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1 EXECUTIVE SUMMARY 10

1 Executivesummary

Recently, neutrino oscillation experiments have unequivocally demonstrated that neu-
trinos have mass and that the neutrino mass eigenstates mix. These experiments have
yielded valuable information on the mixing angles and on the mass differences of the
three eigenstates. They cannot, however, determine the scale of the neutrino mass,
whichis xed by the lightest neutrino mass eigenvalue. This can only be directly deter-
mined by beta decay end point spectral shape measurements, or in the case of Mgorana
neutrinos, by the observation and measurement of the neutrinoless double-beta decay
half-life. The oscillation experiments yield values for the mixing angles and mass dif-
ferences accurate enough to allow the prediction of a range of values of the effective
mass of the Magjorana electron neutrino. The CUORE experiment is designed with a
sensitivity capable of probing all but a small portion of thisrange.

CUORE is a proposed array of 988, 750 g, TeO, bolometers operating at 8 to 10
milli-degrees Kelvin, hanging on the bottom of the mixing chamber of a dilution re-
frigerator. Natural tellurium has a 33.87% abundance of **°Te , which is an even-even
nucleus that can only decay by double-beta decay. This large natural abundance elimi-
nates the requirement for the very expensive isotopic enrichment required in all of the
other proposed next generation experiments. The signal of neutrinoless double beta
decay would be a sharp peak at 2528.8 keV in the bolometric energy spectrum. The
proposed array isacylindrical geometry of 19 towers of 52 detectors each. Each tower
consists of thirteen, four-detector modules. One such tower has been successfully con-
structed and is being operated in the Gran Sasso Laboratory as a test experiment, and
also as an independent, rst-step next generation double-b eta decay experiment called
CUORICINO.

Thus far the stability, the energy resolution, as well as the background counting
rates, imply that the expanded array, CUORE, will be avery competitive next generation
experiment. In fact, operating CUORICINO for 3 years with the present background
level will yield a half-life sensitivity for neutrinoless double-beta decay of 6.1 10%
years, corresponding to an effective mass of the electron neutrino of the order of 0.3
eV. Thiswill be superior to the present upper bound on the effective electron-neutrino
mass set by the "®Ge experiments. The early CUORICINO data have already shown us
what and where the sources of background are and how to reduce them. We conclude
that the required reduction in the background is possible. This would allow the full
CUORE array to achieve a 5-year sensitivity of the order of 30 meV to the effective
neutrino mass. Another order of magnitude reduction will present areal challenge, butis
possible. In that case, a5-year sensitivity in the effective mass would be around 15 meV.
In the least optimistic case above, and in the case of inverted hierarchy of the neutrino
mass spectrum, a null experiment would strongly disfavour the Majorana character of
neutrinos, whereas a de nite observation would conrm that neutrinos are Mg orana
particles. Only double-beta experiments can achieve this goal. The technology is now
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proven, and with adequate funding, there are no show-stoppers. It is proposed to build
the CUORE experiment in the Laboratori Nazionali del Gran Sasso (LNGS) in Assergi,
Italy, the present site of CUORICINO. CUORE is by far the most cost effective next
generation double-beta decay experiment proposed.
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2 CUORE Science Motivation

The neutrino mass range of interest favoured by the results of neutrino oscillation ex-
perimentsis now within the grasp of well-designed (0 ) decay experiments. A well
established technique has been developed by the MIBETA and CUORICINO exper-
iments that made dramatic improvements in cryogenic spectroscopy. The redlization
that the technology is available to achieve such afundamental physicsgoal providesthe
basic motivation for the CUORE experiment.

To convey the importance of neutrino mass and of the CUORE experiment, we
present a theoretical motivation and a brief recapitulation of past double-beta decay
experiments, drawing heavily on our own completed work. We present our new techno-
logical capabilitiesto show how the CUORE Collaboration is positioned to make rapid
strides toward neutrino mass discovery, as well as measuring the Majorana mass scale.
The CUORE apparatus a so has application in searches for Cold Dark Matter and Solar
Axions and more in general for rare nuclear events.

Parameter Best t 3
m3, [10 eV ?] 6.9 5495
m3, [10 3eV?] 2.6 1.43.7
sin? 0.520.310.72
sin? , 0.006 0.054
sin? 5 0.300.230.39

Table 1: Best-t values and 3 intervals for the three- avour neutrino oscillation
parameters from global data including solar (SK and SNO), atmospheric (SK and
MACRO), reactor (KamLAND and CHOOZ) and accelerator (K2K) experiments [22]
(m§=m¢ mj).

2.1 Theoretical Motivation of Neutrinoless Double-Beta Decay Ex-
periments

Neutrinoless double-beta decay isby now an old subject [1, 12,13, 14, 5,16, [7]. What is new
is the fact that positive observation of neutrino oscillations in atmospheric [9, 10, [11)
12], solar [[13, 14, 15,16, [17], reactor [[18,[19] and accelerator [20] neutrinos gives new
motivation for more sensitive searches. In fact, recently published constraints on the
mixing angles of the neutrino-mixing matrix [21}, 22, 23, 24, 25] make a strong case that
if neutrinos are Mgjorana particles, there are many scenarios in which next generation
double-beta decay experiments should be able to observe the phenomenon and measure
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the effective Mgjorana mass of the electron neutrino, jhm 1j , which would provide a
measure of the neutrino mass scale m. One fact is clear: neutrino oscillation experi-
ments can only provide data on the mass differences of the neutrino mass-eigenstates.
The absol ute scale can only be obtained from direct mass measurements, *H end point
measurements for example [26], or in the case of Majorana neutrinos, more sensitively
by neutrinoless double-beta decay. The time for large, next generation  -decay ex-
periments has arrived, for if the mass scaeisbelow 0.35 eV, -decay may be the
only hope for measuring it.

2.2 Neutrino Mixing Matrix

Using the Chau and Keung parametrization of the Pontecorvo-M aki-Nakagawa Sakata
(PMNS) neutrino mixing matrix [27]:

O 1 (@] 1 O .
e 1 C3Co _ S3C2 _ sze !
@ A=uv@ A = @ s;c; 55156 Gl Sasiset sic A
S3S;  C3C1S,€! C3S;_ S3C1S.€! c1C
3 O 391 3L192 3110 3 h_Z 1L2
1 0 1
@0 e 272 0o A@ ,A (1)
0 0 eils2+) 3

wherec; cos i, Si sin j, V isadiagona matrix containing Majorana CP phases
that do not appear in neutrino oscillations. While this looks very complicated and pop-
ulated with many unknowns, neutrino oscillation data [[17, (15, 1T, 12, 18, 19, 20] have
constrained al three of the angles and squared neutrino mass differences as shown in
Table[ll

Considering the values found in Table[d, we nd it is possible to make the approxi-
mationthat , 0 and assume maximal mixing for the atmospheric neutrino oscillation
data, or ; = 45 . Accordingly,

O 1 0 Ps3 1 0 1
C3 S3 0 2 B
U= @ S3C; C3C1 S A = 5 E% E%_ {;% g (2)
%1 GS1 G 5 P
P-
wherec; = -2, 53 = Zandc, =s; = 1@% were used in the second matrix.

2.3 Neutrinoless Double-Beta Decay

The decay rate for the process involving the exchange of a Majorana neutrino can be
expressed as follows:
1 jhm ij?

2
mg

Ty Fn: (©))
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where
Fn oGP jMO j2 (4)
with G® being the two-body phase-space factor including coupling constants and M°?

the (0 ) nuclear matrix element. The quantity jhm ij is the effective Magjorana elec-
tron neutrino mass given by:

im o jiUgi®ma + jUgiPmae! 2 + jUgi*mae’ 2j; (5)
where e' 2 and e' 2 are the Majorana CP phases (1 for CP conservation) and my.p.3
are the mass eigenvalues. The measured values of m32, ( m3 solar) and m3, ( ma;
atmospheric) given in table [l motivate the pattern of masses in two possible hierarchy
schemes shown in Figure[ll

3 >5m2 m3
2 > m2
MAT

2
dmyy

>8m§

Figure 1. Normal and inverted mass hierarchies schemes. Quasi-degenerate hierarchy
correspondsto thecase m; >> maT >> ms.

In the case of inverted hierarchy the correct expression for jhm ij can be obtained
by interchanging the rst and third columnsof UV, i.e. by int erchanging the roles of m;
and ms.
In general, prior to the approximation , = 0 = s,, inthe normal hierarchy case we
have:
jhm ijnpn = jedcamy + sacie’ 2m;, + sae' *myj: (6)

while in theinverted hierarchy we have:
jhm ijy = js2e' *my + s3c2e’ 2m;, + cicama;j: (7)
With the values and errors (3 ) from Table[dl, these becomes

jhm ijnn = j(0:69139)m; + (0:307%%0)e! 2m;, + (< 0:054)e' *m;j: (8)

jhm ijiy = j(< 0:054)e' *m; + (0:30*335)e' 2m;, + (0:697 3% )msj: (9)
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From therelationsin Figurefll, we can yyitem, = P m3 +mfandmg = P ma; + mi+m?
inthecaseof normal hierarchyandm, =~ ma; + m?andmz = m3 + mai; +m?
in the case of inverted hierarchy. Equations (@) and (/) can be therefore expressed in
terms of mixing angles, m3, m3;, and CP phases as follows [28, 21]:

a— q
o i = cicims +cdel © mgemiesiel s mi - mgemi (10

_ g q
jhm ijy =jsie' *my +sicke' 2 ma; +mi+cics mi+ mi; +mij (11)

With the approximation , 0 and the further approximation of m% << ma;,
equations (I0) and (1) are rewritten as follows:

s
) 2
jmij=m, 2+sleiz 1+ r;n; (12)
1
a
jhmijiy = ma; +mijsle’ 2 +cl: (13)

Actua values of jhm ij for different hierarchies have been recently evaluated by
many authors on the base of the latest results of neutrino oscillation experiments. The
results of the analysis of Pascoli et al. are summarized for reference in table2 [21].

2

sin?  jhm §jT2C jhm ijmn jhm ijme jhm oo
0.0 3.7 8.7 50.6 479
0.02 4.6 8.6 49.6 428
0.04 53 9.9 48.6 45.4

Table 2: Present constraintson jhm ij . The maximal values of jhm ij (in unitsof 10 2
eV) for the normal (NH) and inverted (IH) hierarchy cases, and the minimal values of
jhm ij (in units of 10 2 eV) for the IH and QD (quasi-degenerate) cases, for the 90%
C.L. dlowed valuesof mg, sand Mar.

2.4 Experimental Prospects

It isinteresting to compare the values given in Table[2 with the projected sensitivity of
the CUORE experiment for 3°Te (0 ) . The projected 5 years sensitivity, discussed
in detail later in this proposal, is 2.1 10?° y. Using eg. @ and @ we can obtain the
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corresponding sensitivity on jhm ij . A list of values of Fy calculated in the framework
of different nuclear models are summarized in table3

Using the average value of these values, we nd that the CUORE experiment pre-
dicts a sensitivity of 30 meV. This value probes a signi cant portion of the range of
values of m; given in the table[d We note that some of the proposed experiments al-
ready consider a possible extension to even larger masses. Thisis for instance the case
for the full ten tons proposal of GENIUS. The cost of this experiment would amount
to two billion dollars and would require avery long delay for the enrichment of such a
large mass of "°Ge. A similar extension to ten tons of CUORE would cost at least an
order of magnitude less, and would avoid the long delay required by enrichment. The
option for an "enriched CUORE" will be considered |ater.

Since m << m3; and ,issmall (Tab.[Mand Fig.[), equations (I2) and (I3) can
be used to constrain the sum of the masses of al the neutrino eigenstates ( imj)
(28]

q 2ihm ii P 2 2
. .. . - 5 jhm ij+  jhm ij M4 COS%(2 3)
2jhm ij+  jhm ij Mt 7052 3)]

(14)

where the plusis for normal hierarchy and the minus for inverted hierarchy. Equation
([@4) can be simpli ed signi cantly for values of jhm ij achievable in next generation
experiments.

When m3; << 2eq. (@) transformsinto

jhm ij 3 2jhm ij (15)
which, using the sensitivity projection given above, gives 90 meV 180 meV.
CUORE will therefore improve the WMAP result ( 700 meV [47]) further con-
straining the Majorana neutrinos contribution to the Cosmic Microwave Background
uctuations.

In a similar manner, CUORE would be very complementary to the proposed KA-
TRIN 3H neutrino mass experiment. KATRIN has a projected sensitivity of 200 meV
[126], therefore should it observe a positive effect, and CUORE place a bound jhm ij «
Mk aTRIN, It Would be clear evidence that neutrinos are Dirac particles.

In conclusion, according to most theoretical analyses of of present neutrino experi-
ment results, next-generation DBD experiments with mass sensitivities of the order of
10 meV may nd the Majorana neutrino with a non-zero effectiv e electron neutrino
mass, if the neutrino is self-conjugate and the neutrino mass spectrum is of the quasi-
degenerate type or it has inverted hierarchy. Majorana massive neutrinos are common
predictions in most theoretical models, and the value of afew 10 2 eV predicted for
its effective mass, if reached experimentally will test its Magjorana nature. DBD ex-
periments with even better sensitivities (of the order of meV) will be essential to x
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the absolute neutrino mass scale and possibly to provide information on CP violation.
It is therefore evident that next generation neutrinoless double-beta decay experiments
are the next important step necessary for a more complete understanding of the physics
of neutrinos. In this proposal we describe the CUORE experiment, show how it could
reach the required sensitivity, and give details of the work breakdown, cost estimate,
and main project milestones.
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Authors/Ref. Method T(Te) Fu®°Te) Fn(®Ge)
(10%y) (10 By hH (@o By
QRPA  Staudt et al., 1992 [[29] pairing (Paris)  0.77-0.88 29-34 5.9-10
pairing (Bonn) 0.9-1.1 24-29 4.5-8.9
QRPA  Staudt et al., 1990 [53] 5 5.22 1.12
Pantiset a., 1996 [30] no p-n pairing 8.64 3.0 0.73
p-n pairing 211 1.24 0.14
Vogel et al., 1986 [31] 6.6 3.96 0.19
Tomodaet al., 1987 [32] 5.2 5.0 1.2
Civitarese et al., 2003[33] 5.2 5.0 0.7
Barbero et al., 1999 [34] 3.36 1.77 0.84
Simkovicet d, 1997 [35]  Full RQRPA 4.66 5.6 0.27
Simkovic, 1999 [136] pn-RQRPA 14.5 1.79 0.62
Suhonen et a., 1992 [37] 8.34 3.13 0.72
Muto et al., 1989 [3§] 4.89 5.34 1.1
Stoicaet a., 2001 [39] large basis 10.7 2.44 0.65
short basis 9.83 2.66 0.9
Faessler et al., 1998 [40] 9.4 2.78 0.83
Engdl et a., 1989 [41] generalized
seniority 24 10.9 114
Aunolaet al., 1998 [42] WS 4.56 572 0.9
AWS 5.16 5.06 1.33
Rodin et al., 2003 [43] QRPA 34.6 0.75 0.45
RQRPA 379 0.69 0.36
SM Haxton et al., 1984 [44] weak coupling 16 16.3 1.54
Caurier et ., 1996 [45] large basis 58 0.45 0.15
OEM  Hirshetal., 1995 [46] 7.3 3.6 0.95

Table3: (0 ) nuclear factors of merit Fy for ¥*9Te and "®Ge according to different
evaluation methods (QRPA: Quasi Random Phase Approximation, SM: Shell Model and
OEM: Operator Expansion Method) and authors. Theforeseen (0 ) half-lifetimefor
130Te (jhm ij =1 eV) isalso reported.
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3 Statusof NeutrinolessDouble-Beta Decay Experiments

In the Standard Model, neutrinos and their antiparticles, antineutrinos, are different par-
ticles, but no experimental proof has been provided so far. Nuclear double beta decay
addresses both the question of the neutrino nature (Dirac or Mgorana) and of its pos-
sible Mgorana mass. The standard nuclear Double Beta Decay is a process where a
nucleus (A,Z) transformsintoitsisobar (A,Z 2) with the emission of two electrons (or
positrons) and their corresponding neutrinos ( ¢ or ), say: (A,Z2) ¥ (A,Z+2)+2e +2.
The most direct way to determine if neutrinos are Majorana particles is to explore,
in potential nuclear double beta emitters (A,Z2), if they decay without emitting neutri-
nos (A,Z) ¥ (A,Z+2) + 2e , violating the lepton number conservation. For this non-
standard (0 ) processto happen, the emitted neutrino in the rst neutron d ecay must
be equal to its antineutrino and match the helicity of the neutrino absorbed by the second
neutron.

Phenomenologically that impliesthe presence of amassterm or aright-handed cou-
pling. Well-known arguments of Kayser, Petcov, Rosen and Schechter and Valle [49]
show that in the context of any gauge theory, whatever mechanism be responsiblefor the
neutrinoless decay, a Mg orana neutrino mass is required. In fact [49], the observation
ofa (0 ) decay impliesalower bound for the neutrino mass, i.e. at least one neutrino
eigenstate has a non-zero mass.

Another form of neutrinoless decay, (A, Z) ¥ (A, Z+2) + 2¢ + may reved
also the existence of the Mgoron ( ), the Goldstone boson emerging from the sponta-
neous symmetry breaking of B L (Baryon minus L epton number) , of most relevance in
the generation of Mgjorana neutrino masses and of far-reaching implications in Astro-
physics and Cosmology.

Double Beta Decay (DBD) is a classical research topic, which current neutrino
physics results have put on the front-line as an unique probe to explore and elucidate,
in the foreseeable future, important open questions left unanswered by the oscillation
experiments, namely the determination of the absol ute neutrino mass scale.

The DBD are extremely rare processes. In the two neutrino decay mode their half-
livesrange from T1-,  10%® y to 10?° y. On the other hand, the non-standard neutrino-
less decay has not yet been found. The experimental investigation of these phenomena
requires alarge amount of DBD emitter, in low-background detectors with the capabil-
ity for selecting reliably the signal from the background. In the case of the neutrinoless
decay searches, the detectors should have a sharp energy resolution, or good tracking of
particles, or other discriminating mechanisms. There are severa natural and enriched
isotopesthat have been used in experiments with tens of kilograms. Some of them could
be produced in amounts large enough to be good candidates for next generation exper-
iments. The choice of the emitters should be made also according to its two-neutrino
half-life (which could limit the ultimate sensitivity of the neutrinoless decay), according
also to its nuclear factor-of-merit and according to the experimental sensitivity that the
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Model SM ORPA 1'D OEM  MCM
Reference  [50]  [51]  [45,52] [31 [53 [B4] [46] 59
BCa(10¥y) 29 72 37

®Ge(102y) 042 116 22 13 30 028 1.9
8255(10%y) 026 084 05 12 11 20 088 11
%Zr(10%%y) 085 1.1 14-.96
100\ 0(10%%y) 06 011 105 34 072
116Cq(10%%) 63 052 0.76
128Tg(10%%y) 009  0.25 55 26 14

130Tg(102y) 0017 0.051 2.0 022 18 24 01

136 g(102Ly) 2.0 085 4.6

150Ndl(10%%y) 0.74

Table 4: Predicted theoretical half-lives T2, in some representative nuclear models.

detector can achieve in the case that the emitter is, a the same time, the detector, asis
the case of CUORE. As explained at length later on, the CUORE experiment has cho-
senasits  emitter natural tellurium oxide, asthe natural isotopic abundance of *°Teis
about 34%. Finally the extremely low background required for high sensitivity double
beta decay searches requires the development of techniques for identifying, reducing
and suppressing the background of all types and originsin the detectors and their envi-
ronments . All these conditions set the strategies to search for the neutrinoless double
beta decay.

The expected signal rate depends on the nuclear matrix element, but the dispersion
of results of the current calculations (tab. [3) makes uncertain the interpretation of the
experimental output.

Improvementsin the precision of the theoretical evaluations of the matrix elements
are essential. Experimental studies of nuclear structures relevant to DBD will help cal-
culations of the matrix elements. The exploration of the conventional two-neutrino
double beta decay of severa potential double beta emitters and its comparison with
theory must serve to help in determining the most suitable nuclear model. These im-
provementswill hopefully provide accurate nuclear matrix elementsfor the neutrinoless
DBD which are crucial for extracting the effective Majorana mass parameter. Tabled
gives a summary of theoretical predictionsfor (2 ) half-lives of several emittersin
some representative nuclear models.

Due to the extraordinary importance of the neutrinoless double beta decay in ex-
tracting information on the neutrino mass scale, the nuclear matrix element issue has
become of paramount importance both through direct calculation and through informa-
tion obtained from nuclear reactions (of type (p,n), for instance), or through "virtua"
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and * processes which may give informations on the two branches connecting the
relevant nuclear states in the double beta transition through the intermediate states.

In the case of the two-neutrino double beta decay, the half-lives are customarily
expressed as[T2, (0" ¥ 0%) ' =G, jMZ; j?, where G, isan integrated kinemat-
ical factor [56] and M&; the nuclear ~ Gamow Teller matrix element. Anaogously,
the neutrinoless decay half-life (as far as the mass term contribution is concerned) is
expressed by means of equations (3) and (@) through the nuclear factor-of-merit Fy,
the nuclear matrix-element M? | the effective neutrino mass parameter jhm ij and the
integrated kinematic factor G, [56].

Concerning the neutrino mass question, the discovery of a (0 ) decay will show
that at least one of the Mg orana neutrino eigenstates has a mass equal or larger than
jhm ij = me=(FnTL,) 2 eV, where T2, isthe neutrinoless half life. On the contrary,
when only a lower limit of the half-life is obtained, one gets only an upper bound on
jhm ij , but not an upper bound on the masses of any neutrino. In fact, jhm ij can
be much smaller than the actual neutrino masses. The jhm 1j bounds depend on the
nuclear model used to compute the (0 ) matrix element. The (2 ) decay half-
lives measured till now constitute bench-tests to verify the reliability of the nuclear
matrix element calculations which, obviously, are of paramount importance to derive
the Mg orana neutrino mass upper limit. As stated above the wide range of the nuclear
matrix elements calculations for a given emitter is the main source of uncertainty in the
derivation of the neutrino mass bound.

3.1 Main strategiesfor Double Beta Decay searches

The experimental signatures of the nuclear double beta decays are in principle very
clear: in the case of the neutrinoless decay, one should expect a peak (at the Q  value)
in the two-electron summed energy spectrum, whereas two continuous spectra (each
one of well-de ned shape) will feature the two-neutrino and the Mg oron-neutrinoless
decay modes (the rst having amaximum at about onethird of th e Q value, and the latter
shifted towards higher energies). In spite of such characteristic imprints, the rarity of
the processes under consideration maketheir identi catio nvery dif cult. Such remotely
probable signals have to be disentangled from a background due to natural radioactive
decay chains, cosmogenic-induced activity, and man-made radioactivity, which deposit
energy on the sameregion wherethe  decaysdo it but at a faster rate. Consequently,
themaintask in  -decay searches is to diminish the background by using the state-
of-the-art ultra-low background techniques and, hopefully, identifying the signal.

To measure double beta decays three general approaches have been followed: geo-
chemical, radiochemical, and direct counting measurements. In the geochemical ex-
periments, isotopic anomaliesin daughtersof ~ decaying nuclei over geological time
scales are investigated. Determination of the gas retention age of the ore is important.
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They areinclusive2 +0 measurements, not distinguishing2 from0 modes. How-
ever, when T7 0 000 1 o una: Most of the decay isthrough 2 mode. The
nite half-lives measured geochemically in the cases of #2Se, %Zr, 128:130Te and radio-
chemically in the case of 28U can be regarded as (2 ) half-life values. Also the
T,=, values measured geochemically can be taken as a bound for T2, because T, (or
the half-life of whatever decay mode) cannot be shorter than Ti-2.ex,.. Consequently,
bounds on jhm ij can be derived from geochemical half-life measurements.

Another way to look for double beta decay are the radiochemical experiments, by
noticing that when the daughter nuclei of a double beta emitter are themselves radioac-
tive, they can be accumulated, extracted and counted. If the daughter has a half-life
much smaller than 10°% and has no other long-lived parents, its presence can be only
due to . Noticeable examples are that of 28U 8 23%py (88y, decay) and
244py ¥ 2%Cm (18y, decay).

Most of the recent activity, however, refers to direct counting experiments, which
measure the energy of the  emitted electrons and so the spectral shapes of the 2 ,
0 ,and 0 modes of double beta decay. Some experimental devices track aso the
electrons (and other charged particles), measuring the energy, angular distribution, and
topology of events. The tracking capabilities are useful to discriminatethe  signal
from the background.

The types of detectors currently used are [57]:

Calorimeterswherethedetector isalsothe  source[59] (Gediodes, scintillators
CaF ,, CdWO, , thermal detectors TeO , , Xeionization chambers, ...). They
are calorimeters which measure the two-electron sum energy. Notable examples
are IGEX, Heidelberg-Moscow, Milano-Gran Sasso (MiDBD), CUORICINO and

the proposed CUORE and Mgjorana.

Tracking detectors of the inhomogeneous (source&detector) type (Time Projec-
tion Chambers TPC, drift chambers, el ectronic detectors). Inthiscase, the  source
plane(s) is placed within the detector tracking volume, de ningtwo or more de-
tector sectors. Leading examples of tracking devices are the Irvine TPC's and the
NEMO and ELEGANTS series.

Tracking calorimeters They are tracking devices where the tracking volume is
asothe  source, for example a Xenon TPC (CALTECH/PSI/Neuchatel) and
the future EXO.

WEell-known examples of emitters measured in direct counting experiments are
48C3, 7666, 96ZI’, 8256, 100MO, 116Cd, 13°Te, 136)(8, 150Nd.

The strategies followed inthe  searches are different. Calorimeters of good en-
ergy resolution and almost 100% ef ciency (e.g. Ge-detecto rs and tellurite bolometers)
are well suited for (0 ) searches. They lack, obviously, the tracking capabilities to
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identify the background on an event-by-event basis but they have, in favour, that their
sharp energy resolutions do not allow the leakage of too many counts from ordinary
double beta decay into the neutrinoless region, and so the sensitivity intrinsic limitation
is not too severe. On the contrary, the identi cation capabi lities of the various types of
chambers make them very well suited for (2 )and (0 ; ) searches. However,
their energy resolution s, at least presently, rather modest and the ef ciency isonly of a
few percent. Furthermore, the ultimate irreducible background source in these devices
when looking for (0 ) decay will be that due to the standard (2 ) decay. The
rejection of background provided by the tracking compensates, nevertheless, the gure
of meritin (0 ) searches.

