) and dry cryostat
that does not (as Ulysse, housing CROSS prototypes).

The cryostat consists of several cylindrical copper screens one inside the other, each
one at a certain temperature stage. The Outer Vacuum Chamber (OVC) is the outer
screen that houses inside all the others. This screen is at room temperature (300 K) and
the chamber inside is pumped to high vacuum to isolate the inside screens and preventing
heat conduction and convection from the outside. Vacuum however does not protect the
inner part of the cryostat against the 300 K blackbody radiation. Reflecting materials
covering the screen are capable of reducing the effects of this radiation to a manageable
level.

Inside the OVC, one can find first a 80 K screen and, more internally, the IVC
(Inner Vacuum Chamber). The screen of the IVC is at 4 K. This temperature can be
reached by using a special thermal machine named Pulse Tube in a dry cryostat or a
helium bath (boiling temperature at 4.2 K) in a wet cryostat. A thermal machine can be
additionally used to slow down helium evaporation in a wet cryostat. The Pulse Tube
and thermal machines in general introduce vibrations in the cryostat, generating noise
in the bolometers, especially the light ones made of thin wafers, as the light detectors.
So it is necessary to mechanically decouple the detectors using spring-based suspensions.

The IVC houses the dilution unit circuit that consists of several parts, including other
screens at 1 K, 50 mK and base temperature. The coldest part of the dilution unit is
the mixing chamber, to which the detectors are thermally connected.

The key point of the dilution refrigerator is the use of a 3He-4He mixture. At very low
temperatures, the mixture separates into two phases: almost pure 3He — concentrate
phase — floats on the top (being the lighter phase), while at the bottom we find the
other phase — dilute phase — consisting of 4He with a few percentage of 3He.

Fig. A.1 shows the phase diagram depending on the temperature and the 3He con-
centration in the dilute phase. The reason why some 3He atoms dilute themselves in
the 4He phase is due to the Van der Waals force. In fact, 3He and 4He can be closer in
distance than 3He-3He, thus the Van der Waals force is larger in the former case that will
lead to 3He atoms jumping to the 4He dilute phase. If we can remove 3He atoms from the
diluted phase, 3He atoms from the concentrated phase will cross the phase boundary to

141



142 Chapter A - The cryostat

44 Chapter 3. Cryogenic setup

must be larger than 6.5% (fig:3.1). The lighter ’concentrated phase’ is rich in 3He, and
the heavier ’diluted phase’ is rich in 4He. The concentration of 3He in each phase is
temperature-dependent. Since the enthalpy of 3He in the two phases is different, the
’evaporation’ of 3He from the concentrated phase to the diluted one may provide highly
effective cooling. 4He, composing the bulk of the diluted phase, is inert and non inter-

Figure 3.1: Phase diagram of the liquid 3He-4He mixtures at the saturated vapor
pressure.

acting, and it may be neglected. The evaporation of 3He from the ’liquid’ phase to the
’gas’ phase cools the sample. Thanks to the different quantum properties of the two
isotopes, this process works even at the lowest temperatures because the equilibrium
concentration of 3He in the diluted phase is finite, even at zero temperature.
To reach the critical point, the mixture, which is injected starting from room tempera-
ture, is thermalized at the first cooling stage, then it passes through an impedance flux,
providing a free adiabatic expansion in vacuum and cooling down the mixture through
the Joule-Thomson effect. Sometimes (this method was the standard one until a few
years ago), a small volume of pumped LHe is injected inside the IVC to thermalize the
mixture at T ≈ 1.2 K; it is called 1K pot. Neither the Joule-Thomson effect nor the
1K pot cool the mixture sufficiently to form the boundary phase. A separation phase
occurs when temperatures fall below the tri-critical point. This cooling is provided by
the still; the incoming mixture is cooled by the still before it enters the heat exchangers
and the mixing chamber (fig:3.2).
During the operations, 3He must be extracted from the diluted phase (to prevent satu-
ration) and re-supplied to the concentrated phase. 3He is pumped away from the liquid
surface in the still, where at ∼0.6 K 3He preferentially evaporates. The 3He exiting from
the mixing chambers is used to cool down the incoming mixture with heat exchangers
between the inlet and outlet lines.
The dilution refrigerator has been designed with a two-part external gas handling sys-
tem. One part (the circulation system) is dedicated to the circulation and handling of
the mixture, and the other (the auxiliary system) to auxiliary pumping operations.
In general, every time the refrigerator is cooled down, a hermetic vacuum seal at cryo-
genic temperatures needs to be made, and a low temperature vacuum feed-through must