Modular calorimeters can havereasonableamountsof ~ emitters (Heidelberg/M oscow,
IGEX, MiDBD and CUORICINO experiments) or large quantities (like CUORE, Ma
jorana and GENIUS). Tracking detectors, instead, cannot accommodate large amounts
of emitters in the source plate. Recent versions of tracking devices have 10 kg and
more (NEMO3). On the other hand, TPC devices are planning to reach one ton and
more of Xenon (EXO).

The genera strategy followed to perform a neutrinoless double beta decay experi-
ment is simply dictated by the expression of the half-life

T2, ” In2 Nt (16)
S

where N is the number of emitter nuclei and S the number of recorded counts
during time t (or the upper limit of double beta counts consistent with the observed
background). In the case of taking for S the background uctu ation (when that might
be possible) one has the so-called detector factor-of-merit or neutrinoless sensitivity
(12 ) which for homogeneous (source=detector) devices - for which the background
rate scales with the detector mass - reads

Fo =4:17 10%(f=A)(Mt=B )" years (17)

where B is the background rate (c/(keV kg y)), M the mass of emitter (kg), " the
detector ef ciency intheenergy interval  aroundQ ( = FWHM) and t the running
time measurement in years (f is the isotopic abundance and A the mass number). A
dlightly different behaviour is expected when the background rate is very low ("zero
background' or B Mt << 1 hypothesis)

Fo Mt =A years (18)

The other guideline of the experimental strategy isto choose, according to equation
@A), a emitter of large nuclear factor of merit Fy = Go j M j2, where the
kinematical factor quali esthe goodnessof the Q valueand M° thelikeliness of the
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transition. Notice that the upper limit on jim ij isgiven by jim ij  me=(FpoFn)?,
or interms of its experimental and theoretical components

jhmij 25 108 (A=F)2 (B =Mt P G, jMO j lev (19)

3.2 Overview of main experiments and synopsis of results

It is out of the scope of this Proposal to fully review the experimental status of the eld.
We refer the reader to various recent or completed reviews, also including comparison
with theory [1, 2, 13,14, 5,16, [7, 18, 57, 58]. We will sketch in the following a brie ng
of the main techniques and results and summarize the current experimental situation in
TablesH and@. We will obviously devote more attention to the bolometric experiments
with TeO,, MiDBD and CUORICINO as the antecedents of CUORE.

The Germanium case, as prototype of the cal orimetric approach wherethe  source
isat the sametime detector medium, has aspecial meaning for this Proposal. The search
for the nuclear double beta decay of the isotope "®Ge started as earlier asin 1967 by the
Milano group [60, 61] which is now leading the CUORE Collaboration. Other groups
both from USA (USSB-LBL-UCB, Caltech, PNL-USC) and Europe (Zaragoza, PSI-
Neuchatel, H/M) continued this search with germanium detectors. The mastering of the
techniquesin the fabrication of Ge detectors and the continuous reduction of radioactive
background achieved steadily since the rst prototypes (PN L-USC and USSB-LBL)
made the Ge detectors areference in the eld of double beta de cay and other rare event
physics phenomena. The effective neutrino mass bound obtained from the neutrinoless
half life limits achieved with Ge detectors has been steadily improving along the last
decades and now, the current most stringent bounds are led by the results obtained with
Germanium experiments (IGEX, H/M). As they are now classical reference results for
neutrinos mass bounds, we will describe them even briey.

Two recent experiments have looked for the double beta decay of ®Ge. They both
employ several kilograms of enriched 76Ge (86%) in sets of detectors. the IGEX Col-
laboration experiment [62] (a set of three detectors of total mass 6.0 kg) in the Can-
franc Underground Laboratory (Spain) and the Heidelberg/Moscow Collaboration ex-
periment [[63] (a set of ve detectors amounting to 11 kg) in Gr an Sasso and 2.1 kg in
the Baksan Neutrino Observatory (Russia). Both experiments were designed to get the
highest possible sensitivity for neutrinoless double beta decay of "°Ge: a large amount
of the "°Ge isotope, in detectors of good energy resolution and very low radioactive
background. Very ef cient shieldings, both active and pass ive, were used in the two
experiments. As aresult, in the case of IGEX the background recorded in the energy
region between 2.0 and 2.5 MeV is about 0.2 c/keV kg y prior to Pulse Shape Dis-
crimination and most of the background in the relevant Q  region of 2039 keV is
accounted for by cosmogenic activated nuclei (*3Ge and ¢°Co). Background reduction
through Pulse Shape Discrimination successfully eliminates multisite events, charac-
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teristic of non-  events, leading to lessthan  0:07c/keV.kg.y. IGEX data corre-
sponding to 8.87 kg y in "®Ge provided (using the statistical estimator recommended
by the Particle Data Group) a half-life lower bound of T2,  1:57  10%y at 90%
C.L. for the complete data set with PSD [64, 65, 66]. Accordingly, the limit on the
neutrino mass parameter is 0.33 1.31 eV. The uncertainties originate from the spread
in the calculated nuclear structure parameters. Data from one of the IGEX detectors,
RG 3 which went underground in Canfranc severa yearsago  corresponding to 291
days, were used to set a value for the 2 -decay mode half-life by simply subtracting
the MC-simulated background. The best t to the stripped dat a corresponds to a half-
lifeTZ, = (1:45 0:20) 10#y. The Heidelberg/Moscow experiment operates ve
p-type HPGe detectors of enriched "®Ge (86%) with atotal active mass of 10.96 kg, cor-
responding to 125.5 mol of "8Ge. The recorded background spectrum of the detectors
of the H/M experiment corresponding to an exposure of 47.4 kg.y substracted by the
MonteCarlo simulation of the background, provides ahalf-lifeforthe (2 ) -decay at
68% C.L. T2, = f1:55  0:01(stat)*Ji2(syst)g 10y in agreement with the IGEX
result. To derive the neutrinoless decay half-life limit from the H/M experiment, the raw
data of all ve detectors as well as data with pulse shape anal ysis are considered. No
indication for a peak at the Q-value (0 ) -decay is seen in none of the two data sets
(the rst 200 d of measurement of each detector were suppress ed, because of possible
interference with the cosmogenic °6Co). Data prior to PSD show a background around
the Q-valueof (0:19 0:1) c/keV.kg.y similar to that of IGEX. Both background gures,
in IGEX and H/M, together with nthe recent results of CUORICINO to be reported later
are the lowest ever obtained without using discrimination mechanisms. The set of H/M
data analyzed with PSD correspondsto 35.5 kg.y of exposure and its background in the
energy region between 2000 and 2080 keV is (0:06  0:01)counts/(keV.kg.y). Follow-
ing the method proposed by PDG, the limit on the half-lifeis[67 T2, 1.9 10%®
y at 90% C.L. No evidence for neutrinoless DBD has been reported so far [2, 18, 1, 58]
with the exception of the claimed discovery of the decay of "®Ge reported by a sub-
set of the Heidelberg-Moscow collaboration [68]. This claim has been contested by
various authors [[72, [73] and aso by other members of the same Heidelberg-M oscow
Collaboration [[74]. A new analysis in favour of the previous claim has however been
published recently [159, [75]. After a new statistical analysis of the same set of data,
some of the authors of the H/M collaboration conclude [68, 69, [70, [71] that there exists
evidence of a neutrinoless double beta peak. Thisresult has been very widely contested
(23,72, [73,[74].

Another technique, this time of the detector-different-from-source type, employs
Time Projection Chambers. An example of a TPC, successfully operated along many
years, was the Time Projection Chamber of the UC Irvine group which played an his-
torical rolein the discovery of the conventional double beta decay. It was a rectangular
box Iled with helium and located underground at 290 m.w.e. ( Hoover Dam). A cen-
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tral source plane divides the volume into two halves, whereas a magnetic eld is

placed perpendicular to the source plane. Electrons emitted from the source follow
helical trgectories from where the momentum and the angles of the -particles are de-
termined. The  signa isrecognized as two electrons emitted from a common point
in the source, with no other associated activity, during some time before and after the
event. The  source is thin enough (few mg/cm?) to allow -particles to escape and
be detected for tagging the background. The UCI TPC series of experiments, nished

morethan ve years ago, had the merit of having obtained the rst direct observation of
the double beta decay (32Se). They also successfully measured the two-neutrino double
beta decay of 1Mo, *°Nd and “¢Ca.

The NEMO series of detectors are [[76, [/ 7, [78] €lectron tracking devices (with open
Geiger cells) Iled with helium gas. An external calorimete r (plastic scintillator) covers
the tracking volume and measures the  energies and time of ight. The source
is placed in a central vertical plane and is divided in two haves, one enriched and
another of natural abundance (of about 150 grams each), to monitor and subtract the
background. To identify a  signal, one should have a 2e-track with a common ver-
tex (cos < 0:6) in the source plus two red plastic scintillators (E deposi tion>200
keV each). The two-electron events are selected by time of i ght analysis (in the en-
ergy range of ). For instance, NEMO 2 has been operating for severa years at the
Modane Underground Laboratory (Frejus Tunnel) at 4800 m.w.e and has measured the

(2 ) decays of ®Mo, 11¢Cd, 8Se and %Zr. A new, bigger detector of the NEMO
series, NEMO 3, has recently started its data taking with sources of up to 10 kg of 1Mo
and other emitters[79].

The ELEGANTS V detector of the University of Osaka (placed successively in
Kamioka and Oto) is an electron tracking detector which consists of two drift cham-
bersfor -trgectories, sixteen modules of plastic scintillatorsfor energies and timing
measurement, and twenty modules of Nal for X- and -raysidenti cation. The sig-
nals should appear as two tracks in the drift chamber with the vertex in the source plus
two signalsfrom two plastic scintillator ssgments. Both enriched and natural sources (of
about 100 grams) are employed in the detector for background monitoring and subtrac-
tion. This detector has measured the (2 ) decay of 1*¢Cd, 1°°Mo, and several other
emitters [80]. A new variant of ELEGANTS is searching for the double beta decay of
48Ca

The Caltech/PSI/Neuchatel Collaboration [[81, 182] has investigated the double beta
decay of 1¥Xein the Gotthard Tunnel (3000 m.w.e.) by using atime projection chamber
where the Xenon, enriched up to 62.5% in **¢Xe, with a total mass of m=3.3 kg, was
both the source and the detector medium, i.e. a calorimeter plus a tracking device. It
had acylindrical drift volume of 180 ducid litresat apres sureof 5atm. The  signd
appears as a continuous trajectory with distinctive end features: alarge angle multiple
scattering and increase charge deposition (charge blobs ) at both ends. As usudl, the
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topology gives powerful background rejection, leadingtoa gureof B 10 !
10 2 c/keV kgy (at 2480 keV).

Other results worth mentioning are those of the ITEP and Florence-Kiev groups.
The ITEP group measured [[83] the double beta decay of 1*°Nd (40 g) with a TPC of

300 litres Iled with CH 4 at atmospheric pressure, in a 700 gauss magnetic eld. On
the other hand, the group of INR at Kiev [84] is investigating the double beta decay of
116Cd with cadmium tungstate (*1CdwWQO,) scintillator crystals.

To conclude this synopsis, TableH summarizes the neutrinoless half-life limits de-
rived in the various experiments. From such neutrinoless half-life limits, one can derive
M ajorana neutrino mass bounds according to the nuclear model chosen. Table[@ shows
the range of bounds derived from the most sensitive experiments.

Emitter  Experiment T2, > C.L.%
“Ca HEP Beijing 1.8 10y 68
%Ge MPIH/KIAE 1.9 10®y 90
IGEX 1.6 10®y 90
825 UC 27 102y 68
NEMO 3 47 102y 90
%7y NEMO 2 1:3 102y 90
Mo LBL/MHC/UNM  2:2 102y 68
UCl 2:6 10%'y 90
Osaka 55 102y 90
NEMO 3 6 102y 90
16Cd  Kiev 1:7 102y 90
Osaka 29 10y 90
NEMO 3 1.6 102y 90
130Te  Milano 21 102y 90

CUORICINO 55 102y 90
13%Xe  Cdtech/lUN/PSI 44 102y 90

13Xe  Rome 1.2 10%y 90
150N UCl 1.2 10%y 90
NEMO 3 1.4 10%y 90

Table 5: Limits on Neutrinoless Decay Modes

3.3 Thermal detector approach to double beta decay

A series of bolometer experiments has been carried out by the Milan group since 1989
in the Gran Sasso L aboratory, searching for the double beta decay of *°Te (sec. §). The
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Experiment jhmij< (eV)
IGEX enrich. ®Ge (0:33  1:35) (6.0kg)
H/M enrich. "°Ge (0:35 1:05) (11kg)
MiDBD nat. 1¥*Te (0:62 3:1) (6.8kQ)

CUORICINO nat. 1°Te (0:38  2:2) (40.7Kg)

Table 6: Current best constraints (upper limits) on jhm 1ij .

working principle of these thermal detectors is explained in sectiond of this Proposal.
This saga of experiments, their development and achievements, are the origin of the
present CUORE proposal. Theincrease in temperature produced by the energy rel eased
in the crystal due to a nuclear event (i.e. ), is measured by means of a sensor in
thermal contact with the absorber. The Milano group has been using Tellurium oxide
crystals as absorbers, and glued NTD Ge thermistors as sensors. Natural Tellurium
contains 34% of 3°Te. After using successively TeO, crystals of 73 g and 334 g, as
well as a set of four of these large crystals, atower-like array of 20 crystals of 340 gin
acopper frameat 10 mK wasinstalled and operated: that was the so-called MiDBD
experiment which successfully got the second best neutrino mass bound (after the Ge
results). Anenlarged version of MiDBD, called CUORICINO (meaning small CUORE)
isnow taking datain Gran Sasso (seele.2 and6.3) and the limits on the effective neutrino
mass obtained in two months only are already the best except from those of the Ge
experiments (Table[g).

3.4 Next generation experiments

The requirements for a next-generation experiment can easily be deduced by reference
to equations (I8 and ([I7). To improve the sensitivity of jhm ij by a factor of 100,
the quantity Nt=S must be increased by a factor of 10*. The quantity N can easily be
increased by afactor of  10? over present experiments, so that t=S must also be im-
proved by that amount. Since practical counting times can only be increased by a factor
2-4, the background should be reduced by afactor 25-50 bel ow the present levels. These
are approximately the target parameters of the next-generation neutrinoless double-beta
decay experiments.

The CAMEO proposal involves placing isotopically enriched parent isotopes at the
center of BOREXINO. One example given involves 65 kg of 8CdWQO, scintillation
crystals. The collaboration predicts a sensitivity of jhm 1j 60 meV, and with 1000 kg
the predictionisjhm ij 20 meV [85].

As aready stated in sec. [, CUORE (sec. [1) is a proposed cryogenic experiment
with 19 towers of 52 detectors, each one being a 750 g TeO, bolometer. It will be the
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only future detector not requiring isotopic enrichment. This means that it would utilize
natural abundance Te, containing 33.8% 13°Te. A detailed description of CUORE, its
performances, sensitivity and physics prospectsis given in the present Proposal. A pilot
experiment CUORICINO comprising one CUORE tower, is now taking data at LNGS
(sectionB.3). With equivalent background, CUORE would be as sensitive as 400-950
kg of Ge enriched to 86% "®Ge, depending on the nuclear matrix elements used to derive
jhm ij . It will be performed in the Laboratori Nazionali del Gran Sasso (LNGS). It has
been already approved by the Scienti ¢ Committee of thislab oratory and itslocation in
Hall A of the same Laboratory has been established.

EXOisalarge proposed TPC, either high-pressure gas or liquid, of enriched **¢Xe.
Thisnovel techniqueinvolves schemesfor locating, isolating, and identifying the daugh-
ter 1*5Ba* ion by laser resonance ionization spectroscopy. EXO is planned as a zero-
background experiment and it is expected to be one of the relevant experiments of the
future. Its plansinclude the use of 1 to 10 tons of Xenon. A program of research and
development is underway at the Stanford Linear Accelerator (SLAC) [86].

GENIUS isaproposal to use between 1.0 and 10 tons of "naked" germanium detec-
tors, isotopically enriched to 86% in "°Ge, directly submerged in alarge tank of liquid
nitrogen functioning both as a cooling medium and a clean shield. Extensive studies
were made based on certain assumptions, measurements, and Monte Carlo simulations.
In Ref. [87,188], the authors claim a sensitivity range of 1-10 meV for jhm ij , using
103-10* kg of enriched Ge. A research and development program is underway in the
Gran Sasso Laboratory to develop the techniques for cooling and operating "naked" Ge
detectorsin liquid nitrogen for extended periods [89, 9Q].

The Mgjorana Project is a proposed signi cant expansion of t he IGEX experiment,
utilizing newly developed segmented detectors along with pulse-shape discrimination
techniques. It proposes 500 ducial kg of Ge isotopically en riched to 86% in "°Ge
in the form of 200-250 detectors. Each detector will be segmented into electrically
independent volumes, each of which will be instrumented with the new PSD system.

The MOON experiment is a proposed mgjor extension of the ELEGANTS experi-
ment. It will utilize between 1 and 3 tons of Mo foils, isotopically enriched to 85% in
100M o, inserted between plastic scintillators. It will have coincidence and tracking capa-
bilitiesto search for (0 ) decay as well as solar neutrinos. This novel technique for
detecting solar neutrinos depends on the special properties of the nuclear decay schemes
of 1Mo and its daughters, allowing both event and background identi cation [91].

Thislist of proposals should produce several experimentswith sensitivitiessuf cient
to actually observe (0 ) decay or obtain stringent upper bounds on jhm ij reaching
the sensitivity range implied by recent neutrino oscillation results. The attainability of
such a goa strongly depends on the true capability of these projects to reach the re-
quired background levelsinthe (0 ) region. An experimental con rmation of the
(often optimistic) background predictions of the various projects (even if extrapolated
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from the results of lower scale successful experiments) is therefore worthwhile and the
construction of preliminary test setups is absolutely needed.

Frequently appearing publications on the subject almost always refer to the impor-
tance of conducting next-generation neutrinoless double-beta decay experiments. A
complete understanding of the neutrino mass matrix depends on three types of data:
neutrino oscillations, tritium beta-decay measurements, and neutrinoless double-beta
decay. Each is analogous to one leg of athree-legged stool, and each is necessary for
the complete picture. The case for a signi cant investment i n next-generation experi-
ments of al three typesis compelling.
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4 CUORE experimental prospects

As discussed in the previous sections, a number of recent theoretical interpretations of
atmospheric, solar and accelerator neutrino experiments imply that the effective Majo-
rana mass of the electron neutrino, jhm ij , expressed in Eq. 5, could be in the range
0.01 eV to the present bounds.

Considering this range, could a next generation (0 ) - decay experiment detect
it? If so, what technique would be the best for a possible discovery experiment? We will
address these questions in an effort to demonstrate that CUORE, an array of 988, 750 g
TeO, bolometers, is one of the best approaches presently available. It can be launched
without isotopic enrichment nor extensive Research and Development (R & D) , and it
can achieve next generation sensitivity.

The CUORE project originates as a hatural extension of the succesfull MiDBD and
CUORICINO %0Te experiments, described before, where for the rst timelarge arrays
of bolometers were used to search for (0 ) - decay. The good results obtained so
far prove that the bolometric technigque although novel is competitive and aternative to
the traditional calorimetric Ge technique. The pertinent details of the detectors of the
CUORE array and its operation at temperatureof 10 mK, as well as the background
issues, electronics, DAQ and data-analysis are discussed in other parts of this proposal.
In the following we will discussthe Physics potential of CUORE regarding Double Beta
Decay, Dark Matter, Solar Axions searches, and other rare processes.

Rare event hysicsis playing asigni cant rolein Particle As trophysics and Cosmol-
ogy. Examples of such rare phenomena could be the detection of non-baryonic particle
dark matter (axions or WIMPs), supposedly 1ling a substant ial part of the galactic ha-
los, nucleon decay or neutrinoless double beta decay. These rare signals, if detected,
would be important evidence of new physics beyond the Standard Model of Particle
Physics, and would have far-reaching consequences in Cosmology. The experimental
achievements accomplished during the last decade in the el d of ultra-low background
detectors have led to sensitivities capable of searching for such rare events. Dark matter
detection experiments have largely beneted from the techn iques developed for dou-
ble beta decay searches. We expect a similar symbiosis also in the case of CUORE
and CUORICINO for which Dark Matter detection will be therefore another important
scienti ¢ objective.

Due to the low rates of the proposed processes, the essential requirement of these
experimentsis to achieve an extremely low radioactive background and large mass. Ac-
cordingly the use of radiopure detector components and shieldings, the instrumentation
of mechanisms of background identi cation, the operation i n an ultra-low background
environment, in summary, the use of the state-of-the-art of low background techniques
ismandatory. In some of these phenomena, as in the case of the interaction of aparticle
dark matter with ordinary matter, a very small amount of energy is deposited, and the
sensitivity needed to detect events within such a range of energies, relies on how low
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the energy threshold of detection is. In addition, to increase the chances of observing
such rare events, a large amount of detector mass is in general needed, and so most
of the experiments devoted to this type of searches are planned to have large detector
mass, while keeping the other experimental parameters (background, energy thresholds
and resolutions) optimized. On the other hand, the recent development of cryogenic
particle detection [92] has led to the extended use of thermal detectors [93, 94] to take
advantage of the low energy threshold and good energy resolution required for the theo-
retically expected thermal signals. This detection technology has a so the advantage of
enlarging the choice of materials which can be used, either as DM targetsor ~ decay
emitters. After along period of R& D to master the techniques used in cryogenic particle
detectors, low temperature devices of various types are now applied to the detection of
double beta decay or particle dark matter [95]. A maor example of this development
were the MiDBD (Milano Double Beta Decay) experiment (sec. &2), which success-
fully operated a 20 TeO, crystal array of thermal detectors of atotal mass of 6.8 kg and
CUORICINO discussed below. With the objective of going to larger detector masses
and of improving the sensitivity achieved in the smaller arrays, the CUORE (Cryogenic
Underground Observatory for Rare Events) project [96, 97] was born some years ago
as asubstantial extension of MiDBD. The objective of CUORE isto construct an array
of 988 bolometric detectors with cubic crystal absorbers of tellurite of 5 cm side and of
about 750 g of mass each. Thecrystalswill be arranged in a cubic compact structure and
the experiment will be installed in the Gran Sasso Underground L aboratory (LNGS).

The materia to be employed rst is TeO ,, because the main goal of CUORE is to
investigate the double beta decay of **°Te, although other absorbers could also be used
to selectively study several types of rare event phenomenology as it will be discussed
later. Apart fromthe MiDBD experiment, already completed, asmaller and intermediate
stage of CUORE, CUORICINO ispresently taking dataat LNGS. It consists of 44 cubic
crystals slighly larger with respect to those foreseen for CUORE (790 g) and 18 smaller
crystals (330 g) for a total mass of 40.7 kg. CUORICINO is, by far, the largest
cryogenic detector on the stage. Its early results are excellent (see section B.3) and
represent the most el oquent demonstration of the CUORE feasibility.

In the following, the Physics Potential of the CUORE experiment with respect to its
double beta decay discovery potential and its detection capability of WIMP and axions
is presented. For this purpose, we will rely on the CUORE background expected sensi-
tivity described in other sections of this proposal (&3 and[I4) and tested with the results
already obtained in CUORICINO.

In CUORICINO a background improved by a factor 1.5 with respect to the one
measured in MiDBD-II has been observed inthe (0 ) region. The analysis of the
low energy region, relevant for dark matter search, has not been completed but we
expect a similar improvement there also. For what concerns CUORE on the other
hand, MiDBD and CUORICINO have shed light on how the background contami-
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nation dominating the two regions of interest is mostly the intrinsic background due
to bulk and surface contaminations of the constructing materials. With the presently
achieved quality of low contamination materials and considering the worst possible con-
dition for bulk contaminations (i.e. al the contamination equal to the present 90%/,C.L.
measured upper limits) we proved that the corresponding contribution to the CUORE
background will be 0.004 counts/(keV kg y) a the (0 ) transition energy and

0.025 counts/(keV kg d) near threshold (section[I4)). Even at these conservative val-
ues therefore, bulk contaminationswill not represent a problem for CUORE sensitivity.
A larger background contribution is however expected when extrapolating to CUORE
the surface contributions measured in CUORICINO. A dedicated R&D aiming at re-
ducing the radioactive surface contaminations of the detector structure (mainly copper)
istherefore required. A reduction by an order of magnitude of the surface contributions
seems attainable in a reasonable time (less than 2 years) by simply improving the sur-
face cleaning procedures used for CUORICINO (e.g. by using cleaner solutions). This
would be enough to reduce the (0 ) background contributions to the level of few
counts/keV/ton/y. Further improvements are still possible (e.g. active surface bolome-
ters) and are considered by the CUORE collaboration as part of a second R&D phase
aiming at an even better sensitivity bothfor (0 ) and dark matter searches (sec. [15).
In particular, the goal of this CUORE technical R&D will be the reduction of back-
ground to the level of 0.001 counts/(keV kg y) at the (0 ) transition energy and
to 0.01 counts/(keV kg d) at threshold. The potential of the experiment in this back-
ground con guration will aso be discussed.

Regarding the expected threshold and resolution, energy thresholdsof 5 keV and
energy resolutions lower than 1 keV at the 46 keV line of 2*°Pb were obtained in some
test measurements carried out at LNGS ("Hall C" setup) for the early CUORE R&D
program [[98,/99]. We will assumetherefore conservativevaluesof 10 keV for the energy
threshold and of 1 keV for the energy resolutions at threshold, as observed in MiDBD
and CUORICINO. As far as the energy resolutions obtained in the double beta decay
region, values of 3 keV at 2615 keV were achieved in some of the above mentioned
test measurements. On the other hand, a 9 keV average value has been measured in
the CUORICINO calibration spectra. A possible energy resolution interval of 5-10 keV
(taking into account possible improvementsin the foreseen CUORE R& D, sec. [19) will
be therefore assumed for CUORE.

Taking into account these expectations, we discuss in the following the prospects
of CUORE for double beta decay searches, for WIMP detection, for solar axion explo-
ration and for searches on rare nuclear events.

4.1 Double beta decay prospects

The main scienti ¢ objective of the CUORE detector is the sea rch for the neutrinoless
double-beta decay of the 13°Te isotope contained in the (natural) TeO, crystals.
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In fact, cryogenic thermal detectors provide several double-beta nuclel to be ex-
plored in "active" source/detector calorimeters as it will be discussed later. Some of
them have been tested and others are already in running detectors, like “Cain CaF,,
130Te in TeO,, and 18Cd in CdWO,. As far as the Tellurium Oxide is concerned, the
130Te isotope is a good candidate for double beta decay searches: itsisotopic content in
natural Telluriumis33.87%, andits  Q-value(Q = 2528:8 1:3keV) isreasonably
above the main radioimpurity lines when looking for a neutrinoless signal. Moreover,
this Q-value happens to be between the peak and the Compton edge of the 2615 keV
line of 28T, which leaves a clean window to look for the signal. Finally, it has afairly
good neutrinoless nuclear factor-of-merit Fy (sec.Z3). Itisin fact apparent (tab.§) that,
no matter which nuclear model is used to compute the neutrinoless double-beta decay
matrix elements, the nuclear factors of merit of 3*°Te are a factor 5 10 more favorable
than those of "®Ge (the emitter where the best neutrinoless double beta decay half-life
limits have been achieved so far). Thistranslatesinto a factor 2 to 3 better as far as the
jhm ij (Mgjorana neutrino mass parameter) bounds are concerned.

The detector factor-of-merit F, (eq. (I7)), or detection sensitivity, introduced earlier
by Fiorini, provides an approximate estimate of the neutrinoless haf-life limit (1 )
achievable with a given detector. Inthecaseof a5 5 5cm® TeO, b@f)meters (for

whichthe (0 ) detector ef ciency is0.86) wehave F)  7.59 102 M! with M
the crystal mass in kg and B the background in counts per keV per year and per kg of
detector mass.

To demonstrate the full CUORE physics potential, let us evaluate Fp according to
our conservative projection for the CUORE array (750 kg of TeO, ). As described
above, a background of B=0.01 c/keV/kg/y would be achievable with a slight improve-
ment of the current available material selection and cleaning techniques (sections[I2.7],
I8 and [14) and exploting the possibility to build a dedicated cryostat with low activ-
ity materials and effective shields (sec. B). %c;gjming na ly angnergy resolution (2.5
MeV)=5keV, wewouldget FY of 9.4 10®" tyears(6.5 10® tyearsfor =10keV),
whichin t years of statistics would provide jim ij boundsin the range 0.036 0.2t
eV (according to QRPA models Fy predictions, tab. [J). However, the R&D to be car-
ried out in CUORE, if successful, would provide a value oflg 0.001 c/keV/kgly, i.e. a
detection sensitivity of Fp 2.96 10?°" tyears (2.1 10°" tyearsfor =10 keV), or
jhm ij boundsintherange 0.020.11t **eV. TeO, crystalsmade with **°Te enriched
material have been already operated in MiDBD and CUORICINO, making an enriched
CUORE a feasible option (sec. 7). Assuming a 95% enrichment in 3°Te and a bagk-
ground level of b=0.001 c/keV/kgly, the sensitivity would become Fp 8.32 10%" t
years. For an exposure of 5 years, the corresponding jhm 1j bounds would range from
8 meV to 45 meV depending on the nuclear matrix element calculations.
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4.2 Other physicswith CUORE

Even if double beta decay, particularly in its neutrinoless channel, is the main scienti ¢

aim of CUORE, other interesting searches can be tackled with this massive detector. For
instance, as stressed above, dark matter detection experiments have largely bene tted in

the past from the techniques devel oped for doubl e beta decay searches and we havevalid
motivations to expect such a symbiosis aso in the case of CUORE and CUORICINO.
A number of other searches for rare processes (rare nuclear and decays, electron
and nucleon stability, etc.) could however take advantage of the large mass and low
background of CUORE. We will discuss in the following, the potential of CUORE for
such searches.

421 WIMP detection

Recent cosmological observations [100] provide compelling evidence for the existence
of an important component of non-baryonic cold dark matter in the Universe. Among
the candidates to compose this matter, Weakly Interacting Massive Particles (WIMPs)
and axions are the front runners. The lightest stable particles of supersymmetric theo-
ries, like the neutralino [[101], constitute a particular class of WIMPs.

Under the hypothesisthat WIMPS are the main component of the dark matter, these
particles should |l the galactic halos and explain the at r otation curves which are ob-
served in spiral galaxies. The detection of such particles could be attempted both by
means of direct and indirect methods. The direct detection of WIMPsrelies on the mea-
surement of their elastic scattering off the target nuclei of a suitable detector[95]. The
non relativistic and heavy (GeV TeV) WIMPs could hit a detec tor nucleus producing
anuclear recoil of afew keV. Because of the small WIMP-matter interaction cross sec-
tions the rate is extremely low. In the case of SUSY WIMPs, most of the cross section
predictions [[102, 103, [104] (derived using MSSM as the basic frame implemented with
different uni cation hypothesis) encompass a range of valu es severa orders of magni-
tude (the so-called scatter plots) providing rates rangingfrom 1 c/kg/day downto 10 °
c/kg/day according to the particular SUSY model.

It iswell known that the predicted signal for the WIMP elastic scattering has an ex-
ponentially decaying energy dependence, hardly distinguishable from the background
recorded in the detector. The simple comparison of the theoretical WIMP spectrum
with the one experimentally obtained, provides an exclusion curve (at a given con -
dence level), as dark matter component of the halo, of those WIMPs with masses (m)
and cross sections on nucleons () which yield spectra above the measured experimen-
tal rate. To claim a positive identi cation of the WIMP, howe ver, a distinctive signature
isneeded. Theonly identi cation signals of the WIMP explor ed up to now are provided
by the features of the Earth’s motion with respect to the dark matter halo. In particular,
the annual modulation [105] is originated by the combination of the motion of the solar
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system in the galactic rest frame and the rotation of the Earth around the Sun. Due to
this effect, the incoming WIMP velocities in the detector rest frame change continu-
ously during the year, having a maximum in summer and a minimum in winter in the
northern hemisphere. Therefore the total WIMP rate changes in time with an oscillating
frequency which corresponds to an annual period and a maximum around the beginning
of June.

The relative annual variation of the signal is small (a few percent) so in order to
detect it one needs large detector masses to increase statistics and severa periods of
exposure to minimize systematics. Several experiments have aready searched for this
effect [[106, [107, [108] and since 1997 the DAMA group has reported a positive signal
[109] which has been appearing throughout four yearly periods. Recently, the DAMA
experiment has extended up to seven yearly periods the annual modul ation effect, which
standsnow at 6.3 level [110]. The present situation is no doubt exciting. On one hand
that result has triggered an intense activity in the eld; on the other, the experimental
sensitivities of various types of underground detectors are entering the supersymmetric
parameter space [103] and in particular several of them [111), 112, 113, [114] are ex-
cluding, to alarger or lesser degree (within standard framework models), the region of
mass and cross-section where the reported WIMP is supposed to exist. Thisis partic-
ularly true after the recent results of the CDM S experiment [115] whose disagreement
with DAMA is statistically more signi cant. It isthen compu Isory to explore this effect
with other nuclear targets, and that will be one of the purposes of CUORE. We will
discuss in the following the capabilities of CUORE to exclude or detect WIMPs using
the total time-integrated experimental rate and comparing it with the predicted nuclear
recoil rate. To look for the annual modulation signal in CUORE, which in principle
has enough mass to be sensitiveto it, one needs to know its stability performance. The
analysis of the CUORE potentia for annual modulation searches will be performed -
following statistical consideration- (see Ref. [116]), with the proviso that systematic
uncertainties are under control. Data on the stability of CUORICINO will be crucia to
assess such hypotheses.

To calculate the theoretical WIMP rate, standard hypothesis and astrophysical pa
rameters are assumed, i.e., that the WIMPs form an isotropic, isothermal, non-rotating
halo (theisothermal spheremodel) of density = 0:3 GeV/cm?®, which hasamaxwellian
velocity distribution with v = 270 km/s (with an upper cut corresponding to an es-
cape velocity of 650 km/s), and arelative Earth-halo velocity of v, = 230 km/s). Other,
more elaborated halo models, which have been considered recently [[117] would lead to
different results. The same applies when other astrophysical parameters are employed
or when uncertainties in the halo WIMPs velocity distribution are included [118]. The
theoretical predicted rate is expressed in terms of the mass and cross-section of the
WIMP-matter interaction. The cross sections are normalized per nucleon assuming a
dominant scalar interaction, as is expected, for instance, for one of the most popular
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Figure 2. Exclusion projected for 1 year of CUORE assuming a threshold of 10 keV,
alow energy resolution of 1 keV, and low energy background levels of 0.05 and 0.01
c/keV/kg/day respectively. The dashed line corresponds to the MiDBD result.

dark matter candidates, the neutralino:

N — n A? N (20)

where A isthe target (oxygen and tellurium) mass number, 3.\, isthe WIMP-nucleus
reduced mass, and ., the WIMP-nucleon reduced mass. The Helm parameterization
[119] is used for the scalar nucleon form factor. The (m; ) exclusion plot is then
derived by requiring the theoretically predicted signal for each m and in each energy
bin to be less than or equal to the (90% C.L.) the Poisson upper limit of the recorded
counts. The bin width is assumed to be equal to the detector resolution.

In Fig. 2, the exclusion plots for coherent spin-independent WIM P-matter interac-
tion are shown for two possible values of the background of CUORE: 0.05 and 0.01
c/keV/kg/dayl and 0.1 which we expect to be attainable after a dedicated R& D directed
to improve the detector performance in the low energy region.

Notice, moreover, that values of afew 0.01 c/keV/kg/day have been obtained above
10 keV in the raw spectra of Germanium experiments (e.g. IGEX [113]) without using
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mechanisms of background rejection, and so it does not seem impossibleto achieve such
equivalent small values in crystal thermal detectors of tellurium (with only phonons,
and no discrimination mechanism). To draw the two exclusion contours of Fig. [, alow
energy resolution of 1 keV, an energy threshold of 10 keV, the two quoted values of the
background of CUORE (0.05 and 0.01 c/keV/kg/day) and an exposure of 1 year (750
kg year) have been assumed.

As previously noted, CUORE is characterized by a detector mass large enough to
search for the annual modulation signal. Asitiswell known, an essential requirement to
estimate the prospects of any detector to search for annual modulation isto have a superb
control of systematic errors and to assure that the stability of the various experimental
parameters, which might mimic periodic variations of the signals, are kept within a
small fraction of the (already small) expected signal. The various changes of the set-
up, crystals and shielding of the MiDBD experiment have not provided a de nitive
estimation of thelong-term stability parameters of MiDBD:; it will be however measured
in CUORICINO. Possible instahilities are that of the electronic gain and the ensuing
time uctuation of the energy scale (both in energy threshol ds and energy resolutions),
the temperature variations, the possible uctuation in tim e of the ef ciency with which
the triggered noise is rejected.

Thefact that we are dealing with asignal depending on time, which typically amounts
to a fraction between 1% and 7% of the average count rates, reinforces the need for a
control of the stability of the experiment well below that range over long periods of
time.

When assuming that all these uctuationsare controlled wel | below thelevelsneeded
(<1%), then one can proceed to anayze the sensitivity of CUORE to the annua mod-
ulation signal on purely statistical grounds. This has been rst attempted in [120] and
[121], but a more extensive and rigorous approach is followed in ref. [[116] where sen-
sitivity plotsfor several types of detectors (and experimental parameters) are presented.

Following the guidelines of that reference, the sensitivity of a given experimental
device to the annual modulation signal can be precisely quanti ed by means of the
parameter, de ned from the likelihood function or, equival ently, fromthe 2 function of
the cosine projections of the data (for further details see ref. [116]):

2 = Y( =0) VYmin ~ 2( =0) Enin: (21)

This parameter measures the statistical signi cance of the modulation signa de-
tected in an experimental set of data. However, for a given (m; ) and a given exper-
iment, the expected value h 2i can be estimated using the expression derived in ref.
[116]:

Xg (- 2
h 2i — } Sm,k( ,mW) EkMT +92 (22)

2 K bk + SO;k
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Figure 3: The solid lines represent the sensitivity plot in the (m; ) plane for CUORE,
assuming a threshold of 10 keV, two years of exposure (1500 kg year) and at back-
grounds of 0.05 and 0.01 c/keV/kg/day. It has been calculated for h 2i = 5.6 (see the
text). The sensitivity curve has been also calculated for a possible threshold of 5 keV
with abackground of 0.01 c/keV/kg/day (dashed line).

where S« and Sy« are the modul ated and non-modulated parts of the WIMP signal in
the kth energy binof  Ey width, b, isthe background in that energy binand MT the
effective exposure, being  a coef cient accounting for the temporqbdistri bution of th e
exposure time around modulation maximaand minima( = 1=n ., cos® I(t; to)
for n tempora bins).

Using this equation we have estimated the region that could be within reach for
CUORE with the above mentioned assumptions on the background levels. We have
xed avalue of 5.6 for h 2i that corresponds to 50% probability of obtaining a positive
result at 90% C.L. In gure 8Lurves are shown obtained for ath reshold of 10 keV, two
years of exposure and two assumed at backgrounds of 0.05 and 0.01 c/keV/kg/day
(solid lines). The possibility of alower threshold of 5 keV with a background of 0.01
c/keV/kg/day is also shown (dashed line).

In conclusion, CUORE will be able to explore (and/or exclude) WIMPs lying in
large regions of their parameter space.

The capability of CUORE to investigate the DAMA region through the exclusion
plot (time integrated method) relies on getting a background of 0.1 c/keV/kg/day from



4 CUORE EXPERIMENTAL PROSPECTS 40

10 keV onwards, independently of more elaborated time modulation methods which
require an exhaustive control of the stability of the experiment. However, CUORE
could also attempt to look for annual modulation of WIMP signals provided that the
stability of the experiment is suf cient.

We would like to note in addition that the nuclei of Tellurium are totally different
from those of Germanium and close in atomic number to lodine. The ground state of
93% of the Te nuclei is 0". Comparison among the results from these nuclel seems
therefore very interesting.

4.2.2 Solar axion detection

Axions are light pseudoscalar particles which arise in theories in which the Peccel-
Quinn U(1) symmetry has been introduced to solve the strong CP problem [122]. They
could have been produced in early stages of the Universe being attractive candidates for
the cold dark matter (and in some particular scenarios for the hot dark matter) respon-
sible to 1/3 of the ingredients of a at universe. Dark matter axions can exist in the
masswindow 10 2@ eV <m, 10 % eV, but hadronic axions could exist with masses
around the eV.

Axions could also be copiously produced in the core of the stars by means of the
Primakoff conversion of the plasmaphotons. In particular, anearby and powerful source
of stellar axions would be the Sun. The solar axion ux can be e asily estimated [123,
124] within the standard solar model, resulting in an axion ux of an average energy of
about 4 keV that can produce detectable X-rays when converted in an electromagnetic
eld. We would like to stress that, although we focus on the ax ion because its special
theoretical motivations, al this scenario is also valid for any generic pseudoscalar (or
scalar) particle coupled to photons [[125]. Needless to say that the discovery of any type
of pseudoscalar or scalar particle would be extremely interesting in Particle Physics. We
will keep our discussion, however, restricted to the case of solar axions.

Single crystal detectors provide a simple mechanism for solar axion detection [[124,
126]. Axions can pass in the proximity of the atomic nuclei of the crystal where the
intense electric eld can trigger their conversion into pho tons. The detection rateis en-
hanced if axions from the Sun coherently convert into photonswhen their incident angle
with agiven crystalline plane ful lIsthe Bragg condition. Thisinduces a correlation of
the signal with the position of the Sun which can be searched for in the data and allows
for background subtraction.

The potentiality of Primakoff conversion in crystals relies in the fact that it can
explore arange of axion masses (m, = 0:1 keV) not accessible to other direct searches.
Moreover it is a relatively simple technique that can be directly applied to detectors
searching for WIMPs.

Primakoff conversion using a crystal lattice has already been employed in two ger-
manium experiments. SOLAX [127] and COSME-II [[128] with the ensuing limits for
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axion-photon coupling g, <27 10 °GeV 'andg, <28 10 °GeV !re
spectively. Also the DAMA collaboration has analyzed 53437 kg-day of data of their
Nal set up [[129], in asearch for solar axions, following the techniques developed in ref.
[130], where a calculation of the perspectives of various crystals detectors (including
Nal) for solar axion searches has been made. The DAMA resultg, < 1:7 10 °
GeV !improvesslightly the limits obtained with other crystal detectors [127,128] and
agrees with theresult predicted in ref. [130]. These "crystal helioscopes’ constraints are
stronger than that of the Tokyo axion helioscope [131] for m, = 0:26 €V and do not
rely on astrophysical considerations (i.e. on Red Giants or HB stars dynamics [132]).
The orientation of the crystal was not known so that the data were analyzed taking the
angle corresponding to the most conservative limit.

It has been noted that the model that yieldsthe solar axion u xesused to calculatethe
expected signalsis not compatible with the constraints coming from helioseismology if
Ja > 10 ° GeV ![133]. Thiswould imply a possible inconsistency for solar axion
limits above that value, and setsaminimal goal for the sensitivity of future experiments.

The use of CUORE to search for solar axions via Bragg scattering should have some
advantages with respect to germanium detectors, because of the higher Z, larger mass
and known orientation of the crystals. Since the cross-section for Primakoff conversion
depends on the square of the atomic number, TeO, will be a better candidate than Ger-
manium. Needlessto say that alow energy threshold is mandatory because the expected
signal liesin the energy region 2 keV < E < 10keV andispeaked at E ~ 4 keV. As
for dark matter searches, this will of course require speci ¢ R&D directed to a better
performance in the low energy region.

A detailed analysis has been performed [130] for a TeO, crystal (which has atetrag-
onal structure [[134]) assuming different values for the experimental parameters. Asit
isshown in Ref. [130], the bound on axion-photon coupling which a given experiment
can achieve can be estimated through the expression:
1=8

b k_g years
c=keV=kg=day M T

where k depends on the crystal structure and material, as well as on the experimental
threshold and resolution. For the case of TeO, and a threshold of 5 keV, k has been
calculated to be k = 2:9 assuming an energy resolution of 1 keV. The computation of
this expression for some assumed values of the experimental parameters is shown in
table[dfor CUORE. Flat backgrounds and 2 years of exposure are assumed.

It is worth noticing the faible dependence of the ultimate achievable axion-photon
coupling bound on the experimental parameters, background and exposure M T: the 1/8
power dependence of g, on such parameters softens their impact in the nal result.
The best limit shown in table[d is in fact only one order of magnitude better than the
present limits of SOLAX and COSME-II. Theg, bound that CUORE could provide

10 °GeV ! (23)

0a <Ga" Tk
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Figure 4: Best bound attainable with CUORE (straight line labelled "CUORE") com-
pared with others limits.
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is depicted comparatively to other limitsin gure 41

Mass Resolution Threshold Background g™ (2 years)

kg)  (keV) (keV)  (ckgkeViday)  (GeV 1)
750 1 5 0.01 65 10 1
750 1 5 0.05 8.0 10 10

Table 7: Expected limits on the photon-axion coupling for 2 years of exposure of
CUORE assuming the quoted values for the experimental parameters

The limit which can be expected from CUORE is better than the helioseismological
bound mentioned before (see Figureld and Table[d). Notice that in both cases an energy
threshold of Ey,, 5 keV (and resolution of 1 keV) has been assumed. As was de-
scribed at length in Ref. [[130], the crucial parameters for estimating the perspectives on
solar axion detectors with crystals rely on the energy threshold and resolution (appear-
ingink), and thelevel of background achieved (although thein uen ce of this parameter
is damped by a factor 1/8). In particular, a threshold of 5-8 keV would loose most of
the axion signal. Other crystal detectors with, say, Ge or Nal (GENIUS, MAJORANA,
GEDEON, DAMA, LIBRA, ANAIS, ...) could surpass CUORE as axion detectors
because the energy thresholds of these projects are supposed to be signi cantly lower.
Also the background is expected to be better.

Nevertheless, it should be stressed that the bounds on g,  obtained with this tech-
nique in the various proposed crystal detector arrays stagnate at afew 10 *° Gev 1,
not too far from the goa expected for CUORE, as has been demonstrated in [[130].
There are no redlistic chances to challenge the limit inferred from HB stars counting
in globular clusters [132] and a discovery of the axion by CUORE would presumably
imply either a systematic effect in the stellar-count observations in globular clusters or
a substantial change in the theoretical models that describe the late-stage evolution of
low-metallicity stars. To obtain lower values of g,  one should go to the magnet he-
lioscopes like that of Tokyo [131] and that of CERN (CAST experiment [[135] currently
taking data).

In particular, until recently the best experimental bound of g, published came
from the Tokyo helioscope: g. 6 10 °Gev !form, . 0:03 eV andg,

6:8 10:9 10 °GeVv form, 0:05 0:27 eV. Thesensitivity of CAST issupposed
to provide a bound g, 5 10 1 GeV ! orevenlower. A recent run of CAST has
improved the Tokyo limit with a bound g, 3 10 °form, 0:05eV.

4.2.3 Searchesfor other rare processes

Searches for rare atomic or nuclear events have provided and are going to provide a
very rich harvest of important results, some of them probably beyond our imagination.
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We believe that the technique of massive thermal detectors is particularly suitable to
search for many of them, but we present here only a few examples just to stimulate our
theoretical friends to suggest others.

Electron stability Searcheson thisdecay [136], can represent an important by-product
for CUORE. An inclusive experiment on this process can be carried out by detecting the
disappearance of an atomic electron followed by the consequent decay (or series of de-
cays) of the outer-shell electrons to Il the vacancy left by this disappearance. These
searches, which have relevance aso in connection with charge conservation and Pauli
principle validity, can be carried out by looking for sharp lines corresponding to decays
in the atomic tellurium structure. The exclusive charge violating decay of an electron in
aneutrino and a photon can be reveal ed by the presence of peak at 255 keV, spread how-
ever by the Doppler broadening of the atomic electron motion. Even if not fully exploit-
ing the excellent energy resolution of CUORE, this decay can be ef ciently searched,
due to the large mass and low background expected for this detector.

Nucleon stability CUORE cannot obviously compete with the various experiments
speci cally designed to investigate speci ¢ channels of th is decay [137]. It can how-
ever provide competitive results on the inclusive decays of a proton or neutron through
the search for delayed coincidences between the nucleon decay signature (e.g. high
energy releases by nucleon decay products or prompt ’s from nuclear re-arrangement
processes) and possible unstable produced nuclei. Possible nucleon decays leading to
the production of unstable nuclei emitting gamma rays are listed in Table@@ . Delayed
gamma rays emitted in these secondary decays could be detected in nearby crystals. If
the half-lifetime of the unstable produced nuclel would be reasonably short an effective
coincidence selection could be applied.
Unusual decay modes(e.g. n ¥ 3 ) have been recently suggested as possible dominant
modes [[138]. The CUORE unique capabilities for the detection of prompt low energy
rays following such "invisible" decay channels could prov ide competitive sensitiv-
ities for the search of these decay modes which may have been missed by previous
dedicated experiments. In particular, results from CUORE can be complementary to
those recently obtained by the SNO collaboration.

Rare beta processes

13Cd An experiment carried out with alarge CAWO, crystal [139] has determined the
transition energy and lifetime of this nucleus and measured for the rst time the
shape of the beta spectrum. The study of this transition was aso repeated |ater
by exploiting the scintillating properties of CdWO, [140]. These results, can be
further improved if alarge CdWO, would be inserted into the CUORE detector.
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Table 8: Possible nucleon decays leading to unstable nuclei characterized by the emis-

sion of gammarays.

Nucleus Abundance% Decay Product Lifetime GammaRays (keV)
120Te 0.096 p 19gn 38.1h 24
n 19Te 16 h 644.
19mTe  4.69d 154, 1213, 271
122Te 2.6 n 121Te 16.8d 573, 508
12lmTe 154d 1102, 37
123Te 0.908 p 122gy 2.72d 564
12mgy 4191 m 61, 76
124Te 4.816 n 12mTe  119.7d 159
125Te 7.14 p 124G 60.2d 603, 1691, 773
l2amgh  20.2m 603, 946, 498
126Te 18.95 n 1MTe 58d 36
128Te 31.69 p 1279 3.84d 686, 474, 784
n 1271Te 9.4h 418, 380
12imTe 109d 58
130Te 33.8 p 129Gy 4.4h 813, 915, 545
129mgh  17.7m 760, 658, 434
n 129Te 1.16h 460, 28
19mTe  33.6d 696

123Te Evidence for the existence of the second forbidden electron capture of this nu-
cleus has been reported by various authors. An experiment recently carried out
by the Milano group [[141] has shown that these evidences could be simply mim-
icked by other background effects and that this decay has actually never been
found. The reported values of the haf-lifetime for this decay have therefore to
be still considered only as lower limits. The discovery of this decay in CUORE
would have relevant implications in nuclear structure theory [142].

Rare alpha decays

209Bj A search for the possible decay of this naturally occurring isotope of Bismuth,
commonly regarded as the heavier stable nucleus, was proposed in our previous
letter of intent. Recently, however a bolometric experiment [[143] has detected
the decay of this nucleus with a lifetime of (1:9
measurements and a better study of this decay could be carried out in CUORE.

0:2) 10% years. Better

180\ This nucleus can energetically  decay into *"®Hf. Indication of thisrare decay
was obtained with conventional detectors [144] but unambiguously detected for
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the rst time thanks to the simultaneous measurement of phon on and light signals
with the CRESST cryogenic detectors [145] (T, = (1.8 0.2) 10¥y Q=
(2516.4 1.1(stat.) 1.2(sys.)) keV ). Thisand other rare nuclear aphadecays
could be investigated with great accuracy in CUORE.
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5 Principlesof operation of TeO, bolometers

Inavery naive approach athermal detector isasensitive cal orimeter which measuresthe
energy deposited by asingle interacting particle through the corresponding temperature
rise.

This is accomplished by using suitable materials (dielectric crystals, superconduc-
tors below the phase transition, etc.) and by running the detector at very low tem-
peratures (usually below 100 mK) in a suitable cryostat (e.g. dilution refrigerators).
According to the Debye law, in fact, the heat capacity of asingle dielectric and diamag-
netic crystal at low temperature is proportional to theratio (T= p)° ( p isthe Debye
temperature) so that, providing that the temperature is extremely low, a small energy
release in the crystal resultsin a measurable temperature rise.

This temperature change can be measured by means of a proper thermal sensor.

A low temperature detector (LTD or bolometer ) consists th erefore of three main
components (FigH (a)).

Particle absorber : it is the sensitive mass of the device where the particles deposit
their energy. The absorber material can be chosen quite freely, the only require-
ments being, in fact, alow heat capacity and the capability to stand the cooling in
vacuum. The absorber can therefore be easily realised with materials containing
any kind of unstable isotopes and many interesting searches are therefore possible
(e.g. beta decay spectroscopy, neutrinoless double beta decay and dark matter).
The absorber mass can range from few micrograms to almost one kilogram.

Temperature sensor : it represents a crucial element of the thermal detector needed
to measure the temperature rise induced by the particle interaction. Among the
variety of thermometers so far developed, doped semiconductor thermistors are
preferred because of their ease of use and the reproducibility with which they can
be produced in large quantities.

Thermal link : it mainly depends on theway the massive crystal isheld to the structure
(heat sink). It in uences the time response of the device.