Figure A.1 – Phase diagram of He3He-4 mixtures.

‘Wet’ dilution refrigerator
• A small amount of liquid helium from the main bath feeds the

•	A dedicated pot pump keeps the 1 K pot cold

•	�An impedance ensures the condensing pressure is high 

enough (~0.3 bar) for the returning 3He to liquefy

•	�Several different types of heat exchanger precool the 3He 

before it reaches the mixing chamber

•	Dilution cooling occurs in the mixing chamber

•	�The osmotic pressure drives the 3He up to the still where  

it is separated from the 4He

• �A room temperature gas handling system and pumps are  

used to recycle the 3He back into the return line

‘Dry’ dilution refrigerator
• �The 1 K pot has been replaced by an extra heat 

exchanger located just before the impedance. The 

returning 3He is cooled by the outgoing 3He vapour from 

the still

•	�This heat exchanger in combination with the Joule-

Thompson (JT) expansion happening in the impedance is 

enough to condense the gas

•	�The JT stage is not as efficient as a 1 K pot, so the 

condensing pressure is higher: typically 2.5 bar during 

the initial condensation, which drops to ~0.5 bar near 

base temperature where the circulation rate is lower

•	�The higher condensing pressure means an additional 

high pressure pump (or compressor) is required when 

circulation is started. It can be switched off when the 

system has reached base temperature 

Dilution refrigerators 9

1 K pot

Figure A.2 – Mixture circuit in a dilution unit.

occupy the vacant energy states. This produces cooling power at very low temperatures.
The cooling power is given by the enthalpy difference ∆H between 3He in diluted phase
and pure 3He, where the enthalpy of 3He in the dilute phase is higher than for pure 3He.

The mixing chamber contains around 6.4% and the still contains around 1% of 3He
in the dilute phase. The dilute phase in the mixing chamber is connected to the dilute
phase in the still by a pipe (Fig. A.2). The difference in 3He concentration between the
still and the mixing chamber results in an osmotic pressure gradient along the connecting
pipe that attract 3He in the dilute phase from the mixing chamber to the still. The 3He
with the lower vapour pressure in the still is then pumped out the cryostat. It then
enters the cryostat passing in strong thermal contact with the Pulse Tube or the helium
bath that cools it down to 4 K. Then the temperature of 3He gets lower (down to 1
K) after passing through a Joule-Thomson flow impedance (dry cryostat) or through a
pumped secondary liquid helium bath — 1 K pot — (wet cryostat). 3He on its way to
the mixing chamber is further thermalised when set in contact with the 3He going from
the mixing chamber to the still by means of heat exchangers.
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Titre: CROSS et CUPID-Mo: stratégies futures et nouveaux résultats dans la quête
bolométrique du 0νββ
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Résumé: La désintégration double-beta sans émis-
sion de neutrino est une transition nucléaire hypothé-
tique et rare (T1/2>1026 ans). Son observation fournirait
de précieuses informations sur la nature des neutrinos.
En particulier, cela démontrerait que ceux-ci sont des
particules de Majorana et qu’il n’y a pas conservation
du nombre de lepton. Cette désintégration peut être
étudiée avec des bolomètres dont l’absorbeur contient
l’isotope susceptible de se désintégrer, mais la possibil-
ité d’analyser ce processus rare dépend crucialement du
niveau de bruit de fond dans la région d’intérêt. Une
nouvelle R&D a récemment débuté au sein du projet
CROSS (Cryogenic Rare-event Observatory with Sur-
face Sensitivity) visant au développement de bolomètres
cryogéniques incluant les isotopes prometteurs 100Mo
and 130Te. Ces bolomètres sont capables de discriminer
les interactions α et β de surface via l’exploitation des
propriétés d’un matériau supraconducteur (film d’Al) ou
d’un métal normal (film de Pd) déposé sur les faces du
cristal (Li2MoO4 and TeO2). Ces films jouent le rôle de
modificateurs de forme pour les impulsions. Les résul-
tats des tests sur des prototypes fabriqués et testés au