Absorber masses usually characterize LTD’s applications and can range from few
hundred micrograms (X-ray spectroscopy or neutrino mass direct measurements) to sev-
era hectograms (Dark Matter or DBD searches).

5.1 Basicprinciples of thermal particle detectors

The basic idea behind the thermal detector is very simple [146]. Let us assume that the
detector has a heat capacity C (absorber) in thermal connection with aheat sink (kept at
temperature Ty) through athermal conductance G ( g. &{a)).
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Figure5: Simpli ed model of athermal detector (a) and schem atic read-out of aresistive
thermometer (b)

Let T (t) be the temperature of the absorber as a function of time and let us assume
thata T JT(t) Toj To for all timest, so that C and G can be treated as con-
stants. Then an instantaneous deposition of an energy  E in the absorber givesrise to
atemperature pulse whose time devel opment is described by:

T() = _E exp t with = ¢

c e (24)

AsTmax isgivenby E=C, oneimmediately seesthat, in order to have asigni cant
percentage increase of the temperature (for an energy release in the keV-MeV range) it
is necessary to have a very small heat capacity. As aready stated above, this can be
achieved only operating at very low temperatures.

Very small speci ¢ heats can be attained by exploiting the st rong decrease of the
speci ¢ heat with temperature. The speci ¢ heat of adielect ric and diamagnetic crystal
isinfact due only to lattice contributions [93], with atemperature dependance following
the Debye law

T 3
C(m)= — T< p (25)
D
where =1994J K !mol *and p isthe Debyetemperature of the crystal.

In avery simpli ed model [147]lin which al primary phonons u ndergo the thermal -
ization process, an evaluation of the energy resolution can be obtained. In this case in
fact the energy resolution of the detector is only limited by the thermodynamic uctua-
tions in the number of thermal phonons exchanged with the heat sink, which produces
random uctuations in the energy content of the absorber. Si nce the mean energy of
thermal phononsis KT (k isthe Boltzman constant), the average total number of ther-
mal phonons N is proportional to C(T)/k and, assuming a Poisson statistics, thisimply
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a contribution to the energy resolution given by

r___

N = ?; N = pﬁ:) e= N kT = L;)kT = ka(T)T2 (26)
where isadimensionlessfactor (generally of the order of unity) whose actual value de-
pends on the details of the temperature sensor, of thethermal link and of the temperature
dependance of C(T). It should be stressed that, according to eq. 28, g isindependent
of E, with impressive theoretical expectations even in the ca se of a massive crystal:
aTeO, crystal with amass of 1 kg operating at 10 mK could energy depositions of the
order of few MeV with aresolution of about 20 eV. It should be also stressed, however,
that this thermodynamic limit doesn’t take into account o ther sources of energy uc-
tuations (e.g. metastable electron-hole states or long-lived non thermal phonons) which
participate to the energy deposition process and whose contributions to the energy res-
olution worsening should be therefore minimized. One should in addition take into
account uctuations in the gain due to temperature instabil ities which could normally
worsen the resolution.

5.2 Semiconductor thermistors

Thermistors are heavily doped high resistance semiconductors, with an impurity con-
centration dlightly below the metal-insulator transition [[148]. Good thermistors require
a higly homogeneous doping concentration (see sedZ.3) which is achieved, in the case
of NTD (Neutron Transmutation Doped) thermistors, by means of thermal neutron ir-
radiation throughout the entire volume [149] (sec. [Z2). The eectrical conductivity of
these heavily doped semiconductors strongly depends on the temperature according to
the hopping and variable range hopping (VRH) mechanisms [150]. In general the re-
sistivity varies with temperature as

= ,e(® 27)

where o, To and depends on the doping concentration. In the case of VRH, the value
of isl/2.
Thermistors are usually parameterized by their sensitivity A, de ned as

dinR _ To

_ _ I To
ST = 7 WithR(T)= (T): =Reexp (28)

A(T) =

where | and s are the distance between the contacts and the cross section of the thermis-
tor, respectively. The value of the sensitivity isusualy intherange2 10.
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Figure 6: Typica load curve for a thermistor at T= 8 mK) (a) and resistance-power
curves for athermistor at different base temperatures (b).

NTD germanium thermistors developed and built at LBNL have been used in all the
large mass LTD’s devel oped by the Milano group. They are made by exposing a ultra-
pure germanium single crystal to a nuclear reactor neutron ux. They are characterized
by an excellent reproducibility even if they are in part made by hand. The values of Ry,
To and must be experimentally measured for each thermistor (characterization pro-
cess). Thismeasurement is performed by coupling the thermistors to alow temperature
heat sink using a high conductivity epoxy. The temperature Tg (base temperature) of
the heat sink is then varied (15 50 mK) while a steady current 1 (bias current) ows
trough the thermistors and a voltage V. = IR appears across them. This produces a
power dissipation which raises the temperature and acts back on the resistance, until an
equilibrium isreached. This phenomenon makestheV 1 relation deviate from linear-
ity. This characteristic behaviour of bolometers is often referred to as electrothermal
feedback . The static resistance is simply the ratio V/I whi le the dynamic resistance
(the only one actually involved in the preampli er matching requirements) is the tan-
gent at theV | curve. By further increasing the bias current the dynamic resistance
crosses the so called inversion point (where it vanishes) and becomes then negative. For
semiconductor thermistors, atypical V. | curve, usualy referred to as load curve,
is represented in Fige (). By a combined t to a set of load cu rves at different base
temperatures, al the thermistor parameters are evaluated (see Figld (b))

5.3 Detector operation

As mentioned in section B, in rst approximation, the ther mal pulse produced by an
energy releasein the absorber is characterized by avery fast rise time and an exponential
decay time determined by the physical characteristics of the individual detector. Such
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athermal pulseisthen converted into an electrical one by means of the thermistor bias
circuit and detector optimization is equivalent to determining the best con guration for
a maximum pulse amplitude. Considering the basic circuit shown in Fig. B(b), it's
straightforward to obtain the relation between the maximum potential drop across the
thermistor (Vy), the thermistor parameters and the deposited energy:

pP_pP_
RieaRs a2 E APP Ry, (29)

Vi =
"7 (RLoad + Rp)? Ty CTy

where E is the deposited energy, A is the sensitivity given above in equation (Z8), T,
and T, are the operating temperature and the temperature increase of the bolometer,
C is the heat capacity of the absorber and P is the electrical power dissipated on the
thermistor by the Joule effect. This expression vanishes both in the [imitP ¥ 0 and
P T 1. When thethermistor is operated as a detector sensor, a steady current | ows
through it and, in a steady condition, its electrical and thermal parameters are described
by a point on the detector V. I curve. This point is usually named working point,
or optimum point when corresponding to the maximum detector response (maximum
amplitude of the voltage pulse). The optimum point of each detector must be determined
experimentally. This is accomplished by means of a xed resi stance (heater) directly
glued onto the crystal through which it is possible to dissipate a known joule power into
the crystal in a manner perfectly equivalent to a particle energy deposit. The optimum
point correponds to the bias voltage for which the amplitude of the heater pulses is
maximum. A typical bolometer response as a function of detector bias is shown in
Figld

In fact, the actual optimum point is chosen by investigating the signal/noise ratio.
Since the electronic sources of noise decrease with the resistance of the bolometer the
best working point correspondsto abias voltage slightly higher than the one correspond-
ing to the optimum point (see Figld). The use of the heater also plays a fundamental
role in the stabilization of the bolometer response which changes with the temperature
of the heat sink [[157].

5.4 Bolometer applications

Since much information on the initial particle interaction is washed out by the thermal-
ization process (position, momentum and interaction type), true cryogenic detectors are
sensitive only to the total deposited energy which, however, can be measured very ac-
curately (sec. B.J). Infact, the intrinsic energy resolution of such devices can be as low
as a few eV. Main advantages of thermal detectors with respect to conventiona ones
are however represented by their sensitivity to low or non-ionizing events (Dark Matter
(DM) searches) and material choice exibility. Time respon seis sometimes poor (large
mass bolometer pulse rise/decay times are of the order of few tens/hundreds msec or
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Figure 7: left panel: evaluation of the optimum point of a bolometer; right panel: eval-
uation of operation point which maximizes the signal/noiseratio.

more) but, due to the very low counting rates, this is not a limitation at al for DBD
(or DM) searches. It should be stressed that the exibility i n the choice of materials,
besides allowing an experimental investigation on any DBD active isotope, means aso
the possibility of selecting materials characterized by alarge natural isotopic abundance
(acrucial parameter showing alinear dependence in the DBD lifetime sensitivity). Be-
sides prohibitive costs, in fact, isotopic enrichment is not aways easily attainable and
the possibility to choose the DBD candidate element characterized by the highest natural
isotopic abundance represents a big advantage. Because of the calorimetric approach,
the thermal detectors detection ef ciency is generally of t he order of unity. Concerning
energy resolution, up to now the actual detectorsare still far from reaching the limitsim-
posed by the thermodynamic uctuations of the system intern al energy (eq. 28). Actual
valuesareinthe 1-10 keV range (FWHM) and seem to scalelittle with the detector mass
(similar values were obtained in detectors whose masses scaled from few grams to few
hectograms) while showing a quasi-linear dependence on the energy. Energy resolution
is therefore still limited by other contributions (e.g. electronic and microphonic noise,
vibrations of the system, etc.) and a good detector design (thermistor choice, mounting
system, etc.), alow noise read-out electronics and an effective data acquisition and data
analysis systems are of crucia importance for awell performing detector. So far, most
of the R & D has been devoted to optimizing the detector performance. Although energy
resol ution doesn’t seem to scale with detector mass, thereisalimit to the single detector
mass (imposed not only by the increase of the heat capacity but also by the technical
feasibility of large perfect crystals). In the case of the TeO, , such alimit has been set so
far to about one kilogram but larger masses could be possible in the near future (section
I39). The only possibility for a detector mass in the ton range is therefore a large array
of LTD’s and the main issue is therefore reproducibility. Thisitem has been faced and
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solved few years ago by the Milano group with the realization of a TeO, 20 bolome-
ter array (340 g each) and, more recently, by the successful operation of CUORICINO

(sectioneld).

5.5 Detector model

A rough approximation of the NTD thermistor voltage pulse amplitude V, produced
by an energy deposition E into the TeO, absorber can be obtained by assuming Ry gaq >>
Rg ineg. 29):

Vp =V, Ajzv Ai (30)

P T,  ° CT,

Using the heat capacity discussed earlier, aone MeV energy depositioninto the TeO, ab-
sorber resultsin - T, =7 10 °K. Using equation [@30), thisresultsin  V, 600 V,
assuming typical electrical and thermal paramaters at the detector operating point. How-
ever, the observed pulsesarelower by afactor 2 to 3, therefore amore quantitative model
is needed.

A semi-quantitative Therma Model (TM) has been devel oped which describes the
detector in terms of three thermal nodes with nite heat capa cities. the TeO, crystal ab-
sorber, Ge thermistor lattice, and Ge thermistor electrons. For simpli cation, the lattice
component of heat capacity is assumed to be negligible. The network describing the
detector isshown in Fig. 8. Thetwo heat capacities, and four thermal conductances and
the parasitic power from the vibrations and power dissipated in the thermistor electrons,
are the model parameters. A typica energy deposition of 1 MeV inthe crystal is used
and it is assumed that it is instantaneously thermalized.

A computer code was developed in Milan to determine the static behaviour. There-
quired input data are: the heat sink temperature, the temperature behaviour of the ther-
mal conductances shown in Fig.8 (partially determined with ad hoc measurements), the
parasitic power in the crystal, and a set of values of electrical Joule power dissipated in
the thermistor electrons. The code determines a compl ete solution to the static problem,
for each power level, and yields the temperature of the three thermal nodes, the resis-
tance of the thermistor, and the current through it for each voltage-current (or power
resistance) point of a load curve. When the static operation point is determined, the
time evolution of the pulse is computed. The main aim of the TM isto have areliable
prediction of the detector gure of merit on the basis of the k nown thermal parameters.
To address this question it is necessary to solve the non trivial problem of how to com-
pare the performance of two detectors. A more sensitive thermistor would yield larger
amplitude pulses, but they are also more sensitive to spurious noise, for example micro-
phonics, crosstalk, and slow heat pulses from vibrations that excite the 1-5 Hz portion
of the noise spectrum. A lower heat sink temperature yields larger pulses at the price of
higher resistance and more spurious noise.
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Figure 8: Network representing the detector model.
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Recent experience shows that the best way to de ne adetector gure of merit is by
xing the heat sink temperature between 7 mK and 11 mK and by measuring a load
curve. Using particle or heater pul ses, the operation point on theload curve, correspond-
ing to the highest signal is determined. For each heat sink temperature, one determines
apair of points, the thermistor resistance, R, and the signal amplitude, V, usualy ex-
pressed in microvolts per MeV , corresponding to the maximum pulse amplitude for a
given heat sink temperature. One obtains a characteristic curve for that detector by plot-
ting voltage vs resistance, which to a good approximation is a straight line on alog-log
plot. Thisis caled the Detector Merit Curve (DMC). Experience shows that a detector
has constant signal-to-noise ratio along a DMC. No large differences in performance
are noted for heat sink temperatures of 8 mK or 12 mK, because the signal level and
the spurious noise offset one another. It is better to avoid the extremities of the DMC
that lead to higher spurious noise or low signals.

The best way to compare two different detectors is by using their DMCs. If the
DMC of detector A lies systematically above that of detector B, the performance of
detector A is superior. It provides the highest signals for a xed thermistor resistance
value. The main value of the TM isto predict the DM C given the temperature behaviour
of the thermal parameters discussed above.

As atest of the model, atypical detector of the MiDBD 20-element array was sim-
ulated. These have different masses and geometries than the CUORE crystals. A DMC
was then constructed using the model for this detector. It was then compared to the real
DMC measured for the 20-detector array. A signi cant spread among the experimental
points, for al 20-detectors was found. There were two reasons for this; intrinsic detec-
tor differences and the presence of points not corresponding exactly to the maximum
signal. Nevertheless the simulated DMC lies inside of the experimental points and has
the correct slope (see Fig.[@). The detector simulations are not distinguishable from a
typical detector of the array.

The TM must correctly predict not only pulse amplitude, but also time constants.
At atypical operating resistance (100 M ) the predicted rise time (10%-90%) and
decay time, are respectively 40 ms and 430 ms, and lie inside the distribution of these
parameters for the 20-detector array. In Fig.[I0, the simulated pulse is compared with
real pulses collected with four detectors, randomly chosen among the 20 elements. It is
evident that the pulse-shape of the simulated detector isvery similar to that of atypical
detector of the array. From thisit was concluded that the TM is capable of explaining
semi-quantitative performance of the 20 - element array.

The TM can be used in parallel with speci ¢ low temperature ex perimenta tests,
to de ne the optimum properties of the CUORE element, and the results thus obtained
imply the following optimum parameters for the CUORE elements:

1. TeO, absorber dimensions: 50 50 50 mm, with amass of 750 g;

2. NTD Thermistor #31, To = 3.0K, Ry = 1:5 ,dimensons3 3 1 mm, with
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acontact distance of 3 mm, and with aresistanceof 50M a T = 10mK;

3. absorber-thermistor coupling made with 9 epoxy spots, 0.5to 0.8 mm in diameter,
and 50 m high;

4. gold connecting wires50 m in diameter, and 15 mm in length;

5. crystals mounted on PTFE blocks with atotal PTFE-to-crystal contact area equal
to about afew square mm.

In spite of the reasonable agreement obtained between the TM predictions and the
performance of the 340 g TeO, detectors, the comprehension of the detector operation
principles is far to be complete. The proponents would like to stress in fact that this
agreement was obtained with the average detector behaviour, while the TM seems to
fail when one attemptsto fully simulate an individual device. In particul ar, one observes
a general trend according to which the simulated pulse amplitudes are smaller than
the experimental ones. Inconsistency appears also in the pulse shape. Thisistruein
particular for the CUORICINO 790 g detectors, as described below.

In the CUORICINO case, the proponents have used an improved version of the code
implementing the thermal model, capable not only of simulating but also of tting to
experimental data of the load curve of individual detectors. After tting, the agree-
ment between the simulated and the real curveis excellent. Of course the t procedure
changestheinitial values of thethermal conductances, as measured in the speci ¢ exper-
iments mentioned above. However, this modi cation is not dr astic and can be justi ed
with the inevitably not complete reproducibility of delicate manual operations like ther-
mistor gluing and crystal insertion in the Te on blocks. Thi s provesthat the static part
of the model describes the detector satisfactorily. Problems show up when dealing with
the dynamic behaviour. The simulated pulse, reconstructed using the thermal parame-
ters extracted from the static behaviour of a speci ¢ detect or and, in addition, the lattice
heat capacity and the electron heat capacity (taken as a free parameter), is too small,
typically afraction 3to 5, with respect to the experimental pulses collected for that spe-
ci ¢ detector. The decay timeis also in disagreement, being typicaly 3 to 5 times too
fast. Note that this disagreement cannot be naively solved by postulating a crystal heat
capacity lower than expected: in fact, this can solve the discrepancy between the pulse
amplitudes, but at the price of making the disagreement between decay times even more
severe. In addition, while it would not be surprising to nd h igher than expected spe-
ci ¢ heatsfor the TeO , crystals at low temperatures, it isreally dif cult to justi fy lower
values. The impression is that a model based on heat ows, whi ch assumes thermal
distribution of the involved excitations (phonons in the absorber, electrons in the ther-
mistor), is not totally adequate for the description of the detector performance. Some
attempts to modify the model by introducing athermal phonons directly absorbed in the



5 PRINCIPLES OF OPERATION OF TEO, BOLOMETERS 58

thermistor seem to improve our ability to describe the pul se shape and amplitude. How-
ever, work isin progress and for the moment no conclusive statement can be made about

the mechanism of pulse formation.
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6 Previousresultsof MiDBD and CUORICINO

The MiDBD experiment, carried out in Hall A of LNGS by the Milano group, was
only the last of a series of experiments on neutrinoless DBD of 13°Te, based on the
bolometric technique. In fact, the improvements in the detector performance obtained
over the course of years of measurements with detectors of constantly increasing mass,
led to alarge mass, low background experiment whose results nally demonstrated the

competitiveness of the low temperature calorimeters. The idea of CUORE proceeds
just from the successful results of MiDBD which can be therefore considered as a rst

step towards CUORE. The possibility to use the available MiDBD cryogenic system to
test a single module of CUORE, thus checking the feasibility of this second generation
experiment, nally lead to CUORICINO. Approved and funded i n 2001, CUORICINO
isactually the most sensitive experiment on neutrinoless DBD of *9Te, and is presently
running in Hall A of LNGS, in the same cryostat used for MiDBD.

6.1 LNGS cryogenic setups

Two cryogenic setups were installed in the eighties at LNGS by the Milano group. The
rst, used in the past for the MiDBD experiment (Hall A) isnow hosting the CUORI-
CINO detector. Thesecond (Hall C) has been dedicated to the research and devel opment
activities for CUORICINO and CUORE. Both cryogenic setups consist of dilution re-
frigerators having powersof 1000 W and 200 W at 100 mK respectively. They are
both equipped with adedicated Helium lique er, providing a substantial recovery of the
Helium and preventing Helium contamination of the tunnel atmosphere, and are housed
inside Faraday cages to suppress electromagnetic interference. A much larger experi-
mental volume is availablein the Hall A cryogenic setup.

All the materials used for construction of MiDBD and CUORICINO were analysed
to determine their radioactive contamination levels. These measurements were carried
out by means of two large Ge detectors installed in the Gran Sasso underground Low
Radioactivity Laboratory. The level of the radon contamination in the air of the Labo-
ratory is continuously monitored. Both dilution refrigerators are equipped with heavy
shields against environmental radioactivity. In particular, the Hall A dilution refriger-
ator is shielded with two layers of lead of 10 cm minimum thickness each. The outer
layer is of commercia low radioactivity lead, while the internal one is made with spe-
cial lead with a ?!°Pb contamination of 16 4 Bg/kg. The external lead shields are
surrounded by an air-tight box ushed with fresh nitrogen fr om a dedicated evaporator
to avoid radon contamination of the gas close to the cryostat.

In order to shield the detectors agai nst the unavoidabl e radi oactive contamination of
some fundamental components of the dilution refrigerator thick layers of Roman lead
are placed inside the cryostat just around the detectors. A borated polyethylene neutron
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Figure 11: Scheme of the MiDBD detectors.
shield (10 cm) was added in 2001 to the hall A cryostat.

6.2 MiDBD experiment

The main goal of MiDBD was the study of neutrinoless and two neutrino double beta
decay of *°Teto *°Xe using the therma method. In addition, its results on the detector
performance, and on the background, were demonstrated to be particularly useful for
the CUORE and CUORICINO devel opment.

MiDBD consisted of an array of 20 crystalsof TeO, of 3 3 6cmd each (340 ), for
atotal massof 6.8 kg. It was operated inthe Hall A dilution refrigerator until December
2001. Sixteen MiDBD crystals were made of natural TeO,. Of the remaining four, two
were isotopically enriched at 82.3 % in 12Te and other two at 75.0 % in **Te. Mass
spectrometer measurements determined that, due to the crystallization process, these
enrichment factors were lower than the original ones (94.7 % and 92.8 %, respectively).
The array, held in a copper tower-like frame mounted inside the inner vacuum chamber
(IVC) of the dilution refrigerator, was maintained at a constant temperature of about 10
mK.

A Neutron Transmutation Doped (NTD) thermistor and a S doped resistor were
glued on the surface of each crystal. The former was used to read-out the thermal signal
whilethe latter acted as a heater to generate areference heat pulsein the crystal in order
to monitor continuously the gain of each bolometer[151]. The electronic readout was
accomplished with a room temperature low noise differential voltage-sensitive pream-
pli er, followed by an ampli er and an antialiasing Bessel  Iter. The MiDBD detector
was shielded with aninternal layer of Roman lead of 1 cm minimum thickness (Fig. IL1).



6 PREVIOUSRESULTS OF MIDBD AND CUORICINO 61

033
= 0.2%
d 0.1% ) HI’#-
WLW |
_ 'kwmum,;:m YL Jum%w
04 T
™ 10-00 500 ' . 2500

Energy [keV]

Figure 12: An U+Th calibration, sum spectrum of the 20 detectors

it
(%]

e
¥

—
=

=
o

B 20 cryst. array | run
1 20 cryst. array Il run

number of detectors

(o B S IV I S = T I * -

= N N il i

5 10 15 20 30 FWHM [keV]

Figure 13: Distribution of the single MiDBD detector energy resolutions (FWHM) on
the 2%8TI 2615 keV line.



6 PREVIOUSRESULTS OF MIDBD AND CUORICINO

Counts/(KeV h)

107

107

Energy [KeV]

Figure 14: Background spectrum: the alpha particle region

62



6 PREVIOUSRESULTS OF MIDBD AND CUORICINO 63

In order to shield the detectors against the unavoidable radioactive contamination due
to some fundamental components of the dilution refrigerator a layer of 10 cm Roman
lead was placed above the tower of the array inside the cryostat. A similar layer, aso
inside the cryostat, was placed below the tower. The signi ¢ ant effort was carried out to
check both the knowledge of the background sources and the performance of the new
detector mounting system proposed for CUORICINO and CUORE. This led to a sec-
ond run (MiDBD-II) in 2001 in which the detector structure was heavily modi ed (Fig.
I1). The MiDBD tower was completely rebuilt with a structure very similar to the one
designed for CUORE/CUORICINO in which al the surfaces of the TeO, crystals and
of the mounting structure were subject to a dedicated etching process aiming to reduce
radioactive contaminants. On this occasion, due to the more compact structure of the
tower, an enlargement of the internal Roman lead shieldswas also realized. An external
neutron shield (10 cm of borated polyethylene) was added in June 2001. MiDBD data
collection was divided in runs of about 15-20 days. At the beginning and at the end of
each run the detector was calibrated with an exposure, lasting about 3 days, to a mixed
U and Th source placed at the two opposite side of the 20 crystal tower, just in contact
with the externa cryostat thermal shields.

The excellent reproducibility of the MiDBD detectors is shown in Fig. 12 where
the total calibration spectrum obtained by summing the spectra of the 20 detectors is
presented. The overall energy resolution in the total calibration spectrum and in the
total background spectrum are reported in Table The single detector energy resolution
distributions at the 2Tl 2615 keV -line are shownin Fig. I3

Thetwo MiDBD runstotaled 31,508 (MiDBD-l1)and 5,690 (MiDBD-II) kg hours
of effective running time, respectively. Sum spectra were obtained both with no anti-
coincidence cut and by operating each detector in anticoincidence with al the others
(‘anticoincidence cut ). In all these spectra the main line s due to the natural activity
of the 222Th and 238U chains, of “°K and the lines at 1173 and at 1332 keV due to
cosmogenic ®°Co were observed.

Table 9: FWHM resolutions (keV) in a calibration spectrum and in the 84000 hours
crystal background spectrum.

Cdlibration
E [keV] 583 911 1764 2615
FWHM [keV] 36 43 59 81

Background
E [keV] 583 911 1460 2615
FWHM [keV] 42 51 6.7 93
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Figure 16: MiDBD-I (continuous line) and MiDBD-II (dashed line)background spectra
after anticoincidence cut.

The sum spectra of the two runs obtained after applying the anticoincidence cut
are shown in Fig. I8 A clear reduction in both continuum and / peaks intensities
is observed. This proves the effectiveness of the changes applied in MiDBD-II and
provide information on the localization of the main background sources (see Table[10).

Reduction factors - peaks
UandTh ’s ®0Co 40K UandTh s
2 2 6 2

Reduction factors - continuum
[1-2] MeV [2-3]MeV DBDregion [3-4] MeV
1.3 1.6 15 03 24

Table 10: Background reduction factors measured between the two runs of MiDBD.

A background analysis, supported by the Monte Carlo simulation of the detector,
allows us to disentangle the different sources responsible of the MiDBD background in
the two runs and to understand which of the changes applied in MiDBD-II are respon-
sible of the observed reductions. The conclusions thus obtained are the following:
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the peaksabove 500 keV of the U and Th chains and thetwo ®°Co  peaks at
1.173 and 1.332 MeV are mainly due to sources outside the detector, these peaks
are substantially reduced by the increased shield of Roman lead,

the *°K  peak is probably due to multiple sources, its reduction being due both
to the surface treatements and to the increased shield of Roman lead;

the peaks of the 228U and 232 Th chains, clearly visible in the background spec-
trum above 4 MeV, are mainly due to surface contamination of the crystals, their
reduction has to be accounted for by the surface treatment of the crystals;

238y and?**Th peaksbelow 500 keV are attributed to a surface contamination
of the copper mounting structure;

low intensities lines of rather short living isotopes are explained by the cosmo-
genic activation of both copper and tellurium.

According to our Monte Carlo simulation of the MiDBD detectors, the foregoing
sources can completely account for the observed background (peaks and continuum)
measured in the two runs.

A semi-quantitative analysis was carried out considering only MiDBD-I data for
which the available statistics were more signi cant. In par ticular, the sources responsi-
ble of the background measured inthe (0 ) region were identi ed as follows:

1. 2%2Th contaminations external to the detector structure (only the  emission from
this chain can contribute to the background, mainly throught the 2615 keV line of
208T|)

2. 238U and ?*Th surface contaminations of the crystals( , and emissionsfrom
these chains contribute to the background)

3. 238U and 2%2Th surface contamination of the copper mounting structure( , and
emissions from these chains contribute to the background)

The rst source is identi ed from the clear 2615 keV  2%8T] line seen in the spectra
of both MiDBD runs. Its localization is based on the analysis of the relative intensi-
ties of the lines (of different energies) belonging to the 2%2Th chain. Environmental

ux in the underground laboratory (measured with a Ge detect or just close to our
experimental set-up) and the measured contamination of the external lead shields lead
us to rule out these two possible sources for the 28Tl line. The contamination seems
therefore to be in the cryostat, and it could reasonably be the sum of the contamination
of the various thermal shields that surround our detector. In order to extrapolate the
contribution of this sourceto the backgroundinthe (0 ) region, we analyzed the cal-
ibration spectra obtained with an external 23 Th source located just outside the cryostat.
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The shape of the calibration spectrum is in fact in good agreement with the shape of
the simulated spectra for radioactive 23> Th contaminations distributed over the cryostat
thermal shields. The observed ratio between the area of 2°8Tl line at 2615 keV and the
integral inthe (0 ) regionis 14 2. When compared with the 2615 keV rate ob-
served in the background spectrum (129 counts/kgly), this tranglates into a contribution
of 0.11 countgkeV/kgly whichis 20% of thetotal (0 ) background rate.

The second source can be easily recognized on the basis of the peaks visiblein
the background spectra. Itslocation on the surface is deduced from the low energy tails
of the peaks and by the coincidence scatter plots. These features exclude in fact the
possibility of a bulk origin. Indeed the peak energies correspond to the transition en-
ergies of the decays implying that both the particle and the nuclear recoil contribute
to the signal. The decay can only be contained in the crysta | and the contamination
producing the peaks is localized at a suf cient depth of the c rystal surface. The low
energy tail can be explained in terms of the fraction of the decays occurring very near
to the surface, where part of the or of the recoil energy is lost outside the crystal.
Sincethe lost energy can be however observed by a second de tector faced to the one
in which the decay occurred ( g. I7), a straight line with a ne gative slope equal to -1
is expected when plotting coincident events in different faced detectors as is shown in
Fig. M3 Thiskind of analysis not only yields a further proof that peaks are dueto a
surface contaminations of the crystals, but also proves that this contamination produces
a continuum background extending far below the decay transition energy. In particu-
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lar this source can partialy - but not completely - account for the rather at continuous
background measured between 3 and 4 MeV, aregion where no known relevant  nor

lines from natural and cosmogenic radioactivity are present. By the analysis of the
coincident events from  particles we obtained a rate Rp=0.13 countskeV/kgly, in the
34 Mev interva, for the events with multiplicity 2 (i.e. ev entsin which 2 crystals are
simultaneously hit). The only possible origin for these events, is radioactive decay pro-
duced in the fraction of crystal surface facing other crystals (Sactive). On the other hand,
when the decay occursin the fraction of crystal surface (S;nert) Which faces inert mate-
rials (e.g. copper), this contributes to the background remaining in the anticoincidence
spectrum. By simply considering the geometric evaluation of the ratio Synert/Sactive
(average Monte Carlo evaluation) we can obtain from Rp the expected contribution to
the anticoincidence spectrum in the 34 MeV region: 0.16  0.05 countgkeV/kgly. In
order to extrapolate this rate back tothe (0 ) region we need to know the shape of
the background spectrum. In particular, various estimates of theratio Ry ,/R°® (where
RS are the counting rates in the energy regions of interest after the anticoincidence cut)
were obtained on the basis of Monte Carlo simulations of crystal surface contamina-
tions of different depths and density pro les. Unfortunate |y the ratio depends critically
on these parameters and the average Monte Carlo evaluation of the ratio has therefore
alarge error. The extrapolated contributionto the (0 ) region background is 0.37
0.1 counts’keV/kgly correspondingto 43 10% of the measured rate.

Concerning the third source, the prove of its relevance is less direct and is mainly
based on the observation that the continuous background measured between 3 and 4
MeV cannot be completely explained by the surface contamination of the crystals.

Other possible sources for this background were taken into account and excluded as
relevant for MiDBD: neutrons (ruled out by comparing the background rates measured
with and without the neutron shield), muon induced neutrons (ruled out by simulation
of the production rate of neutrons in the experimental set up), contamination of other
components close to the detectors (such asthe Te on spacers placed between the copper
frame and the crystals, the NTD thermistors, the Si heaters, for which the measured
contamination is too low to account for the observed background). Finally, some tests
done with dedicated detectorsin the hall C set-up proved that the etching of the copper
structure in a clean environment yields a reduction of the background in the 3-4 MeV
region. This fact, and the agreement of Monte Carlo simulation with the measured
spectra, indicate that 228U or 2*2Th surface contamination of the copper should be the
missing background source.

Asin the case of the second background source mentioned above, the contributions
of the third source to the background rate can be obtained by extrapolating the rate
inthe 34 MeV tothe (0 ) region. The 34 MeV region rate (after the anticoin-
cidence cut) can be evaluated by subtracting the crystal surface contribution from the
total one: 0.33 0.1 counts/’keV/kgly. Once again the extrapolationtothe (0 ) re-
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Figure 18: Total spectrum (in anticoincidence) in the region of neutrinoless DBD ob-
tained with thetwenty crystal array. The solid curvesrepresent the best t (lowest curve)
and the 68 % and 90 % C.L. excluded signals.

gion is model dependent (even if, according to our Monte Carlo evaluations, less so
in this case) and the extrapolated contribution the (0 ) region background is 0.2
0.1 counts/keV/kgly ( 23 11%). The results of this analysis are summarized in ta-
ble[dT

Table 11: Estimate of the weight of the different sources responsiblefor the background
measured in the MiDBD-I run.

Source 208T] (0 ) region 3-4 MeV region
TeO, 238U and 2%?Th surface contamination - 43 13% 33 10%
Cu 28U and 2%2Th surface contamination 10% 23 11% 67 20%

232Th contamination of cryostat Cu shields ~ 90% 20 5% -

The sum of the spectra obtained in anticoincidence in the two runs in the region
above 2000 keV is shown in Fig. I8 It correspondsto 3.56 kg year of TeO, and
to 0.98 kg year of 13Te . The clear peaks corresponding to the lines at 2104 keV
(single escape of the 2615 keV 2%8Tl line), at 2204 keV (?*Bi) and at 2615 keV (2°8TlI
), con rm the reproducibility of the array during both runs.



6 PREVIOUSRESULTS OF MIDBD AND CUORICINO 70

Table 12: Half lifetime limits (90 % C.L.) on lepton violating and conserving channels
deduced from the MiDBD dataanalysis. E; isthe energy analyzed to obtain T,-,, while
a.c. indicates that the anticoincidence spectrum was used.

Isotope  Transition Cuts Eo Ef ciency T 1o

(keV) (%) (years)
30Te 0 :0" ¥ 0" ac 252838 84.5 >2:1 10%
0Te 0 :0" ¥ 0" none 19928 7.9 >3:1 10%
30Te 0 :0" ¥ 2% none 19928 375 >1:4 105
0Te 2 :0* ¥ 0" ac (6:1 14733 10%°
10Te 1 :0* 1 0Y ac >2:2 10%
130Te 2 :0* 1 0Y ac >0:9 10%
128Te 0 :0" B 0" ac 8672 97.9 >1:1 102

No peak appeared in the region of (0 ) of ¥*°Te, where the rates were, respec-
tively, of 0.59 0.06 and 0.33  0.11 counts/keV/kgly, when operated in anticoin-
cidence. Also, no peak appeared at the energies corresponding to neutrinoless DBD
of ¥ Te to excited levels of *°Xe, nor at the energy of 867 keV corresponding to

(0 ) of *?Te. Fit parameters and 90 % C.L. limits for the various decay pro-
cesses (Tab. [I2) were evaluated with a maximum likelihood procedure]152]. Similar
results were however obtained following the approach proposed by G.J. Feldman and
R.D. Cousins[154].

6.3 CUORICINO experiment

CUORICINO (Fig.[19) is a tower made by 13 planes containing 62 crystals of TeO, .
44 of them are cubes of 5 cm side while the dimension of the othersis3 3 6 cm?® .
All crystals are made with natural tellurite, apart two 3 3 6 cm® crystals which are
enriched in *?6Te and two others enriched in 3 Te with isotopic abundance of 82.3 %
and 75 %, respectively. The total mass of CUORICINO is 40.7 kg, the largest by more
than an order of magnitude with respect to any cryogenic detector. More details on
the preparation of the crystals and on the mechanical structure of the array is reported
elsewhere [153]. In order to shield against the radioactive contaminants from the mate-
rials of the refrigerator, a 10 cm layer of Roman lead with 22°Pb activity of <4 mBg/kg
[157] isinserted inside the cryostat immediately above the CUORICINO tower. A 1.2
cm latera layer of the same lead is framed around the array to reduce the activity of
the thermal shields. The cryostat is externally shielded by two layers of Lead of 10 cm
minimal thickness each. While the outer is made by common Lead, the inner one has
a?%Pp activity of 16 4 Bg/kg. An additional layer of 2 cm of electrolytic Copper
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is provided by the cryostat thermal shields. The background due to environmenta neu-
tronsis reduced by alayer of Borated Polyethylene of 10 cm minimum thickness. The
refrigerator operatesinside a Plexiglass anti-radon box ushed with clean N, and inside
a Faraday cage to reduce electromagnetic interferences. Thermal pulses are recorded
by means of Neutron Transmutation Doped (NTD) Ge thermistors thermally coupled
to each crystal. Calibration and stabilization of each bolometer is performed by means
of aresistor attached to each absorber and acting as an heater. The front-end el ectron-
icsfor all the3 3 6cm?® and for 20 of the5 5 5 cmd detectors are located at room
temperature. In the so called cold electronics, applied to the remaining 24 detectors, the
preampli er islocatedinabox at 100 Kelvin near the detector to reduce the noise due
to microphonics, which would be very dangerous when searching for WIMPS. More
details on the read-out electronics and DAQ are reported in [[153]. CUORICINO is
operated at atemperature of 8 mK with aspread of onemK. A routine energy cali-
bration is performed before and after each subset of runs, which lasts about two weeks,
by exposing the array to two thoriated tungsten wires inserted in immediate contact with
the refrigerator. All runs where the average difference between theinitial and nal cali-

bration is larger than the experimental error in the evaluation of the peak position were
discarded. During the rst cool down 12 of the5 5 5cm® and one of the3 3 6
cm?® crystals were lost, due to disconnection of afew of the thermalizers which allow
the transmission of the electric signals from the detectors to room temperature [153].
Sincethe active masswas of 30 kg and the energy resolution excellent, we decided to
continue running for afew months before warming up the array and attack the problem,
which has been now fully solved. The data presented here refers to this rst run and to

the new data obtained in about two months with a second run where the contacts of only
two bolometers were lost. The sum of the spectraof the5 5 5cm®and3 3 6cm?®
crystals in the region of the neutrinoless DBD is shown in Fig. Z4. The background at
the energy of neutrinoless DBD (i.e. 2510-2580 keV) isof 0.21 0.02and0.19 0.06
counts/kg/keV/y forthe5 5 5cm*and3 3 6cm? crystalsrespectively. No evidence
isfound at the energy expected for neutrinoless DBD of 3°Te . By appling amaximum
likelihood procedure [[152, [156] we obtain a 90% C.L. lower limit of 1.0 10?* years
onthe haf-lifetimefor (0 ) of thisnucleus. The uni ed approach of G.I.Feldam and

R.D.Cousins[154, [155] leadsto asimilar result. The upper bounds on the effective neu-
trino mass that can be extracted from our result depend strongly on the values adopted
for the nuclear matrix elements. Asin our previous paper [[153] we consider al vailable
theoretical calculations [55, 2, 1, 58] apart those based on the shell model which are not
considered as valid for heavy nuclei [40]. We have also not considered for the moment
the calculation by Rodin et al. [43] since in the case of 13 Te they are based on the not
yet established value for the two neutrino DBD lifetime. In particular the adopted value
of 2.7 10?! years [[158] is the largest among al geochemical ones [2, [1, 58]. Taking
into account the above mentioned uncertainties, our lower limit leads to a constraint on
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the effective neutrino mass ranging from 0.26 to 1.4 eV and partially covers the mass
span of 0.1t0 0.9 eV indicated by H.V. Klapdor-Kleingrothaus et.al. [[159].

6.3.1 CUORICINO background measurements

The total collected statistics are therefore of 4.76 kg year for 5 5 5cm® crystals
and 0.53kg year forthe3 3 6cmd ones. The corresponding background spectra
are shown in Fig. Z3 The gamma lines due to %°Co, 4°K and of the 23U and 2%?Th
chains are clearly visible.

These lines due to contamination of the apparatus, are not visible in the spectra of
the single detectors: they appear after summing the 29 detectors, and are a good check
of the calibration and stability of the detectors during the background measurement.
Also visible are the gamma lines due to Te activation (**'Te, 121MTe, 123MTeg, 12°MTe
and *2’MTe) and those due to Cu activation (°’Co, *8Co, °Co and *Mn) by cosmic ray
neutrons while above ground.

The FWHM resolutionof 5 5 5 cm?® detectors at low energy, as evaluated on the
122 keV gammaline of °'Co, is 2.8 keV. The 2Tl gammalline at 2615 keV - clearly
visible in the background sum spectrum - is used to evaluate the energy resolution in the
region of double beta decay, the FWHM is 8.7 keV.

The3 3 6cmPand5 5 5cm?® crystal background spectra (sum of all the antico-
incidence spectra of the detectors) are compared in Fig.24 and Fig. 25.

Here the statistical accuracy is much less, nevertheless the gammalines, not visible
in the single detector spectra, are clearly visible in the background sum spectrum. The
FWHM resolution at low energy, measured on the 122 keV gammalineof °’Co, is 1.5
keV. The FWHM resolution on the 2°8T| gammalline at 2615 keV is evaluated to be of
about 12 keV (this value has a large error due to the poor statistical signi cance of the
peak).

6.3.2 CUORICINO background analysis

Because of the low number of counts, any eval uation of the possible background sources
necessarily has alarge statistical uncertainty. Some preliminary considerations are how-
ever possible. They are based on the analysis of the sum spectra of the operating small
and large crystals (the count rates of the single detector spectra are too low to consider
them separately). In Fig. [24 and Fig. [25 a comparison between the background spectra
of the large and small crystals is shown. General spectral shapes and counting rates
(when normalised to the mass of the crystals) are quite similar. On the other hand the
intensities of the gamma lines do not show a clear behaviour: the 24Bi 1764 keV (the
only clearly visible one of the U chain) and the 2°8T| 2615 keV lines (the only clearly
visible one of the Th chain) seem to scale with the ef ciency o f the detectors (according
to the results of a Monte Carlo analysis, the ratio of the detection ef ciency of 5 5 5
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Figure 24: Comparison between the background of the5 5 5cm? crystals and that of
thenatural 3 3 6 cmd crystalsin the gammaregion.

cn®Pand3 3 6cm crystalsis 3). The K line at 1460 keV has the same intensity
per unit mass on the two kind of detectors. The ®°Co linesat 1173 and 1332 keV, on the
contrary show a higher intensity per unit massin small crystals. Moreover they undergo
alarger reduction by the anticoincidence cuts with respect to other  lines.

In Fig. 28 a comparison between the background spectra of CUORICINO crystals
and the background measured in MiDBD-I1 (20 crystal array second run) is shown.

In Table I3 the counting rates in different energy regions are reported. It is clearly
evident that an improvement was obtained in the 2-3 MeV region (areduction of 30%
in the counting rates per unit mass either of the small and of the large crystals) despite
thereduced internal lead shield usedin CUORICINO (1.2 cm thickness of roman lead)
with respect to MiDBD-II (3 cm thickness of roman lead). An even better reduction
was obtained in the 3-4 MeV region where background is mainly dominated by surface
contamination contributions.

With higher statistical accuracy it will be possible to analyze the reasons for this
variation of the counting rates and also for the differences between small and large
crystals. To do that, it isindeed necessary to disentangle the different sources of back-
ground by considering the counting rates in smaller regions as that between the two
gamma peaks at 2448 and 2615 keV (**U and *2Th chains respectively) - where we
should have contributions by both degraded ’s from surface contaminations and 2°¢ T
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countgkeV/kg/lyear 1-2MeV  2-3MeV  3-4MeV  4-5MeV

MiDBD-II 321 008 0.61 0.04 0.29 0.02 1.88 0.06
3 3 6naturd 329 011 0.38 0.04 0.24 0.03 0.78 0.05
5 55 325 0.09 041 003 0.17 0.02 055 0.03

Table 13: Counting rates per unit massin MiDBD-II and in CUORICINO.

’sfrom bulk contaminations - and the region just above the 26 T| 2615 keV line where
background sources should be limited to surface contaminations. Moreover, it should
be stressed that the effect of disconnected detectorsin reducing the ef ciency of the an-
ticoincidence cut (a fundamental tool to study and localize background sources) is not
negligible.

Table 14. Estimate of the relative contributions of the different sources responsible for
the background measured in CUORICINO.

Source 208T] (0 ) region 3-4 MeV region
TeO, 238U and 232Th surface contamination - 10 5% 20 10%
Cu 28U and 22Th surface contamination 15% 50 20% 80 10%

232Th contamination of cryostat Cu shields ~ 85% 30 10% -

By using the same background model resulting from the MiDBD analysis, and tak-
ing into account that we changed both the detector structure and the internal set-up of
the cryostat (the roman lead shield and the cryostat copper radiation shields) we evalu-
ated its consistency for CUORICINO. Because of the poor statistical signi cance of the
data so far collected, the analysis has to be considered as preliminary (it was in particu-
lar limitedtothe5 5 5cm? detectors for which the statistical accuracy is better) even
if its results already tend to identify the most important sources of the CUORICINO
background besides giving a rst quantitative guess of thel r relevance. The percentage
result of the measured background in the DBD region, is summarized in table[I4 It
should be noticed that CUORICINO data seem to indicate a shallower depth for the
crystal surface contaminations relative to MiDBD. A better determination of the actual
depth and density pro le of this contamination will be avail able when afully operating
CUORICINO and a better statistical accuracy will allow a more signi cant analysis of
the multiple events.
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Figure 28: Comparison between spectra obtained with different linearization methods.
The appearence of clear alpha structures with the power law metod is evident.

6.3.3 Analysisof the CUORICINO background above 3 MeV

Thefollowing analysistriesto identify the background sources responsible of the CUORI-
CINO counting rate in the region above 3 MeV. The analisys is based on both the co-
incidence (not used in the previous analyses) and the anticoincidence spectra collected
with5 5 5 cm? detectors during the rst run of CUORICINO and calibrated wi th a
new, more reliable, techinque in the alpha region. The single spectra have been cali-
brated and linearized in energy with a new technique that yields quite better results in
the alpharegion: both the gammallines of the 222 Th source measurements and the alpha
line of 2*°Po clearly visible in the background spectra are used, assuming a power law
dependence for the relashionship between pulse amplitude and particle energy. The an-
ticoincidence sum spectrumof 5 5 5 cm? detectors calibrated in thisway is compared
in Fig. 28 with the anal ogous spectrum used in the previous analysis and calibrated only
with gama lines (assuming here a polynomial relashionship between pulse amplitude
and particle energy and extrapolating this calibration in the alpharegion).

As aready mentioned in previous discussions, apha and beta particles produced
by environmental radioactivity can give important contributions to background above 3
MeV. Because of their low range these particles can only belocated either in the crystals
or on the surfaces of the materials directly facing the crystals. the copper holder or, less
likely, small components placed near the crystals or on the crystal surface such as the
NTD thermistor, the Si heater, their gold wires, the glue and other smaller parts. Monte
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Figure 29: Comparison between Monte Carlo and CUORICINO anticoincidence (top)
and coincidence (bottom) spectrain the case of the TeO, crystal surface contaminations
(1 m)speci edinthe gure.

Carlo simulations of the coincidence and anticoincidence sum spectraof 5 5 5cm?®
detectors produced by radioactive contaminations of the above mentioned elements have
been obtained using our GEANT4 based code. These spectra have been compared with
the measured spectra in order to identify the actual contaminations responsible of the
measured background.

As a rst step, bulk and surface contaminations of the crysta |s have been consid-
ered. Both these contaminations give rise to peaks (centered at the transition energy of
the decay) in the anticoincidence spectrum, but in the case of bulk contaminations these
peaks are gaussian and symmetric while in the case of surface contaminationsthe peaks
show a low energy tail. On the contrary, the only possible sources contributing to the
coincidence spectrum are the surface contaminations of the crystals. The general shape
and the structures appearing in both background spectra strongly depend on the depth
and density pro le assumed for the contamination (an expone ntially decreasing func-
tion characterized by adepth : (X) = Ae * yielded the best results). The results of
the comparison between Monte Carlo simulations and measured spectra alow to prove
that the alpha peaks of the anticoincidence spectrum of Cuoricino are due to a surface
(and not bulk) 2*2Th and 2*8U contamination of the crystals with the only exception of
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Figure 30: Comparison between Monte Carlo and CUORICINO anticoincidence (top)
and coincidence (bottom) spectra when a Th surface contamination of the detector cop-
per holder (green line) is added (pink line) to the crystal conatminations considered in
g.

the 21°Po line which has to be attributed to a bulk contamination of the crystals. The
shape of the peaks in the anticoincidence spectrum and the shape of the coincidence
spectrum is fully accounted for when a surface contamination depth of the order of 1
m or lessis assumed. As shown in Fig. 29 the identi ed crystal contaminationsyield
a satisfactory explanation of the coincidence spectrum. Some contribution to the con-
tinuous part of the anticoincidence spectrum seems however still missing. In order to
explain this continuum, a further source, not contributing to the coincidence spectrum,
has to be considered. Such a source can be a?*>Th or 223U contamination on the copper
surface, as shown in Fig.[30. The depth of the contamination should be of the order of
5 m (adeeper contamination would produce too high gamma peaks while a thinner
contamination would give rise to structure in the anticoincidence spectrum) with atotal
activity inthe rst 1.5 m of the order of 10 ° g/g either in 223U or 2%Th or both.
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This analysis shows the importance of continuing the CUORICINO background
measurement in order to improve the statistical accuracy of the above described results.
These results, on the other hand, show that with a substantial reduction of the copper
and TeO, crystal surface contamination levels the sensitivity goal for CUORE (i.e. a
background counting rate of the order of 0.01 counts’keV/kgly or better) can be reached.

6.3.4 Preliminary measurements of the Copper surface contaminations

According to the suggestions of the LNGS Scienti c Committe e we have investigated
various possihilities to identify and measure the surface contamination of the detector
Copper holders which is expected to represent the main contribution to the CUORE
background level in the neutrinoless doubl e beta decay region. We would like to remind
that the bulk contamination of Uranium and Thorium in copper has been found to be
less than a part per trillion, while the analysis of the MIBETA and CUORICINO data
indicates a surface contamination by two to three orders of magnitude larger. Degraded

and particles from this source have been found to represent a substantial contri-
bution of the background in the region of neutrinoless double beta decay. Two main
measurement procedures were considered:

dissolution of different super cial layersof Copper in ult rapure acid and analysys
of the resulting solution with Inductive Coupled PlasmaM ass Spectroscopy (ICPMS)

laser ablation of a number of distributed spots on the Copper surface followed
by ICPMS analysis of the dissolved material. We did that in Canada, but the
sensitivity seem still low (1 10-8 g/g)

Other approaches like Total Re ection X-Ray Fluorescence ( TRXRF) and Secondary
lon Mass Spectroscopy (SIMS) are also going to be considered, even if they alow to
investigate only the very super cial layer of the Copper sam ples.

The most powerful method was found by us to be a High Resolution (HR) ICPMS
with which preliminary results were obtained in collaboration by the Gran Sasso L abo-
ratory (M.Balata and S.Nisi) and the Mass Spectroscopy group of the European Center
of Ispra (P Tricherini). The procedure has been the following: samples of Copper were
attacked with ultrapure nitric acid with different attacking times in order to extract the
material from different thickness. The corresponding solutions were then analyzed in
ISPRA with a HR-ICPMS device characterized by a sensitivity up to 10-15 g/g of U
and Th in the solution. The sensitivity in g/g of the dissolved Copper was lower by
about three orders of magnitude due to the small copper concentration in the solution.
The preliminary results of a measurement carried out on a sample of the same Copper
used for the CUORICINO detector holdersis shown in Fig. 2. It can be seen that the
average concentration of Uranium and Thorium strongly decreases when considering
copper layers of 1.48 and 7.5 micron respectively (only a limited number of dissolved
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layers of different thickness could be analyzed in the preliminary measurement). This
trend of surface contamination as afunction of depth isin excellent agreement with that
evaluated from our CUORICINO background model (comparison between Monte Carlo
simulations and actual background spectra).