CSNSM (Orsay, France) ont montré la capacité de films
d’Al (de Pd) de quelques µm (nm) d’épaisseur déposés
à la surface du cristal de discriminer les événements de
surface des événements bulk, avec un niveau de réjection
compatible avec celui exigé par les expériences finales.
Alors que le film d’Al ne peut identifier que les particules
α de surface, avec des films métalliques normaux, nous
avons été capables de séparer également les composantes
β de surface. Ceci constitue une avancée importante
dans la technologie bolométrique pour la décroissance
double beta qui pourrait atteindre, avec cette technolo-
gie, un indice de bruit de fond de l’ordre de 10−5 événe-
ments/(keV kg an). De plus, la présente thèse expose
les résultats de l’expérience CUPID-Mo, un démonstra-
teur de CUPID, une expérience d’une tonne de prochaine
génération pour la détection du 0νββ. CUPID-Mo
utilise des bolomètres scintillants en Li2MoO4 qui dis-
criminent entre les α et les β/γ, permettant ainsi de
rejeter la contribution dominante au bruit de fond (par-
ticules α). L’expérience a permis d’atteindre une nou-
velle limite sur le temps de demi-vie de la désintégration
0νββ dans le 100Mo : T1/2 > 1.5 · 1024 ans à 90% C.I..

Title: CROSS and CUPID-Mo: future strategies and new results in bolometric search
for 0νββ

Keywords: Low-temperature detectors, Double-beta decay, Surface sensitivity, Bolometers
Abstract: Neutrinoless double-beta decay is a hy-
pothetical rare nuclear transition (T1/2>1026 yr). Its
observation would provide an important insight about
the nature of neutrinos ascertaining that they are Majo-
rana particles and demonstrating that the lepton num-
ber is not conserved. This decay can be investigated
with bolometers embedding the double beta decay iso-
tope, the possibility to investigate this rare process is
strongly influenced by the background level in the re-
gion of interest. A new R&D has recently begun within
the CROSS project (Cryogenic Rare-event Observatory
with Surface Sensitivity) aiming at the development of
bolometric detectors, embedding the promising isotopes
100Mo and 130Te, capable of discriminating surface α
and β interactions by exploiting the properties of su-
perconducting material (Al film) or normal metal (Pd
film) deposited on the crystal faces (Li2MoO4 and TeO2).
These films work as pulse-shape modifiers. The results
of the tests on prototypes performed at CSNSM (Orsay,

France) showed the capability of a few-µm (nm)-thick Al
(Pd) film deposited on the crystal surface to discriminate
surface from bulk events, with the required rejection level
of the surface background. While Al film can only iden-
tify surface α particles, with normal-metal films we were
able to separate also the β surface component. This is a
breakthrough in bolometric technology for double beta
decay that could lead to reach a background index in
the range 10−5 counts/(keV kg yr). In addition, the the-
sis covers the CUPID-Mo experiment, a demonstrator
of CUPID, the next-generation ton-scale cryogenic 0νββ
experiment. CUPID-Mo employs Li2MoO4 scintillating
bolometers that allows to discriminate between α and
β/γ, thus rejecting the dominant contribution on the
background that consists in α particle interactions. The
experiment achieved a new limit on the half-life of 0νββ
decay in 100Mo of T1/2 > 1.5 · 1024 yr at 90% C.I., the
best ever obtained worldwide on this isotope.
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