6.3.5 CUORICINO vs. CUORE

While being a self-consistent experiment, CUORICINO ndsi ts place in the CUORE
project asatest facility intended to verify thetechnical feasibility of CUORE. Indeed the
good results obtained as far as the detector performances are concerned prove that the
realization of CUORE could be more straightforward than expected. Thereis still some
R&D that is required to improve detector reproducibility in order to reduce the spread
in the main parameters that characterise detector performances (as the pulse height, the
energy resolution and the detector signal rise and decay times). Nevertheless the good
results obtained in CUORICINO prove that the increase in the number of bolometers
and in the total mass of the array do not substantially affect the quality of the experi-
ment: the MiDBD experiment with 3 times fewer detectors, and a mass 6 times lower
than CUORICINO, had a similar energy resolution in the background sum spectrum.
For what concerns background eval uation, as stated above CUORICINO is an excellent
tool to predict the expected background for CUORE, when the different geometrical
structure of the two setups is taken into account. Indeed CUORE will have a tightly
packed structure where the operation of the detectors in anticoincidence will allow a
strong reduction of background. Moreover the lead shield designed for CUORE will be
optimized in order to practically cancel the background coming from outside. Such an
optimization was not possible in CUORICINO which had to be housed in an aready
existing cryostat characterized by alimited space. Indeed to mount CUORICINO in the
same cryostat that was used for MiDBD, the interna Roman lead shield thickness was
necessarily reduced thus increasing the background dueto rays from the refrigerator
materials. Thiswill obviously be not a problem for CUORE. The CUORICINO back-
ground results, although preliminary, are very promising. They demonstrate both the
effectiveness of the procedures applied during its preparation and our knowledge of its
main background contributions. The detailed study of CUORICINO background (i.e.
with better statistical accuracy) will give more insight into background sources.
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7 CUORE project

The CUORE detector will consist of an array of 988 TeO, bolometers arranged in a
cylindrical con guration of 19 towers of 52 crystals each (F ig. B1). The principle of
operation of these bolometers is now well understood (sec. B) and since TeO; is a di-
electric and diamagnetic material, according to the Debye Law ([25), the heat capacity of
asinglecrystal at suf ciently low temperature can be so low that also asmall energy re-
lease in the crystal can result in ameasurable temperature rise. Thistemperature change
can be recorded with thermal sensors and in particular using Neutron Transmutation
Doped (NTD) germanium thermistors. These devices were developed and produced at
the Lawrence Berkeley National Laboratory (LBNL) and UC Berkeley Department of
Material Science [160]. They have been made uniquely uniform in their response and
sensitivity by neutron exposure control with neutron absorbing foils accompanying the
germanium in the reactor [[161].

The TeO, crystals are produced by the Shanghai Institute for Ceramics (SICCAYS),
China and they will be the source of 750 g TeO, crystals for CUORE [162].

Figure 31: The CUORE detector (left), one of the 19 towers (right).

A single CUORE detector consists of a5 5 5 cm® single crystal of TeO, that
acts both as a detector and source. The detectors will be supported in a copper frame
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in the 19 tower con guration shown in Fig. 811 The frame, and d ilution refrigerator
mixing chamber to which it isthermally connected, formsthe heat sink, whilethe PTFE
(Polytetra uoroethylene or TEFLON) stand-offs provide th e thermal impedance which
delays the re-cooling of the bolometers. The bolometers operateat 10 mK.

As described above (sec. B3), the excellent performance of the5 5 5 cm? crys-
tals to be used in CUORE has been aready proved by CUORICINO [[162, 163] which
corresponds to a tower of length and number of oors slightly larger than in CUORE.
We adopted this solution to make use of the full experimental volume available in the
dilution refrigerator previously used for the MiDBD experiment.

The CUORE detector then will bethe nal version of athree ste p development com-
prising: MiDBD, CUORICINO, and nally CUORE. This, plusthe fact that CUORE re-
quires no isotopic enrichment, (the isotopic abundance of *°Te is 33.8%) puts CUORE
ahead of other options of truly next generation (0 ) experiments. The technology,
though novel, is developed and to alarge degree proven (sec. B and[6).

7.1 Single CUORE detector

A single CUORE detector isa5 5 5 cmd single crystal of TeO, grown with ultra-
pure TeO, powders and polished on the surfaces. Crystals of TeO, have a tetragonal
structure, and are grown aong the (001) axis. The two axes normal to this axis are
crystallographically equivalent, a fact relevant to their use in the search for solar ax-
ions discussed previously (secid.2.2). The surface hardnessis not the samefor al sides,
which complicates the crystal polishing. We have shown that repeated thermal cycling
does not damage the crystals, as in the cases of crystals of other tellurium compounds,
or those of tellurium metal. The Debye temperature of the TeO, crystals was specialy
measured for the CUORE project as 232 K [164]. This differs from the previous value
of 272 K in theliterature [165]. The speci ¢ heat of the TeO , crystalswas found to fol-
low the Debye law down to 60 mK ; the heat capacity of the 750 g crystalsis2.3 10 °
JK extrapolated down to 10 mK.

The NTD thermistors are attached by epoxy to the crystal and are operated in the
Variable Range Hopping (VRH) conduction regime with a Coulomb gap [166, 167,
168]. One of the most signi cant parameters characterizing the thermal responseisthe
sensitivity A, already introduced in sectionHand de ned in equation (28). For our NTD
thermistors this parameter ranges between 7 and 10. The resistance behaviour follows
the relation:

R = Roexp(To=T) ; =1=2: (31)

(see the analogous behavior for the resistivity in equation (Z17)).

The VRH regime occurs in Ge when it is doped close to the Meta | to Insulator
Transition, whichis 6 10 atoms/cm?®. Thisis achieved by thermal neutron radi-
ation in anuclear reactor (see sectionlZ.2). The sensitivity parameter A, depends on the



7 CUORE PROJECT 87

neutron irradiation dose. Therefore, each thermistor must be characterized at operating
temperatures, as described in Sec. B2 and, for Si thermistors, in Ref.[169].

It is very important to optimize the neutron irradiation exposure and to make the
exposures as uniform as possible. It is not possible to evaluate the thermistor mate-
rial directly from the reactor because of the long half life of *Ge (11.43 days). A
delay of several monthsis required to see if the Ge needs more exposure. To circum-
vent this dif culty, the Ge material is accompanied by foils of metal with long-lived
(n; ) radioactive product nuclides. Accordingly, the neutron exposure of the Ge can be
determined accurately, and uniformity of exposure is achieved. This technique was de-
veloped recently by the Lawrence Berkeley National Laboratory group of the CUORE
Collaboration [[161]. Following the neutron exposure and radioactive decay period, the
NTD germanium is rst heat treated to repair the crystal stru cturethencutinto3 3 1
mm? strips. The thermistors are glued to the TeO, crystal by 9 spots of Araldit rapid,
Ciba Geigy (now Novartis) epoxy, of 0.4 to 0.7 mm deposited on the crystal surface
by an array of pins. The height of each spot is50 m. This procedure was found to be
reasonably reliable and reproduciblein the MiDBD experiment [[170]. The heat conduc-
tance of the epoxy spots was measured in Milan and the phenomenol ogical relation was
foundtobe 2.6 10 “(T[K])® watts per degree kelvin per spot. The stabilization of
the response of bolometersis crucia because of the unavoidable small variations in the
temperature of the heat bath that change the detector gain (and consequently deteriorates
the energy resolution; g. $2).

This problem is successfully addressed by means of a Joule heater glued on to each
crystal. The heater is used to inject a uniform energy in the crystal and the thermal
gain is monitored and corrected off-line (see Sec. [[3). The heaters are Si chips with a
heavily doped meander structure with a constant resistance between 50to 100k . They
are manufactured by the ITC - IRST company in Trento, Italy. Electrical connections
are made with two 50 m diameter gold wires, ball bonded to metalized surfaces on
the thermistor. The gold wires are crimped into a copper tube, which isinserted into a
larger oneforming the electrical connection, and avoiding low temperature solder which
contains ?1°Pb and traces of other radioisotopes. The larger copper tube, 14 mm long
and 2 mm in diameter, is glued to the copper frame that supports the crystals. This
tubeisthermally connected to the frame but electrically insulated. The mounting of the
TeO, crystalsiscrucial to detector performance, and must ful | | anumber of sometimes
contradictory criteria

1. the crystals must be rigidly secured to the frame to prevent power dissipation
by friction caused by unavoidable vibrations, that can prevent the crystal from
reaching the required temperature and can produce low frequency noise;

2. the therma conductance to the heat sink (copper frame) must be low enough to
delay the re-cooling of the crystal, following a heat pulse, such that the pulse
decay time (re-cooling time) is much longer than therise time;
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3. however, the heat conductance must be high enough to guarantee ef cient cooling;

4. the frame must compensate for the differences in thermal expansion coef cients
of the various material s used;

5. and nally, only materials selected for low radioactivit y can be used.

For CUORE, only two materials will be used, copper and PTFE; they can both be ob-
tained with very low levels of radioactivity. Copper has athermal conductivity and spe-
ci ¢ heat high enough to be an ideal heat bath, and has excelle nt mechanical properties,
it machines well, and has excellent tensil, tortional and compressional strengths.

PTFE isused between the copper frame and the crystals. It haslow heat conductance
and low heat leak [171]. It compensates for the differences between coef cients of
thermal expansion of copper and of TeO, . The heat conductance between the crystal
and heat sink was measured in asimilar con guration, but wit h a contact area larger by
afactor of 2 [172].

The measurements of the temperature dependence of speci ¢ h eats and thermal con-
ductivitiesis crucialy important for developing a model that explains detector perfor-
mance and that can be used to improve thedetector design (secH).

7.2 TheNTD thermistors

The key to the success of CUORE is the production of large numbers of nearly iden-
tical neutron-transmutation-doped (NTD) Ge thermistors. These are made by neutron
transmutation doping of ultra-pure Gein anuclear reactor to obtain the proper character-
istics of resistance and A, the variation of resistance with temperature. Melt-doped Ge
crystals cannot achieve the necessary uniformity due to a variety of dopant segregation
effects. The only technique available for producing such uniform doping is NTD. In
typical applications, the neutron absorption probability for a3 mm thick wafer of Geis
small, on the order of 3 %, leading to a very homogenous, uniform absorption process.
The most important aspect of this processis that "°Ge transmutes into Ga, an acceptor,
and "*Ge transmutes into As, a donor, the primary active dopantsin NTD Ge. In this
process, one places the Ge in anuclear reactor where the following reactions take place:

OGe (21%)+n ¥ "Ge( t =343 0:17h; g =1:5h)
1Ge "1Ga (t1-, = 11:4day) Acceptor (32)

"“Ge (36%) +n
7SGe

®Ge( r =051 0:08h; r=1:0 0:2b)
®As (t;-, = 83min) Donor (33)

°Ge (7:4%) +n
77Ge

"Ge( + =0:16 0:014b; gr=12:0 0:35h)
"Se (t1-, = 38:8hr) DoubleDonor (34)
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where 1 and g refer to thethermal and epithermal neutron capture cross sections,
respectively.

Since the doping level of the Ge needsto be on theorder of 1 10" atoms/cm?, a
very high ux reactor, such as that at the University of Misso uri or the Massachusetts
Institute of Technology, is necessary to do the doping in a reasonable time. Even more
important is the stability of the neutron ux and the energy d istribution as measured by
the Cd ratio. A large Cd ratio (>200) isdesirable. In addition, aminimal fast (>5 MeV)

uX is necessary to eliminate contaminants such as 3H, %Zn, and ®Ge produced by
fast neutrons. These radioactive contaminants degrade the detector operation because
of internal radioactive decay and therefore increased background.

In order to determine both the thermal ( 1) and epithermal ( r) neutron uences
that the Ge wafers are exposed to during the reactor irradiations, we devel oped amethod
using multiple metallic monitors that are irradiated with every set of Ge samples. For
each monitor foil, the amount of radioactivity produced dependsonthesum ( + 1 +

rR RrR). Each monitor provides one equation in two unknowns, the solution to which
can be depicted as a line on the graph of therma ux vs. epithe rma ux. For mul-
tiple elements, multiple lines can be drawn on this same graph, and they will have a
common intersection at the solution of values of thermal and epithermal ux that sat-
isfy all conditions. Essentialy, thisis a graphical solution to several equations in two
unknowns. Elements with signi cantly different ratios of 1= g provide signi cantly
different slopesto the lines and a better determination of the intersection. Fe and Zr are
agood combination since they have signi cantly different = r andlong half-lives.

Once the thermal and epithermal uences have been determine d, the concentration
of dopants produced in the germanium can be calculated. The signi cant quantity in-
volved in thermistor performance is the net dopant concentration which is equal to the
concentration of Ga atoms minus the concentration of As atoms minus twice the con-
centration of Se atoms. Unfortunately, to measure the thermal performance of the ther-
mistor, one needs to wait for the decay of the activation product "*Ge (11.4 day), which
requires approximately one year. Following thisone year of decay, someof theNTD Ge
material was made into thermistors and sent to the University of Florence, for testing
at low temperatures. Samples were cooled to 30 mK and resistance vs. temperature
measurements were made over approximately the 300-30 mK range. These curveswere
compared tos similar curves from other batches of NTD Ge as shownin gure

For the various batches we ran (NTD-33-38) the data can be combined to show the
variation of the temperature performance vs the calculated net acceptor concentrations.
Theseresultsareillustrated in Figure[38. Thethree pointson theright side of the data set
were the results of two irradiations, and the middle of these three points has properties
nearly the same at those of NTD-31, currently being used in CUORICINO.

The problem of producing large numbers of identical thermistors is quite compli-
cated. These thermistors, nearly identical to NTD-31, were made with an iterative pro-
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cess whereby the second doping was calculated following a measurement of the rst.
This is a very inef cient process for producing large number s of thermistors. Fortu-
nately, the same method used to make the thermistors can be used to analyze the resullts.
Neutron capture on "*Ga produces ">Ga (14 hour half life) and "°As activates to "°As
(26.3 hour half life). Both these isotopes emit gamma rays of high enough energy and
intensity to make precise measurements of both Ga and As doping levels. Selenium
cannot be measured by Instrumental Neutron Activation Analysis (INAA) because the
product nuclide, "’Se is stable. Similarly, Secondary lon Mass Spectroscopy (SIMS)
and other mass spectroscopic techniques can be used to determine the dopant concen-
trations on a much shorter time scale. Two, or even three, irradiations will be required
to produce thermistors with properties close enough to be used in the large array of
CUORE. These techniques will be further rened in order to a low faster and more
uniform production of the thousands of thermistors required for CUORE.

The plan to make these irradiations more predictable is to use the NTD facility at
the MIT reactor with multiple irradiations on a single large batch of Ge wafers. Each
wafer will have its own monitor, and each will be separately analyzed to determine the
appropriate subsequent irradiation to bring them to the right temperature characteristics.

Previous measurements carried out in the Gran Sasso Laboratory [[173] have shown
that the residual acrtivity of the NTD thermistors becomes fully tolerable in an experi-
ment with thermal detectors already afew months after irradiation.

7.3 Modular structure of the CUORE detector

As stated earlier, the CUORE array comprises 988 TeO, bolometers, grouped in 247
modules of 4 bolometers each. These are arranged in 19 towers of 52 crystals each, or a
stack 13 modules high. The towers are assembled in acylindrical structure as shown in
Fig.B1

The structure of each four-detector moduleis shownin Fig.38. Thefour crystalsare
held between two copper frames joined by copper columns. PTFE pieces are inserted
between the copper and TeO, , as a heat impedance and to clamp the crystals. Thereis
a6 mm gap between crystals with no material between them.

The four detectors are mechanically coupled; some of the PTFE blocks and springs
act simultaneously on two crystals. Tests of thisand asimilar structure, but with3 3 6
cm? crystals, clearly demonstrate that the CUORE technology is viable. The signal to
noise ratio was improved by replacing the3 1.5 0.4 mm?® Ge thermistor by one with
dimensions3 3 1 mm?3, which signi cantly improved the DMC shown in Fig. 8ZJand
by utilizing cold electronics Fig.[38 A further noise reduction was nally obtained by
suspending the detector by means of a stainless steel spring.

Reproducibility was tested on the MiDBD array, which had a suf cient number of
detectors (20) operating simultaneously. The reproducibility is satisfactory as shown in
theload curvesin Fig.[39. Four-detector modulesof 50 50 50 mm? crystalswere also
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Figure 36: A four detector module.
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Figure 38: Noise Power Spectra without damping suspension (1), with damping sus-
pension only (2) and with dumping suspension + cold electronics (3).

successfully tested, with pulse amplitudes spanning an interval from 50to 150 V/MeV
a 100 M operation point, in agreement with the thermal model. The full width at
half maximum FWHM is 1 keV for low energy gamma peaks, and 5 to 10 keV at
2.6 MeV. A stack of thirteen, 4-detector modules, will be connected by two vertical
copper bars. The details of the wiring of the towersis still under development; however,
the current planisfor 50 m diameter twisted pairs of nylon coated constantane wire
running along the vertical copper bars. On the top of each tower there would be 52
twisted pairsfor the thermistors and four for the heaters. Two more twisted pairswill be
required for diagnostic thermometers, one on top and one on the bottom of the tower.

The CUORICINO detector presently taking data at LNGS consists of one of the 52
detector towers with the exception of thetwo planescontainingthe3 3 6 cm?® crystals
discussed earlier. CUORE is an array of 19 towers, each of which will be suspended
independently from alarge cylindrical copper plate, thermally connected to the mixing
chamber of the dilution refrigerator (DR). In this manner, tests of CUORICINO will be
tests of the CUORE array. The array will be suspended from the mixing chamber by a
vertical spring to decouple the detector from the vibrations of the dilution refrigerator.
Tests were performed with piezo-€lectric accelerometers and vibrators to optimize the
suspension (see Fig.[38). As aresult a pendulum mechanical suspension was designed
for the entire CUORE array.
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Figure 39: Fifteen thermistor load curves for the 20 crystal array.

The heavy shielding of CUORE will present non-trivial problemsin the energy cal-
ibration with radioactive sources. The presently considered option is to use radioactive
metal wires encapsulated in PTFE tubes. The tubes would be placed vertically between
the towers, and free to slide along a xed tube to the appropri ate calibration point. A
vacuum tight sliding seal will allow the part of the tube containing wire to be inserted
and extracted from the cryostat.

7.4 Location

CUORE will be located in the underground hall A of Laboratori Nazionali del Gran
Sasso (LNGS, L'Aquila - Italy) at a depth of 3400 m.w.e. where the muon ux is
reducedto 3 10 8 /ocm ?/sand the neutron uxto 10 ® n/cm 2?/s. After the ap-
proval of CUORE by the Gran Sasso Scienti c Committeeits na | location just near the
CRESST installation has been decided as shown in Fig. 40
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Figure 40: Final location of CUORE in hall A of the underground Laboratori Nazionali

del Gran Sasso.
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8 Cryogenic system

The CUORE bolometers will operate at temperatures between 7 and 10 mK. This will
require an extremely powerful dilution refrigerator (DR). At these temperatures, the
cooling power of aDR varies approximately as T?. Estimates were made of the parasitic
power the detector and DR would receive from: heat transfer of the residual helium gas
in the inner vacuum chamber (1VC), power radiated from the 50 mK shield facing the
detector, and from vibrational energy (microphonic noise). The estimated valueis 1
W at 7 mK, using reasonable values for the residual gas pressure and achievable surface
quality for radiation transfer. The resulting estimate for the radiation contribution was
negligible. CUORE will utilize a similar system to that of the Nautilus Collaboration
that cools a 2-ton gravitational antenna. That system experienced a parasitic power of
10 W from unknown sources.

The CUORE detector will be cooled by a He®=He* refrigerator with a cooling
power of 3 mW at 120 mK. Refrigerators with the required characteristics are techni-
cally feasible. One example is the DRS-3000 DR model constructed by the Kamerling
Onnes Laboratory in Leiden. The unit is shown in Fig. &1, inserted in the dewar. One
important design feature is the 50 mm diameter clear access to the mixing chamber to
allow arod, suspended from an external structure, to suspend the detector array to min-
imize vibrations from direct connection to the mixing chamber. The temperature of the
rod will be controlled in stages along its length by exible t hermal contacts to avoid
vibrations.

The dewar housing the DR will have a jacket of liquid nitrogen (LN) to avoid the
need of superinsulation which is not free of radioactivity. The system is designed with
severa tubes passing through the LN bath, the liquid He bath, and the IVC, to allow
relling with cryogenic liquids, and for suf cient feed thr ough for electrical connec-
tions. Lique ers will provide constant liquid levels for th e two baths over long periods
of operation. The He that evaporates from the main bath and from the 1K-pot will be
recovered in a buffer tank and re-lique ed with a helium liqu e er with a capacity of
severa tens of |/day. The gas will be cooled to 70 K, then to 10 K, by a two stage
Gifford-MacMahon cycle. Thiswill be followed by a Joule-Thompson cycle that lique-
esit and injects it back into the main bath. The nitrogen liq ue er, on the other hand,
will require only a single stage Gifford-MacMahon cycle to cool acold nger abovethe
LN bath. It will condense the evaporated N, and let it fall back into the bath.

This complex cryogenic system will require a constant monitoring system. It must
be capable of surveying the operating conditionsto allow prompt intervention to correct
malfunctions rapidly. In addition, the operating conditions of the entire cryogenic sys-
tem must be recorded for future correlation with instabilities in the experimental data
(section[ITH).

Besides housing the CUORE detector, the dewar will be able to support an effective
system of roman lead shields maintained at the low temperature close to the detectors
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Figure 42: Temperature instability as observed in atypical MiDBD measurement.
(Figll and section8.2).

8.1 Development of a Pulse-Tube-assisted cryostat

The experience collected by the proponentsin running CUORICINO, and by the Milano
group in running the previous 20 detector arrays, showsthat a constant (or very slowing
varying, of the order of 1 %/day) level of liquid helium in the main bath of the cryostat
helps in achieving a steady response of the detectors. Any variation of the main bath
level trandlates into small changes of the mixture ow and th erefore of the refrigerator
cooling power. These changes are harmful for the stability of the bolometer output and
could spoil the effectiveness of the correction procedure (usually referred as stabiliza-
tion). Detectors need to be operated in a DC-coupling mode b ecause their baseline
level re ects the temperature changes and is used for the det ector response stabiliza-
tion (Fig. @2 and section[I3). A fundamental point is that the stabilization procedure
is effective only if the detector operation point (and therefore the baseline level) is kept
inside a narrow environment of theinitial value. This cannot be achieved in presence of
relatively large or fast changes of the liquid helium level.

The basic design described above for CUORE, is based on the successful operation
of CUORICINO and MiDBD in which the helium level was kept almost steady by
means of a helium re-liqueer. This system is however based o n a twenty-year-old



8 CRYOGENIC SYSTEM 102

technology and has exhibited many weak points during the multi-annual operation of
the bolometric arrays, such as unpredictable variations of the liquefaction ef ciency
and microphonic noise introduced by the cryogenic heads of the GM cycle. We believe
that these problems could be even more seriousin the CUORE cryogenic system, dueto
the much larger boil-off of the CUORE cryostat (see section8). For this reason we will
also consider the opportunity to rely on atraditional lique er which lique es externally
the helium gas coming from the main bath and the 1 K pot through recovery lines. In
this case, an active stabilization of the holder temperature should compensate for the
base temperature variations induced by the relatively fast decrease of the liquid level
and the traumatic changes induced by the frequent main bath rells.

However, we will study (at the R&D level) an alternative cryogenic con guration
which could allow us to keep the 4 K stage temperature constant for the whole dura-
tion of the experiment. This solution is based on a new commercial device provided by
the modern cryogenic technology: a Pulse Tube (PT) cooler. PT isanove type of me-
chanical cooling system exhibiting extremely low vibration performance not reached by
conventional Gifford-McMahon or Stirling coolers. PT coolers consist of a compressor,
arotary valve and a cold head. Their advantages are:

low maintenance, due to the absence of moving displacers and cold seals;

low noise, due to the lack of moving parts in the cold head, which assures a very
guiet system;

low cost, dueto itssimplicity, which allows the PT to be manufactured at |ess cost
than common cryo-refrigeration systems.

Commercia two stage PT’s provide two cold points, typically at 80 K and 4 K,
with a cooling power of the order of 0.5 W at 4 K. In this framework, aliquid-helium-
free medium-power dilution refrigerator wasinstalled in September 2003 at the Insubria
University. Thisrefrigerator does not use cryogenic liquids at all: a PT coolsthe 80 K
and the 4 K shields, while the *He-*He mixture is condensed by a Joule-Thompson
expansion after thermalization at the 4 K stage. This refrigerator will be a precious
test-bench for this new technique, in terms of reliability and noise level. In the event
of convincing performance of this system, we will design a refrigerator for CUORE
endowed with an array of PT’swith the aim to stop or reduce the main bath boil-off or,
as an extreme solution, to get rid completely of cryogenic u ids. This solution would
solve much of the stability problem at the root.

8.2 Shidlding requirements

Double-beta decay experiments, as well as dark matter searches and searches for rare
events in general, require deep underground locations and ultra low radioactive envi-
ronments. Thislatter requirement is usually accomplished by placing severe constraints
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on the selection of the materials used and by the realization of proper shielding sur-
rounding the detectors. In the case that complicated structureslike dilution refrigerators
are used, the problem of their shielding and construction using only low radioactive
contamination materials is complex. Moreover, since in MiDBD and CUORICINO a
non negligible contribution to the background rateinthe (0 ) region was recognized
as originating from environmental radioactivity, and radioactive contaminations of the
cryostat structure (sections @ and [14), the design of effective shields (specially those
directly surrounding the detector) is crucia to reach the sensitivity goal of CUORE.

Part of the bulk lead shielding will be placed inside of the cryostat, and part outside
(Fig. @1). Thiswill shield the detector from environmental radioactivity and from ra-
dioactive contaminations of the dewar structure, also reducing the total amount of lead
required. A 4 layer of ultra-low background lead will constitute 3 cm thick walls of
the cubic structure of the array. Thislayer will be Roman lead whose 1°Pb activity was
measured to be less than 4 mBg/kg [174]. Asfor CUORICINO, the dilution refrigera-
tor will be constructed from materials specially selected for low levels of radioactivity
(section [I4). Nevertheless, these levels might be higher than can be tolerated by the
sensitivity requirements. The main goa of the inner lead shield will be therefore of
cancelling their dangerous contributions to the CUORE background level.

The top of the detector array will be protected by two Pb layersof 1 m diameter
and 10 cm thickness each, with a 10 cm diameter central bore to accommodate the
copper cold nger that supportsthe detector and the narrow n eck of two radiation shields
of the refrigerator that are at temperatures of 50 mK and 600 mK. The layer close to
the detector will be made of high quality lead with an activity of 16 Bg/kg of 2'°Pb.
The upper layer will be made of modern lead with an activity of 2:°Pb of 150 Bg/kg.
Another layer of lead, 17 cm thick, and with a dimaeter of 40 cm will be placed
directly on the top face of the detector. It will be constructed from low activity lead
of 16 Bg/kg of 21°Pb. This con guration is designed so that the minimum path to the
detector from the IV C and the dilution unit is 20 cm of lead. Finally, outside the dewar,
there will be two 10 cm thicknesses of lead, 16 Bag/kg of 21°Pb for the inner layer, and
200 Bg/kg for the outer layer. The lead shield will be surrounded with a 10 cm thick
box of borated polyethylene that will also function as an hermetically sealed enclosure
to exclude radon. It will be ushed constantly with dry nitro gen.

The entire dewar, detector, and shield will be enclosed in a Faraday cage to exclude
electromagnetic disturbances that also constitute a source of background, abeit at low
energies, important to dark matter and solar axion searches. The addition of a muon
veto surrounding the entire structure will be also considered.
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9 Required laboratory

The entire CUORE setup will be installed underground inside a proper building which
will have to guarantee room for all the setup parts (e.g. cryogenics, electronics, shield-
ings), for a controlled areato be used during assembling procedures and for all normal
monitoring activities.

The hut in which the CUORE experiment will be housed will have therefore to
satisfy the following main requirements:

the cryostat and the detector have to be sustained by means of two independent
structures, in order to avoid any possible transmission of mechanical vibrationsto
the bolometers from the cryogenic facility.

thedilution refrigerator hasto be kept at a suitable height from the oor to givethe
possibility of an easy dismounting of the thermal and radioactivity shields when
necessary.

the area where the cryostat and the front-end electronics are located has to be
shielded from electromagnetic interferences by means of a Faraday cage.

the area where the detector will be assembled must be a clean room in order to
avoid radioactive contamination of the array in the mounting phase.

Following these requirements we made a schematic design of the hut which will be
divided in three levelsas shown in Fig. 3. At the ground oor a platform of reinforced
concrete, with a central aperture of about 3 m diameter, will be placed. In this aper-
ture a lifting platform, able to raise at least 50 tons, will be realized with four couples
screw-nut, driven by four motors simultaneously controlled. The radioactivity shield-
ing will be placed on the lifting platform; in this way it will be easy to pull down the
shieldings whenever is necessary to open the cryostat. On the ground level, the pumps
of the cryostat and the compressors for the lique ers (or for the pulse tubes) will also be
placed.

The dilution refrigerator will be suspended at about 3.5 m from the ground in order
to guarantee an easy dismounting of thethermal shields (Fig.[43). The concrete platform
at the ground oor will be the base for two sets of three pillar s each: the rst set will
go up to the oor of the second level and will support a plate to which the cryostat
top ange will be anchored; the second set will go up to the cei ling of the second
level and will bear the support structure of the detector. An appropriate design for the
mechanical suspension for the CUORE array is under study. We have however seen that
it isrelatively easy to realize a suitable device since the only unavoidable requirement
isthe achievement of alow natural vibration frequency of the system (below 0.5 Hz).
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Figure 43: Scheme of the CUORE setup installation.
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The rst level will consist of two separated sections. a clea n room (at least class
100), where all the CUORE detector parts will be assembled and stored, and a control
room for the cryostat.

The second level will also be separated in two sections. The rst one, containing
the top of the cryostat, the support structure and the front-end electronics, will be sur-
rounded by a Faraday cage. The second will be used for the data acquisition system.

9.1 Cooling water requirements

Depending on the cryostat design, the thermal power required to cool the pumps and
compressors can vary between 40 and 60 kW. The water cooling circuit of the LNGS
underground laboratories could in principle easily accomplish to our needs but our ex-
perience in past yearstells usthat this circuit has to reach better reliability and purity of
the water. Therefore we will install awater chiller of adequate cooling power that in the
future can work as a backup solution to cover possible failures of the laboratory circuit.

9.2 Power requirements

In order to guarantee a continuous operation of the experiment, al the equipment has
to be powered by an Uninterrupted Power Supply (UPS) that should have a power in
the range 70 100 kVA, depending on the setup design. Only the water chiller can be
powered by a normal power supply, provided that water circulation pumps are under
UPS and the water circuit has a buffer big enough to resist to power interruptions for
the same amount of time the UPS does.

9.3 Safety

The CUORE experiment doesn’'t use dangerous materials and the only safety require-
ments concern therefore the use of cryogenic liquids. Furthermore the amount of liquid
nitrogen and liquid helium contained in the cryostat will be of the order of 100 liters and
then, also in case of an abrupt evaporation the amount of gas released to air is limited
to few hundreds of cubic meters. Of course, in the case of a cryostat using pulse tubes
(instead of cryogenic liquids) thisissue would also disappear.

9.4 Spacerequirement

The space required to allocate CUORE is10 10 m? and we consider it suf cient for the

installation of th experiment. Moreover afew square meters outside the hut are required
in order to accomodate the water chiller (it should be placed in a bypass outside the
main hall not too far from the hut) and the ventilation system of the clean room (close
to the hut).
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10 Electronics

Although CUORICINO has many fewer channels with respect CUORE, the design of
its electronics has been developed with the aim of fully satisfying the requirements
(electrical speci cation, space occupation, cost, etc.) o f CUORE. Therefore, the de-
scription of the front-end set-up we are proposing for CUORE is very closeto the actual
front-end of CUORICINO. Very few modi cations are needed to upgrade the set-up of
CUORICINO to that of CUORE.

10.1 General Description

With the CUORICINO experiment two front-end readouts are being investigated: acon-

guration consisting of 38 channels completely operated at room temperature ( warm
electronics: WFE) and a system of 24 channels characterized by an additional rst
differential unity gain buffer stage at low temperature ( cold electronics: CFE).

The connection between the thermistors and the rst stage of the electronicsis via
atwisted pair of 1 m (CFE) and 5 m (WFE) in length. The main reason for these two
prototypes is to assess the effect of the microphonic noise of the connecting wires on
the detector energy resolution at low energy, in order to achieve the maximum possible
sensitivity at threshold. Since other factors dominate the detector resolution at higher
energies, an equivalent performance is expected there for the two set-ups.

Regardless of the con guration considered, the design of th e electronic system must
satisfy many speci cations. Among them, the four major issu es can be summarized as
follows:

1. It should be characterized by a small noise contribution, in the frequency band of
the detector signal ( one to few tens Hz), generated by the biasing circuitry and
the preampli er.

2. 1t should accommodate the broad spread of manufacturing characteristics that is
typical of the bolometer/thermistor modules. In CUORICINO, for example, the
optimum bias current of some modulesis as low as 150 pA, whileis as high as
300 pA for others. As a consequence the signal amplitude exhibits a correspond-
ing spread.

3. It should enable in situ measurement of the bolometer DC characteristics.

4. The design should incorporate a high level of remote programmability in order
to avoid mechanical interventions in the vicinity of the bolometers during the
measurements.
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Figure 44: Schematic diagram of the front-end electronic circuit operated at room tem-
perature (WFE).

In the following subsections we shall give a brief discussion of the circuitries able
to address these issues and presently used for the CUORICINO readout. An extended
description of the CUORICINO electronics can be found in reference [175].

Among some of the important tasks addressed by the readout electronics which
are not reported here, a particular attention was given to the setup power supply and
the shielding against the electromagnetic interferences. A very precise, multi-output,
pulse generator instrument was nally developed to allow a ¢ ontinuous calibration of
the energy conversion gain of the whole array (stabilization).

10.2 Thermistor biasing and detector wiring

In Fig. 44 and Fig. 49 are shown the two schematic diagrams of the readout solutions
for CUORICINO. As can be easily seen, they differ by the presence of the cold buffer
stage in one of them (Q; and Q, in Fig.d5). From left to right of both gures we nd
the detector, its biasing network, the rst stage of ampli ¢ ation (warm/cold) and so on.
Any block characterized by a capital P asthe rst letter of it slabel is equipped with at
least one remotely programmable functionality. Thermistor biasing is accomplished by
applying a programmabl e voltage across a series combination of the thermistor and two
load resistors.

For the set-up of Fig. @4 the load resistors, PR, are aso at room temperature. The
analysis and minimization of the contribution to the low frequency (LF) noisefrom large
resistors under bias conditions, is the subject of an independent report [176]. Under
computer control, the biasing resistors can assume valuesintherange 1154 G . This
facilitates the measurement of the bolometer’s |-V characteristics at large bias. The
impedance at the input of the electronics is suf ciently hig h that parasitic conductance
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in the circuit board is an issue that demands great attention. Precautions that we took to
suppress parasitic conductance were:

segregation of the two high impedance detector nodes by a circuit board layer;

strategic placement of guard traces around the solder junctions of high-impedance
component leads;

maintenance of a minimum spacing of 5 mm between high-impedance traces;

placement of slots at critical locations on the circuit board to avoid conductance
through minute amounts of soldering residue that sometimes escapes the standard
cleaning procedures.

Altogether, these solutions yielded excellent results.

In the set-up of Fig. @9 the pair of load resistors R, is also put close to the buffer
location, at low temperature. The rest of the biasing set-up is unchanged, but the R
valueis54 G and cannot be switchedto 11 G .

The application of the bias voltage to the load resistors is accomplished by the pro-
grammable bias attenuator (PB+, PB-), an especialy designed Digital to Analog Con-
verter (DAC) characterized by an optically isolated digital input. It can generate the
voltages PB+ and PB- of both Fig.[4 and Fig. 45, symmetrically with respect to ground
(PB-=-PB+). The programmable bias attenuator can also provide the additional fea-
ture of inverting the polarity of the bias voltage. This feature is very useful, since by
reversing the bias voltage during DC characterization, it is possible to account for the
thermoel ectric effect operating in the leads that connect the front-end electronics to the
thermistors [177]. To simplify measurements and improve accuracy, an additional bus
PAUX on Fig. @4 and Fig. 43 can be connected to any selected channel to perform the
voltage reading with avery precise multimeter, independently of the acquisition system.
The biasing network is equipped with aheavy low pass Iter th at reducesto anegligible
level whatever noise originates from the power system or from the network itself.

In CUORICINO, the wiring of all the electrical elements at low temperature has
been realized by means of shielded twisted cables (superconducting coaxial cables
with a CuNi and 100 m diameter NbTi twisted pair). Five stages of thermalization
cut the thermal conductance of the cables themselves. The v e stages are located at
42K, 12K, 120 mK, 50 mK and 5 mK plates and are composed of sapphire windows
(10 20 1 mm?d) that are sputtered with gold on the bottom, and have 12 1 mm wide
tracks (gold-platinum) on the top, where the twisted cables are soldered.

We are studying the possibility of upgrading this set-up with a less expensive so-
lution. First, the sapphire windows are now going to be replaced with exible Capton
windows with thinner and shorter Cu tracks. A simple pressure on their center against
the cold plate allows an effective thermalization of these windows. The next step will be
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Figure 45: Schematic diagram of the front-end having the rst stage, the differentia
buffer Q1; Q,, at cold.

the realization of very thin Cu or CuNi tracks sputtered on a exible Capton substrate.
This new approach seems to be feasible thanks to the small radioactive background
measured for Capton.

10.3 Preampli er and Cold buffer stage

The design of the preampli er (DVA in Fig. 441bnd Fig. 45) sati s esfour main require-
ments:

1. Because the typical source impedance and signal characteristics of a bolometer,
the voltage ampli er is the conventional approach [178]l. It s performance is not
superior to a charge or current con guration [179], but it a lows oating inputs
which make biasing naturally compatible with DC coupling.

2. Thelong leads (in the WFE option) connecting the preampli erswith the bolome-
ters have the drawback of acting as antennas for microphonic noise. We ad-
dressed this problem by making the preampli er input differ ential. Compared
with a single-sided input the ampli er noise power is double d, but the trouble-
some (common mode) microphonic noise originating in the leads can be effec-
tively suppressed. Moreover, the differential con gurati on suppresses interchan-
nel crosstalk.

3. The signal bandwidth of our bolometers extends from 1 Hz to few tens Hz. We
then require that the preampli er noise, both series and par alel, be minimized
in this frequency interval. The CUORICINO preampli er is ch aracterized by a



10 ELECTRONICS 111

voltage noise @gr of 3 nv/ pﬁz, that becomes 4 nV/pﬁz at 1 Hz. Its noise
currentis4fA/" Hz.

4. Monitoring the baseline of each bolometer, and correlating the baseline shift with
the shiftsinthe overal system gain, requires a high thermal stability of the pream-
pli er. A special circuit has been developed that allowsthe drift to be maintained-
below 0.2 VI/C.

With the aim of minimizing the microphonic noise due to the length of the leads,
we have realized the set-up of Fig. 8. It's main feature is that the rst buffer stage of
ampli cation operated at |ow temperature. The box housing t he preampli ersisin fact
anchored to the 4.2 K plate of the dilution refrigerator, next to the detectors. The buffer
stage is then warmed in order to reach the optimum temperature for Silicon, around
110 K. Each cold stage is a differential buffer (Q, and Q,) composed of two Silicon
JFETSs that work in the source follower con guration [180]. | n this way the length of
the leads that connect the detector to thisadditional buffer stageis reduced to about 1 m,
while the remaining wires towards the external stage at room temperature are driven by
the low output impedance of the differential buffer. TBe e cold buffer stage features a
negl&gﬂale current noise, a oor noise of about 2 nV/  Hz and a noise of about 10
nV/" Hz at 1 Hz. Each cold buffer, together with the load resistors, islocated on boards
that accommodate 6 channels. The boards are fabricated on a substrate made of PTFE
25% reinforced berglass. This solution achieves two goals . First, the small thermal
conductance of the PTFE minimizes the injected thermal power needed to increase the
JFET temperature from 4.2 K to the optimum 110 K. Second, the radioactivity level of
PTFE islower by afactor of about two with respect to pure ber glass. In addition, the
printed circuit boards have been realized with a thickness of only 0.5 mm thus halving
their mass. The boards are suspended by means of (low thermal conductivity) nylon
wiresinside thermally shielded copper boxes which can contain two of them. Although
abit more complex than WFE, the CFE option has the advantage of offering an effective
noise reduction (see Fig. 38).

For both con gurations, the input offset is the sum of the con tributions from the
asymmetry of the JFETs and the bias voltage of the NTD thermistor. The JFET asym-
metry may contributeupto 20 mV to the offset. During normal operation, thermistor
biasing contributes no more than 20 mV, but for load curves acquisition the bias volt-
age must be adjustable to both polarities and to a magnitude as high as j50mV j. The
offset corrector circuit (POA in Fig. 44 and Fig. 49) is designed to compensate input
offsets from -80 mV to +80 mV, under the control of the digital section. The POA was
implemented with a circuit solution that minimizes any noise contribution, especially at
LF [175]. Once red by the computer, the POA adjusts the outpu t offset of the selected
readout channel to adefault valueof 1 V. By request, this value can be changed remotely
to an arbitrary level.
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An AC (DC) test signal can beinjected directly to the DVA inputsin order to test the
front-end of any selected channel and the load resistors of the WFE channels. During
this operation, a programmable system of relays disconnects the detector (or the cold
stage) from the DVA.

10.4 Programmable gain ampli er

The outputs of the preampli er drive the differential input s of a programmable gain
ampli er, (PGA in Fig. 44Jand Fig. 45). The ampli er output to the preampli er input

ratio (voltage gain) can take valuesin the range 220 5000 V/ V. The differential outputs
travel on an analog bus to the lter circuit PGF, which isfoll owed by analog to digital
conversion of the acquisition system.

10.5 Antialiasing Iter and analog trigger

In CUORICINO, optimal Itering algorithms are applied to th e acquired detector sig-
nals (sec. [I3). To ensure adequate frequency response we have implemented an an-
tialiasing Iter (PGF in Fig. 441and Fig. 45) at the downstrea m end of the analog signal
processing. Thisis an active six-pole Bessel low-pass Ite r, which yields a roll-off of
120 dB=decade. In order to adapte the useful bandwidth to each bolometer module, the
cutoff frequency can be adjusted from the computer.

The input of the trigger circuit (PTRS in Fig. 44 and Fig. 45) is AC coupled to
the output of the antialiasing Iter. The core of PTRS is an an alog ampli er. The
gain of PTRS is adjustable from the computer. The AC coupling produces a negative
excursion of the trigger circuit input that, if uncompensated, would result in a shift of
the baseline. A baseline restoring section [[181] has been added to PTRS to suppresses
this effect. Pulses from a bolometer may exhibit a trailing undershoot because of the
coupling of the inductive part of the bolometer’s dynamic impedance to the parasitic
capacitance in shunt with it. After differentiation by the AC coupling, the undershoot of
large pulses has the potentia to re-trigger. An RC network [[182] within PTRS cancels
the effect of the undershoot and thus suppresses re-triggering. Itstime constant has been
made adjustable from the computer. The nal element in the tr igger circuit is a two-
pole Bessel low-pass Iter. The cutoff of this Iter trackst he cutoff of the antialiasing
Iter PGF, but is higher in frequency by 4 Hz. A single trigger -Bessel module card

accommodates three channels.

10.6 Calibrating Pulse Generator System

Very long measurements need an accurate energy calibration. A radioactive source can-
not be left or put (on request) close to our detectors, because of its unavoidable contri-
butions to the dead time and background level. Our solution is based on the use of both
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a radioactive source positioned close to the array (typically once a month, just outside
the cryostat) and an always-present very stable electrical calibrating system (heater),
which inject signals at afaster rate. The radioactive source xesthe energy scale of the
detector while the heater effectively corrects gain variations (sec. [13).

Theelectrical calibrating systemiscomposed of asmall heater resistor glued on each
crystal. Across any heater resistor a small voltage pulse is devel oped which dissipatesa
small power, that generates asignal very similar to that of an impinging particle.

The accuracy of our calibrating system depends on the stability of the heater resistor,
whose characteristics are described in [[151], and to the el ectrical pulse generator. To this
aim we have developed and are using a very stable pulse generator having the following
features:

1. Itismodular and provides 4 independent outputs for each card used.

2. Each output generates square pulses that can be completely programmable in am-
plitude and width, and can span arange corresponding to pulse amplitudes equiv-
alent to afew tens of keV up to more than 20 MeV.

3. Each pulse occurrence can be driven by an external input (e.g. DAQ), in order to
allow for a complete tagging.

4. The stability of the pulsesiswithin 2 ppm in any parameter.

A complete detailed description of thisdeviceisgivenin [183].

10.7 Voltage Supply system

The voltage supply system is composed of two main stages. The rst stage ful Isapre-
adjustment of 13V by means of several 75 W switching regulators. Specia | tering
sections are used to suppress any high frequency spike. The second stage outputs pro-
vide the desired voltages in the ranges -12 +12 V for the outp ut stage of the front-end
and in the range -10 +10 V for the cold stages and the preampli ers. The 10V out-
put is used also as the reference for the offset correcting circuits. For thisreason avery
stable (a few ppm/°C drift) and low noise (1.3 Vppinthe 0.1 Hz to 10 Hz frequency
range, at arated current of 1.5 A circuit) was designed and built [184]]. A single second
stage voltage supply supports 24 complete channels.

10.8 Digital control

A digital control system (DCS) enables a computer assisted regulation of the most sig-
ni cant analog front-end parameters: the thermistor bias c urrent, theinput offset correc-
tion, the gain, the bandwidth, the application of test signalsto the inputs, the calibrating
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pulse injection to the detectors, etc. During data acquisition the DCSis generaly idle.
In this state even the DCS clock shuts down, thus eliminating the possibility that DCS
activity will contribute to noise on the analog outputs.

To minimize elecromagnetic interferences (EMI) and ground loops, the communi-
cation between the DAQ (sec. [I1)) and the DCS is made with an asynchronous, serial,
bi-directional optical ber link bus.

109 EMI Shidding

We foresee, as is partially done now in CUORICINO, surrounding the entire cryostat
and the front-end el ectronics with a Faraday cage able to shield also low frequency mag-
netic elds. For this purpose the internal walls of the cage w ill be covered with a sheet
of 0.1 0.2 mm thickness of SKUDOTECH, a very high permeabili ty metal [185]. A
sound absorbing material will also cover theinternal walls. The EMI shield will be split
intwo sections. A rst Faraday cage will surround the cryost at and itslead/polyethylene
shields. The very front-end, fed by the detector connections (output signals and input
bias), will be organized in 12 towers (each composed of 6 standard 19 inch-racks) and
connected to the second stage located in asmaller Faraday cage sharing one of itswalls
with the main Faraday cage. The small Faraday cage will house the antidiasing Iter,
the trigger circuit and the acquisition system optically connected via TCP/IP to the out-
side world. The choice for a set-up split in two separate rooms allows a distribution of
the power dissipation over alarge space and an effective reduction of the digital circuits
EMI.

10.10 Noise considerations

The above described analog WFE produces a noise of the order of 50 nvV (FWHM)
referred to its input, over the 10 Hz bandwidth of the signal. The 54 G load resistors
produce 80 nV in the same bandwidth so that the combined noiseis 100 nV (FWHM).
On the other hand, for the CFE option, due to the presence of the cold buffer stage, the
series power noiseisincreased by afactor of about two, while parallel noiseis decreased
by afactor of at least three, mainly due to the use of the cold load resistors. In this way
the overall noise contribution becomes about 90 nV (FWHM). In both casesthe noiseis
considerably below the 1.0 V (FWHM) level observed for one of our best performing
bolometers. We believe therefore that the anal og front end is more than adequate for the
CUORE needs.

The two front-end solutions have the same level of noise, but the presence of the
cold buffer stage, which reduces the high impedance path, should further improve the
common mode noise due to the vibration of the leads. Unfortunately, there is another
source of microphonics which is not acommon mode: the mechanical friction between
the detector and its mounting. If this source would result in a noise level much greater
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than that of the connecting leads, the use of a cold buffer stage would be unnecessary.
This would allow a reduction of the connecting leads by a factor of two and would
avoid thermal power injection inside the dilution refrigerator. It should be noticed that
the reduction of the parasitic capacitance obtained by shortening the high impedance
path is not a concern in the case of our very slow signals.
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11 Dataacquisition system (DAQ)

In this section we describe the architecture of the readout and DAQ system for CUORE.
In particular we report the main requirements that are driving the system design and
describe the general architecture of the system oulining a few open options. We also
give the block diagram of the main readout board and nally de scribe the main DAQ
system and its software layout.

11.1 Requirements

As described in the previous sections, the signals coming from each crystal are ampli-
ed and shaped by a preampli er that generates pulses well de scribed by the following
typical parameters:

Voltage signals with maximum peak amplitudes as high as 10 V; the signals can
be either differential or unipolar; dueto thelarge energy range, the peak amplitude
can aso be aslow asfew mV.

Risetimes of the order of 30 ms, falling times up to an order of magnitude slower.

Total duration up to several seconds.

The DAQ system must be designed to sample and read out the signals of about
1000 channelst of this type with virtually zero dead time, independent readout among
channels, self-triggering capability, and, last but not |east, optimized cost.

In order not to spoil the energy resolution over the whole range (from 5 keV up to
15 MeV), real 16 bit sampling isrequired. In addition, the pulse must be sampled for 5
s, in order to get a good measurement of the tail and of the background level. A typical
sampling rate of 1 kHz seems adequate, but it is highly recommended to allow for a
programmable sampling speed around this value. With the aforementioned values, the
typical event size for one channel is 5000x2 = 10 kbytes.

It is aso very important to measure the background level (baseline), both before
and after the end of the pulse, therefore it is required to have a suitable internal circular
memory and a logic capable of recovering the pre-trigger signal conditions.

The choice for real 16 bit sampling poses severe requirements on the noise level
acceptable at the channel input. Assuming a maximum range of 10 V, the noise level
must be below 150 V r.m.s.

1As an option, it has been proposed to add a second sensor to each crystal. This would of course

double the number of channels, but would have a negligible impact on the architecture proposed here,
except of course an almost linear increase of the total cost of the system.
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Being that CUORE isdesigned to search for very rare eventslike  decaysor dark
matter induced nuclear recoils, the requirements for the DAQ system for data throught-
put are not severe at al. The maximum foreseen data rate is given by the calibration
procedure, that might produce at most few events per minute per channel. As described
in section[I1.4, thisrate does not pose any specia requirement on the DAQ system, even
assuming a complete sampling of the channels without zero suppression.

11.2 General architecture

The CUORE DAQ system must be able to digitize, acquire, analyze online, store and
display the pulses generated by 1000 TeO, bolometers.

Each channel must be completely independent from the others and the readout must
introduce zero dead time.

In order to minimize the cost and alow for a maximum exibili ty in the on-line
anaysisand triggering, the system proposed hereis mostly based on the large and cheap
computing resources that are now commercially available, reducing the complexity, and
therefore the cost, of the readout boards as much as possible.

The genera structure of the system is shown in Fig. 48, It is composed of a set of
personal computers, anetwork infrastructure, a PCl based VME interface and 5 or more
VME crates with custom designed digitizing boards.

We propose to design and build a simple digitizing VME board with full 16 bit
dynamic range (possibly 24), large internal circular buffers, optional self-triggering ca-
pability with a programmabl e threshold and digitizing speed programmable in the range
from 0.01 KHz up to 10 KHz.

Each board can probably handle 12 channels, to allow reading 240 channels per
VME crate (5 VME crates® would then be required with 1000 channels).

In this structure the digital boards are just pure digitizers, that continuously convert
the input analogue signal into a stream of digital words; when a trigger occurs, either
generated by the remote front end electronics or internally generated by the discrimina
tor, the words stored in the internal buffers are copied to another memory that can be
accessed by themain DAQ software viaVME bus. The structure of the board guarantees
that the channels remain independent and ful s the zero dea d-time requirement.

Each board issues an interrupt signal on the VME bus whenever atrigger occurs; in
thisway the main software may work either in interrupt or in polling mode.

The large and cheap computing power available nowadays yields a large exibility
in the possible on-line Itering and processing of the data. Full on-line analysis is
possible with this structure, allowing afast and ef cient m onitoring of the experimental

2Should the two sensor options be adopted, the number of required crates would be 10; additionally,
we might succeed in designing a 16 channel digitizing board that would reduce the number of VME crates
to 4 or 8. The genera structure of the system would not be changed at all.
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VME CRATET VMECRATEZ VMECRATE3 VMECRATE4 VMECRATES

= VME-PCI interfac

Figure 46: Block diagram of the proposed DAQ system. The digitizing boards are
housed in 5 VME crates, each controlled and read by a dedicated Linux PC that uses a
VME-PCI interface to access the VME bus. All computers are connected via a network
(normal 100 Mbit ethernet or fast optical link if required) to aset of consolesthat provide
graphical user interface and event display. A custom designed software runs on all
computers.
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Figure 47: Base design of the digitizing board. In this"minima" version the board sim-
ply has thefunction to convert theinput signal into a stream of wordsthat are transferred
to the DAQ computersvia VME bus.

The next two sections give asomewhat more detail ed description of the digital board
and of the computing and software architecture.

11.3 Readout board

We are considering two possible block diagramsfor the digitizing board. The rstisthe
one sketched in the previous section and shown in Fig. 44

In this design, the digitizing board is very simple and most of the job is |eft to the
software that runs on the DAQ computers; in fact, the board is a pure free-running
digitizer, with the minimum amount of logic needed to recover the data from a few
hundred ms before the trigger until several seconds after the trigger. The trigger can
be either externa, i.e. generated by the front end electronics and sent to the board via
aNIM or TTL signal, or can be internally generated with a simple discriminator. To
achieve the required resolution (real 16 bits), we will probably put two 12 bit ADCsin
paralel, with a precise ampli er in front of the least signi cant ADC. In this way 24
bitswill in fact be available. The ampli er gain will be chos en to leave a large overlap
between the two ADCs, allowing a precise intercalibration.
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Figure 48: Optional enhanced design of the digitizing board. In this version the board
is equipped with a DSP that can perform additional computing functions like event
selection or digital Itering.

When atrigger occurs, the FPGA logic will transfer the data (a programmable time
window around thetrigger signal) to aDual Port Ram that can be accessed viaVME bus.
A VME interrupt will be also generated when this transfer is completed, allowing the
DAQ computer to start read-out. It will be possible to use this board either in interrupt
mode or in polling mode. Block transfer D32 will be supported too, allowing very fast
transfer. The Dual Port Ram will be large enough to keep severa minutes of data at
normal trigger rate during calibration.

We are also considering a second approach, a little more complex from the point
of view of hardware design, that includes a DSP in the digitizing board (see Fig. 49).
With this solution, the DSP could be used to perform a rst lev € data Itering and
implement smart trigger conditions in order to reduce the data rate. In our opinion,
with the datarate foreseen for CUORE, it will be possibleto perform all thishigher level
functions using the computing power of the DAQ system, allowing for more exibility
and reducing the cost of the system. Therefore we prefer the scheme shown in Fig. 44
as our baseline design and leave the second design as an option.
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11.4 Computing system and DAQ layout

The system shown in Fig. 48, with the baseline option for the digitizing board shown in
Fig. B4, requiresasigni cant amount of computing power bec ause most of the functions
are delegated to the software.

As a baseline design, we propose that each VME crate will house 20 boards, each
of them capable of digitizing 12 channels. Therefore we need 5 VME crates to read
1000 channels. Each VME crate will be connected to a PC via a PCI-VME interface.
These 5 PCswill be connected via network to another set of PCsthat will perform event
building, online analysis, graphical display, system control and monitor.

The network infrastructure will be rather simple, with asingle switch star-connected
to al PCs. Normal 100 Mbit ethernet is probably more than enough for CUORE but it
would be easy to implement this structure using 1 Gbit optical link without any archi-
tectural modi cations. We think, therefore, that this very standard network structureis
adequate.

We propose to use Linux based PCs for all computers and to use root as a software
environment. The software running on each computer will be custom designed while
the consoles and the graphical interfaces will be root based. A possible WEB interface
to the system is foreseen, though network security problem will probably limit its use.

11.5 Sow control

During ameasurement, all the parameters of the apparatus must be monitored and regis-
tered. Thisisparticularly required in long running time experiments where the acquired
data can be contaminated with problems related to experim ental system conditions.
In particular in the case of cryogenic detectors many inconveniences can arise from the
cryogenic apparatus. The experience gained with MiDBD and CUORICINO detectors
showed us the fundamental role played by the temperature instabilities and by the vibra-
tions induced by the malfunctioning of the cryostat and lique er. In order to correlate

these frequently unavoidable problems it is very important to continuously check the
main parameters of the cryogenic system (e.g. pressures, mixture ows, cryogenic lig-

uid levels and others). The cryogenic apparatus must be equipped with transducers able
to transpose these data in a voltage value to be acquired by the DAQ during the exper-
iment. This environmental data acquisition system can be implemented directly in the
DAQ or be designed independently and correlated off-line with the experimental data
by means of a time synchronization between the two systems. The choice of the best
approach can de nitely be taken later on; the control system and DAQ designs have in
fact little intereference and can evolve independently. At the moment we are not plan-
ning an active automatic control of the apparatus. This could be designed later, when a
better de nition of the cryogenic and detector apparatuses will exist. On the other hand,
we would like to implement a human remote control(e.g. WEB interface) in order to
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maintain the apparatus in the best measurement condition without the necessity of the
constant presence of a shifter inside the underground laboratory.
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12 Construction procedures

Theonly possibility for the CUORE collaboration to satisfy the sensitivity requirements
will be to use severe procedures for the construction of the experimental setup. Accord-
ing to the experience gained in CUORICINO, thiswill imply rigorous material selection
and construction procedures.

12.1 Material Selection

One of the most critical points of the CUORE experiment will be the selection of al the
materials used in the construction of the detector. Since the selection criteriamust result
in the minimum possible contribution to the background level, it is obviousthat thiswill
be accomplished only if the starting quality of the materials will be suf ciently good
from the point of view of radio-purity. We can divide the materials needed for CUORE
in three main categories: i) materials for crystal growth; ii) materials for the detector
structure and iii) materials for the shielding structures. Material selection is important
also for other parts of the experimental setup (e.g. the cryostat) but in principle these
parts can be heavily shielded so the required limits on their radioactive contaminations
are less stringent (sectionB.2).

12.1.1 Materialsfor crystal growth

TeO, is amolecule composed of only two atomic species. Te and O. In practice if we
want to produce a good stoichiometric material, the oxidation of the Te metal must be
realized in few well de ned steps. In each step the selection of the compound used
will be very critical. The rst material to be chosen is obvio usly Te. The analyzed
metallic Te for the CUORICINO production showed limits below the sensitivity of the
HPGe detectors installed in LNGS (apart from the well known contamination in 22°Ph
). TeO, powders were also measured at the LNGS low activity underground |aboratory.
Contamination values are reported in table[[3 The presence of 2X°Po can be ascribed
either to a genuine ?*°Po contamination or to 22°Pb . Since Pb contaminants should be
limited in the CUORE experiment, we will try to investigate this point in detail. Two
acids are usually used for metallic Te oxidation: Nitric and Hydrocloric. The ratio used
in this preparation is. 1 kg of Te, 1.3 kg of HCI and 2.5 kg of HNOs[186]. So we
need to check with the same accuracy the radio-purity of the acids and of the Te metal.
For CUORICINO we have measured the two acids involved in the crystal production
using ICPM S with quite good results: HCl showed a contamination of 1.3 ppt of 238U
and <1 ppt of 232Th, while HNO; showed 13.1 ppt of 228U and 112.3 ppt of 2%2Th.
One of the main problems in CUORE will be the systematic control of these values
during al the crystal production operations. There is another very critical point at this
stage: alarge quantity of water (few liters per kg) isused to clean the TeO , powder
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just after their production and before the growth procedure. This operation can be of
course very dangerous because of the possible presence of radioactive contaminations
in the water that can be transferred to the powder. The impact of these contaminations
could explain the higher contamination observed in the TeO, powders with respect to
the starting Te metal. The growing procedure usually reduces the contamination lev-
els of the nal crystal with respect to the bare material. How ever it is usualy dif cult

to quantify the actual reduction in the produced crystals. On the other hand, an in-
crease of the number of growing cycles - athough undoubtely useful - would be very
expensive. The last critical point in the preparation of the crystals will be the surface
treatment made in order to assure a good contact between crystals and semiconductor
chips (thermistors and silicon resistances). The data obtained with MiDBD showed that
arelevant contribution to the background in the double beta decay region could be iden-
ti ed with the presence of surface contaminations on the cry stals. In the production of
theearly 3 3 6 cm?® TeO, crystals, this consideration was strongly supported by the
measurement of the lapping powders used by the factory. In CUORICINO we carried
out the nal lapping procedures using a specialy selected A 1,03 powder. This showed
a radioactive contamination few orders of magnitude lower with respect to the previous
ones (tab.[I3). However, because of the large spread in the grains dimension of this pol-
ishing powder, only roughly smooth surfaces could be obtained. Alternative approaches
arein principle possible (e.g. surface acid attack, ion beam sputtering, etc.); the careful
test of these methodologies and the devel opment of powerful dignostic techniques will
be considered in the early CUORE R& D phase (see section[16).

12.1.2 Materialsfor the detector structure

The experience gained in MiDBD and CUORICINO indicates that all the structure of
the CUORE detector should be mainly made of Cu. Only minor components will be
built with different materials. In the case of Cu, we have indications that very low
limits for the bulk contaminations of the U and Th chains can be reached in specialy
selected productions. We have measured a number of samples for CUORICINO and
found that the Oxygen Free High-Conductivity Cu is denitel y better than the stan-
dard electrolytic Cu. Moreover some speci ¢ productions, m ade by our colleagues in
Germany [[187], have shown very low limitsin radioactive contaminations, at level s suf-
cient for CUORE sensitivity requirements (see section 14) . We must plan and control
the production of Cu for CUORE directly with the foundry in order to check the con-
tamination of the material immediately. Moreover the Cu must be stored underground
immediately after production to avoid cosmic ray activation. This poses severe condi-
tions on the physical size of the produced Cu in order to minimize the time needed by
the mechanical factories for the production of the nal piec es of CUORE.

Another important material in the detector structure is PTFE. The spacers holding
the detector in the right position are made with this material and therefore the radioac-
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Table 15: Radioactive contamination measurements for CUORICINO materials. All
values are in mBg/kg. Al,O3-1 isthe origina lapping powder used at SICCAS while
Al,Os-2isacertied 0.7 m Sumitomo powder.

238U 226 Ra 214 Bi 232Th 228AC 208T| 40 K
Auwires <0.99 <1.58 <34 <0.33 <.29 <37 1.3 0.2
Al,Os-1 121 18 248 37 82 12 485 07 64 09 32 05 102 15
Al,O3-2 <60.1 219 33 <1.8 <2.4 <2.1 <2.0 <16
Cuscrews <184 <11.0 <7.3 <13.6 <14.0 <14.0 18.3
TeO, 115 1.7 305 46 17 02 34 05 24 036 17 02 6.6 09
tin 423 6.1 451 6.2 390 58 184 27 184 27 184 2.7 <65

tive contaminations of PTFE can be very dangerous for the background level of the
detector. For organic materials there are two different problems: rst it is necessary to

have very low levelsof intrinsic radioactivity, second it iscrucial to control the exposure
of these materials to air radioactive pollution (typically Radon). In general the radioac-
tivity of organic compounds like PTFE, Nylon etc can be very low, as demonstrated by
the Borexino collaboration [[188]. Concerning the diffusion of Radon it is necessary to
maintain the selected materials in a very clean environment and, to minimize the pos-
sible radioactive contamination present in the volume next to the surface, the external
part must be mechanically removed before the realization of the spacers.

The other materias involved in the detector construction are characterized by very
small masses. Also in this case however, a good radiopurity level is required in order
to avoid any possible dangerous contribution to the background level. In that sense,
the selection of the epoxy glue (connection between chips and crystals), of the gold
bonding wires (electrical connections), of the electrical pins, etc. must be carefully
controlled. The indications obtained from our previous tests, show very good levelsfor
epoxies while are non conclusive for gold wires and pins. All these components will
be measured again to improve their contamination limits; alternative approaches (e.g.
neutron activation) will also be considered.

The last critical part of the detector assembly is represented by the wires used for
the electrical connection between the detector and rst the rmalization stage on the inner
lead shield (they are not shielded). It is very dif cult, at t he moment, to de ne their
actual contribution to the background level since we still lack a de ned design of the

nal electrical connection. As a matter of fact we will choos e the best among a number
of different wire types (constantan, superconductor, etc) and will then design the wiring
system using only previously selected radio-clean materials.

It should be stressed that all the materials must match two different requirements:
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they must be characterized by low radioactive background and, at the same time, ensure
a good performance in a cryogenic environment. Of course, is not obvious that to sat-
isfy these very different conditions unavoidable dif cult ies might not arise in correctly
de ning the material for the speci ¢ application.

12.1.3 Shielding materials

The radioactive shields will be made of lead. To minimize the contribution from the
lead itself, we need to build different concentric shields made with lead characterized
by different contents of 21°Pb . It should be stressed that the presence of this nuclide can
contribute to the background spectra with the bremssthrahlug photons produced by the
beta decays of the 2!°Bi. The internal lead shield, to be placed as close as possible to
the detector at cryogenic temperatures, will consist of ancient roman lead that containsa
level of 22°Pb lower than 4 mBa/kg [[189] ( sectionB2). Theintermediate lead shield can
be realized with commercial lead with a?*°Pb contamination of the order of few Bg/kg.
The external part will be constructed with standard commercia lead that normally has
contaminations of the order of few tens of Bg/kg in 22°Pb . All the above requirements
were already satis ed by the lead used in CUORICINO.

12.1.4 Other components of the experimental setup

There are some parts of the cryogenic environment that need careful design, not only
from the point of view of the cryostat performance, but also for their possible contribu-
tionsto the radioactive background. In particular, although the upper part of the cryostat
will be shielded with respect to the detector volume with aheavy layer of lead, its most
massive components should be constructed with materials characterized by an accept-
able level of impurities. We can indicate a rough limit for these materials and reduce
at a minimum their required amount. Of course, the requirements connected to pro-
ducing a well performing cryogenic apparatus must also be taken into account. Some
possible materials that satisfy both requirements have already been found during the
last few yearsfor CUORICINO. Thisjob will continue in the future with the systematic
selection task needed for the speci ¢ application to CUORE.

12.2 Construction environment

The TeO, crystalswill befabricated at the Institute for Ceramicsin Shanghai (SICCAS),
China, from low-radioactivity ore. Our prior experience with similar crystals fabricated
for MiDBD and CUORICINO indicates that the nal stages of lap ping and polishing
must be done in a clean, radioactivity-free environment, recognizing that these detec-
tors are the most-sensitive detectors available for traces of radioactive materials. Two
possible options can be envisaged for the choice and set-up of this environment: a) a
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conservative option, which follows strictly the CUORICINO experience; b) an innova-
tive option, which foresees a substantial use of out-sourcing, therefore requiring the de-
velopment of new environments or the modi cation of existin g environments presently
not suitable for the delicate operations involved in the CUORE assembly. The main
points of the two options are outlined bel ow.

@

(b)

In the conservative option, the crystals will be grown in China, cut in a cubical
shape and lapped using alumina powder down to a grain size of about 15 m.
The control of the residual activity in the lapping pads and in the aluminawill be
performed (see subsection [I2.7). The lapped crystals will be delivered by ship
in order to limit exposure to the high-energy hadronic component of the cosmic
rays and stored underground. The nal most delicate polishi ng operation will be
accomplished directly in the Gran Sasso laboratory, possibly underground or at
least keeping each crystal outside the underground laboratory just for the time
required for polishing. A special environment has to be developed for this pur-
pose, consisting of a clean room where several polishers can be installed in order
to proceed in parallel with many crystals. A radon-free atmosphere consisting
of synthetic air should be realized in the clean room. Presently, in the hall C of
the underground Gran Sasso laboratory, there exists a facility which with some
modi cations, could have the required features: it is the co mbination of clean
rooms developed for the BOREXINO experiment. If available at the time of the
CUORE construction, this would be an ideal environment for the polishing pro-
cedure. Otherwise, asimilar structure must be built. After polishing, each crystal
will be stored underground in a radon-free container. Once the polishing opera-
tion is completed, in the same clean room where it was realized, the thermistors
will be attached to the TeO, crystals. Finally, the crystals will beinserted in their
copper frames and the thermistor wires connected to the read-out pads. Each 4-
detector modulewill be stored independently in aradon-free container and moved
to the cryostat area. The nal assembly of the moduleswill be realized directly in
the lower level of the cryostat room, that will have clean room features. Asfar as
the whole detector will be completed, it will be connected to the dilution unit of
the refrigerator and will be ready for the nal wire connecti ons.

In theinnovative option, alarge fraction of the detector assembly work will be per-
formed in China, from where the crystalswill be shipped in the form of completed
4-detector modules in special radon-free containers. A clean room environment
(class 1000 or better, with radon-abatement) must be set up either at SICCAS
or at some other facility under the supervision of LBNL scientists. These same
scientists will develop procedures to be used for the production of the crystals.
The nal polishing operation will be performed by skilled Ch inese personnel,
but oversight, either in the form of an employee on site or remote access, must
be maintained. Finally, these crystals should be instrumented and packaged into
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elementary modules, i.e. groups of 4 crystals, frames, thermistors, and heaters be-
fore leaving the clean area. Even this operation will be performed by supervised
Chinese manpower, after an appropriate training period. Once al the elemen-
tary modules have been completed, they will be shipped to the underground Gran
Sasso laboratory as quickly as possible to reduce cosmic ray activation. The nal
assembling will be performed in Gran Sasso asin option (a).

An intermediate solution between the two options is possible. The Chinese part
of the work in option (b) could be terminated at the nal polis hing phase, while the
delicate operation of thermistor attaching and 4-module realization would be realized
in the Gran Sasso laboratory. In this way, no polishing set-up is required in Europe,
but the detector assembly operations will be entirely accomplished underground in the
Gran Sasso |aboratory, where skillful physicists and technicians can more easily check
the mounting procedure.

An important point to be considered for the choice between the two options is the
total exposure to cosmic rays of the crystals from their growth to their nal storage un-
derground. Of course, this exposure will be much shorter in case of option (a). An esti-
mate of the production rate of radio-nuclides generated by nuclear reactions induced by
high-energy hadrons in the crystals has been already done using the COSMO program
(see section [T4). Cosmogenic %°Co in TeO, crystals could be a limiting contribution
for CUORE so that exposure to cosmic rays must be limited as possible. Monte Carlo
simulations have shown that a total exposure period of 4 months to cosmic rays would
giveacontributiontothe (0 ) CUORE background below the sensitivity requirement
(see section[T4). Moreover, arecent experimental determination of the %°Co production
cross section by protonson Te (0.63 0.15 mb for 1.85 GeV p [190]) resultsin a strong
disagreement with COSM O (which yields a much larger one) so that the allowed expo-
sure period could be much longer. An independent activation measurement carried out
by exposinga51.1 g TeO2 crystal to abeam of  10%° 24 GeV protons has found a cross
section of 1.6 mb instead than 2 mb as predicted by COSMO. Since however the effect
of cosmic rays is expected to be dominant in the region of 1-2 GeV a new activation
measurement with protons of 1.4 GeV is planned at the ISOLDE facility of CERN. A
similar measurement is planned at Berkeley. Their reults will help in the nal decision
about the option to be chosen.

12.3 Low background technology transfer tothecrystal growth com-
pany

In either case, many critical operationsin terms of radioactivity control must be accom-
plished in China, while more will be required in the case of option (b). Therefore, it is
mandatory that low background concepts will be transferred to SICCAS in order to get
satisfactory results as for crystal radiopurity.
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The operations which precede crystalization involve the use of chemical prod-
ucts. In particular, metalic tellurium must be transformed into TeO, powder:
there are indications that U and Th impurities are added in this phase, that must
be carefully checked, both in terms of procedure and of used reagents. In particu-
lar, radiopure reagents must be selected by the CUORE collaboration (see section
[IZ7) and provided to the Chinese company.

There areindicationsthat the Pt crucible used for crystal growth contaminatesthe
crystal with the isotope *°Pt, which is responsible for an alphaline at 3.25 MeV,
very dangerous if degraded in energy. Therefore, new crucibles (possibly in Ir)
should be developed in collaboration with SICCAS.

The material sto be used for |apping and polishing (see sect ion[IZ.7), such as pads
and powders, must be carefully checked and provided to SICCAS. This operation
is even more critical in case of option (b) of section[IZ2. Some experience has
been gathered during CUORICINO construction, where specia pads and powders
downto 0.5 m grain size were selected (see section[IZ7). This selection must
be continued until a complete and satisfactory identi cati on of the polishing ma-
terials is accomplished. The materials will be delivered to China and used under
the supervision of members of the CUORE collaboration.

In the event that option (b) of section [2.2]is selected, the copper frames, the ther-

mistors, the heaters and all the tools necessary for the elementary modul e assem-
bly must be shipped to Chinain special containers protecting them from exposure
to radon and other contaminating agents. The Chinese personnel involved in the
module assembly will be trained to fabricate and store the modules in the proper
conditionsin terms of radiopurity.

12.4 CUORE assembly procedure

We list below the main steps which precede and constitute the CUORE assembly pro-
cedure, indicating the typical time necessary to accomplish each step, evaluated on the
basis of the CUORICINO experience and discussionswith SICCAS technicians. Under
the general assumption that the total assembly procedure needs to last no longer than
12 months, these indicationswill be used in the subsequent section to estimate the man-
power needed, the amount of work that needs to be done in parallel and to satisfy the
CUORE construction schedule.

Crystal production. Performed entirely in China. Estimated production rate:
about 60 crystals/month. Total production time: 18 months. In this phase the
crystals are produced with lapped surfaces, downtoa 15 m roughness.
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Crystal polishing. Performed in Chinaor in the Gran Sasso |aboratory. The expe-
rience gathered with polishing crystalsin Como for the CUORICINO experiment
shows that 3 persons can polish 16 crystals/week with two polishers. In order to
reach a higher rate of the order of 50 crystals/week, asrequired in order to remain
on schedule with the complete assembly, 3 groups will have to work in parallel.

Thermistor preparation. Performed in Berkeley (thermistor devel opment and pro-
duction) and in Como / Florence (bonding and characterization). The thermistors
will be al ready for bonding and characterization 3 years after the start-up of
the CUORE project. The bonding rate is about 20 thermistors/day. Two persons
working in parallel with two bonding machines (already available) will bond 200
thermistors/week. Total bonding time: 5 weeks. The characterization will be per-
formed in parallel on samples bonded in the rst week and shou Id not require
additional time.

Heater preparation. Performed in Trento and in Milano. Eighteen months will
be necessary to produce 2000 heaters, assuming a reasonable 50% yield. The
bonding time will be 10 weeks at the same conditions mentioned in the previ-
ous point. The characterization, that cannot be by sample, will have a rate of 50
heaters/week. Therefore, about 1 year is needed for heater selection. Their pro-
duction and characterization can take place during crystals growth, because no
R&D isrequired for them.

Heater and thermistor gluing. Performed in China or in the Gran Sasso labora-
tory. The CUORICINO experience shows that 2 persons can glue thermistors and
heaters with arate of 15 crystals/week, using the specia tools developed for this
am.

Frame preparation. Performed in the Gran Sasso laboratory. Once the frames
and the other copper elements for the typical 4-element module are machined
and cleaned (see sections[Z.1 and [I2), a preparation work preceding the module
mounting must be performed, consisting in assembling the Te on supports, the
read-out pads and in wiring locally the frame. It is reasonable to assume that 2
persons can prepare 20 frames (= 1 tower)/week.

Crystal insertion in the frames. Performed in China or in the Gran Sasso labora-
tory. The CUORICINO experience shows that 2 persons can insert crystalsin 2
planes/day.

Connection of the gold wires. Performed in Chinaor in the Gran Sasso |aboratory.
The CUORICINO experience shows that 1 person can wiresin 1 plane/day.
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Assembly of the towers. Performed in the Gran Sasso laboratory. The CUORI-
CINO experience shows that 2 persons working together can form a tower of 10
elementary modules in about one week.

Assembly of the cube. Performed in the Gran Sasso |aboratory. A reasonable as-
sumption is that 2 persons can assemble the 19 towers into the CUORE cylinder
in about 1 month, provided that special tools for towers manipulation and move-
ment have been realized previously. Of course, they will need to work without
anyone else around the cryostat, and this must be taken into account.

Cryostat wiring. Performed in a laboratory to be de ned and in the Gran Sasso

laboratory. In the case of CUORICINO, the preparation of acomplete set of wires
for the tower was made by 2 persons and took around 1 month. Thisoperation can
be made almost completely on the bench, before the construction of the CUORE
cube, by several groupsin paralel, so asto prepare al the wiresin 6 months. An
additional time of about 1 week/tower isrequired to lay the wiresin the cryostat.
This operation should be made by 2 persons working together. Unfortunately,
thiswork cannot be done in parallel, since no more than 2 people can work on the
cryostat simultaneously. Therefore, another 6 months should be considered for
laying all the wiresin the cryostat.

Final wire connection and check of the contacts. Performed in the Gran Sasso
laboratory. Provided that the wires in the cryostat have been installed and that a
clever method has been developed for connecting low thermal conductivity thin
wires (i.e. special low radioactivity connectors), this job should be perfomed in
about 1 month by 2 persons working simultaneously on the cryostat. Of course,
thisjob isthe only one that cannot be done in parallel with any of the other oper-
ations.

The proponents would like to stress that in the previous points no improvement in
terms of simpli cation of the procedures was considered wit h respect to the CUORI-
CINO experience. There are severa innovations (larger crystals and consequent reduc-
tion of the total channels, smpli ed methods for thermisto r-absorber coupling, simpli-
ed methods for wiring, etc.) which could speed up the assemb ly procedure. Some of
these innovations are discussed in section[I5.

On the other hand, if the method for the abatement of the surface radioactivity pre-
sented in section[18 should be adopted, the assembly procedure will present an increased
complexity and might imply some delay.
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Figure 49: Gantt diagram illustrating the CUORE detector fabrication schedule.
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12.5 Work breakdown and construction schedule for the CUORE
detector

On the basis of the previous section, it is possible to attempt a work breakdown and a
construction schedule for the construction of the CUORE detector. The various items
described in section[IZ.4 can be reported synoptically in a Gantt diagram (see g. 49),
taking care of the two following points:

1) Theassembly of the CUORE cube must be completed in about one year. Consid-
ering that two years are necessary for the growth and preparation of the crystals,
thismeansthat CUORE will be cooled down for the rst timethr ee years after the
growth of the rst crystal. It is not feasible to span over thr ee years the 4-detector
module fabrication, along with crystal growth, since this would con ict with the
time necessary to produce and clean the copper elements and with the Research
and Development program.

2) In order to concentrate the detector assembly in one year, and taking into account
the requirements in terms of time and personnel for the realization of the vari-
ous items, some of the tasks reported above need to be accomplished by more
personnel working in parallel. For example, the operation of chip gluing will be
performed by three groups of two people each, since only in this way it will be
possible to accomplish thistask in about three months.

Once again, we stress that this construction schedule refers to the CUORE base-
line. Innovations (consider for example Nd-based crystals or surface sensitive detec-
tors) would inevitably modify the schedule in a way which is dif cult to predict now,
and might imply some delay. However, the reported analysis shows that the construc-
tion of the CUORE detector in its conventional form is feasible in one year, but at the
price of an extensive use of manpower. Notice that in some phases of the assembly,
35 people must work simultaneously and full time on the detector preparation. Given
the size of the CUORE collaboration and the limited availability of technical steff, it is
hardly conceivable to realize this formidable task without a substantial use of external
resources.

12.6 General time schedule of the CUORE project

As synoptically reported in the Gantt diagram of Figure[Bd the general time schedul e of
the CUORE project requires approximately 5 years after approval. This summarizesthe
time sequence and duration of all the various tasks described in the previous sections. It
should be stressed that the deadlines of many tasks are mandatory since often other jobs
depend on them. However, most of the activities foreseen for the rst 18-24 months

can run in parallel without much interference. Therefore, most of the required R&D
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activities could proceed during this period without resulting in sizeable delays on the
project schedule. This is particularly true (as speci ed by the dashed lled area in
g. 50) for the improvement in the surface (mainly copper) cl eaning procedures.
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Figure 50: Gantt diagram illustrating the CUORE projectdisthedule.
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