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Experimental Sensitivity
Standard sensitivity for a counting analysis (nonzero background):

Isotopic abundance
Efficiency Detector mass (kg)

Exposure time (y)

Desired sensitivity in σ

Atomic weight SNR (assume 0) Background (c/kg/y/keV)

ROI (keV)

Experimental challenge: 
 Increase M as high as possible (200-1000 kg for current experiments): $$, R&D
 Increase a: $$ 
 Decrease b as much as possible (to 2νββ limit): radio purity, active rejection 
 Decrease δ (highest resolution possible): technology choice
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Cryogenic Bolometers
• Dielectric diamagnetic materials
• Low temperatures (~10mK)
• Low heat capacity 

 C~2 nJ/K = 1 MeV / 0.1 mK
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TeO2 Bolometers
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TeO2 bolometers
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TeO2 Experiments 
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CUORE

750 kg TeO2  =>  200 kg 130Te

Array of 988 TeO2 crystals
 19 towers suspended in a cylindrical structure
 13 levels, 4 crystals each 

 5x5x5 cm3 (750g each)
 130Te: 33.8% natural isotope abundance

 New pulse tube refrigerator and cryostat
 Radio-purity techniques and high resolution 

achieve low backgrounds
 Joint venture between Italy (INFN) and US (DOE, 

NSF) 
 Under construction (expected start of operations by 

end of 2014)
 Expect energy resolution of 5 keV FWHM and 

background of ~0.01 counts/(kg*keV*year) in ROI
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The CUORE Collaboration 
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CUORE under construction in Hall A

Gran Sasso Laboratory

Shielding: ~3650 m.w.e.
Muons: ~2 x 10-8/cm2-s 
Thermal neutrons: ~1 x 10-6/cm2-s 
Epithermal neutrons: ~2 x 10-6/cm2-s 
> 2.5 MeV Neutrons: 2 x 10-7/cm2-s

Going underground: LNGS

Laboratori Nazionali del Gran Sasso, Italy
Depth: 3600 meters water equivalent

!

!"#$%&'("$")*&+,$")&"-./0,1"2$3

4
.
5
2
&6
2
$"
2
*
/$
7
&'
(
8
&7
)9
:
3

:;< :;=

:;:

:;>

Hall A
(CUORE/Cuoricino)

Hall C 
(R&D cryostat)



08/21/2013 Yury Kolomensky: CUORE 

Total detector mass: 40.7 kg TeO2 ⇒ 11.34 kg 130Te

Cuoricino, the prototype for CUORE

11 modules, 4 detector each,
crystal dimension: 5x5x5 cm3

crystal mass: 790 g
44 x 0.79 = 34.76 kg of TeO2

2 modules x 9 crystals each
crystal dimension: 3x3x6 cm3

crystal mass: 330 g
18 x 0.33 = 5.94 kg of TeO2

Encased in a cryostat, lead shield, nitrogen box, neutron shield, and Faraday cage

Bolometer detectors
Cooled to 10mK

10

Gran Sasso National Lab (Italy)
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Cuoricino Results (2010)
Exposure 

= 19.6 kg y 

Resolution: 
FWHM at 2615 keV ~7 keV 

Background: 
In the ββ0ν region (large crystals) 
= 0.153 ± 0.006 counts /(keV kg y)

No peak found
τ0ν1/2 > 2.8⨯1024 y at 90% C.L.

mββ  < 0.3 – 0.7 eV
Spread is due to a range of published matrix elements
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Figure 9: Left panel: best fit, 68% and 90% confidence intervals for the total statistics (RUN I+RUN II) superimposed to the CUORICINO sum spectrum of the
three groups of crystals (each scaled by efficiency and exposure) in the 0νββ region. (The purpose of the plot is to give a pictorial view of the result, indeed the fit is
done separately on 6 spectra whose likelihood are combined, as described in the text). Right panel: negative profile of the combined log likelihoods of RUN I and
RUN II before (blue) and after (red) the systematic uncertainty is included.

root of the exposure, i.e. we would expect an improvement of520

about a factor 1.3 which is by far smaller than the spread in521

the 90% C.L. limits that different experiments (with the same522

exposure and sensitivity) can yield (figure 8). This is the rea-523

son why we prefer to quote the sensitivity of the experiment524

together with the limit. It has to be mentioned also that in paper525

[12] we used the old value of the 130Te transition energy. This526

was defined with a much larger error and a slightly higher cen-527

tral value. On the same statistics used for [12] the use of the528

new result for the transition energy (with its small error) pushes529

the limit toward a lower half-life.530

The inclusion of the systematic error modifies the likelihood
profile for our data as shown in the right panel of figure 9. The
profile can be considered the χ2 of our fit as a function of all the
possible Γ0ν. Thus we will refer to it as χ2stat. If we rely on the
hypothesis that our knowledge of Γ0ν is smeared - near the best
fit values - by a gaussian systematic uncertainty of magnitude
σstat, the total χ2tot will be:

1
χ2tot
=

1
χ2stat

+
1
χ2syst

(5)

where χ2syst simplest approximated form is:

χ2stat =

(

Γ0ν − Γ0νbest
)2

σ2syst
(6)

With this modification of our χ2 and being the systematic
uncertainty small compared to the statistical error, we obtain a
slightly weaker limit on the half life:

τ0ν1/2 ≥ 2.8 × 10
24y

We present also, as it is a standard approach in 0νββ literature,
the 95% confidence level limit on τ0ν1/2 including systematics:

τ0ν1/2 ≥ 2.3 × 10
24y

9. Conclusion531

In this paper we have presented the CUORICINO final re-532

sult on 130Te 0νββ decay obtained with a statistics of 19.6533

kg (130Te ) y, including for the first time a detailed study of sys-534

tematics. A half life limit of 2.8 1024 y at 90% C.L. is obtained535

(2.9 1024 y if systematics are not included), to be compared536

(as discussed in section 6.2) with an experimental sensitivity of537

∼2.6 1024 y. This number can be converted in an upper limit538

on mee using the theoretical NME evaluation for 130Te nucleus.539

We report here results obtained using the most recent nuclear540

calculation found in literature:541

• 300-570 meV using the Quasiparticle Random Phase Ap-542

proximation (QRPA) evaluations of reference [5]543

• 360-580meV using the QRPA evaluations of reference [6]544

• 570-710 meV using the Shell Model (SM) evaluations of545

reference [7]546

• 350-370 meV using the Interacting Boson Model (IBM)547

evaluations of reference [8]548

Note that, for each reference, a range (and not a single value)549

for mee is presented because of the different results on the NME550

obtained by the authors when e.g. varying the treatment of the551

short range correlations or the value of gA (the axial-vector cou-552

pling). A final range for the 90% C.L. upper bound on mee can553

thus be considered the interval 300-710 meV (at 95% C.L. this554

becomes 340-780 meV).555

In table 5 we compare this result with the most stringent556

90% C.L. half-life lower limits present in literature. For each557

experimental result we report the mee range obtained with the558

NME evaluations here considered. Despite the differences aris-559

ing from the use of the one or the other NME, it is evident560

how CUORICINO is one of the most sensitive experiment per-561

formed so far.562

9

11

E. Andreotti et al., Astr. Phys. 34, 822 (2011)
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From Cuoricino to CUORE
Standard sensitivity for a counting analysis:

Isotopic abundance
Efficiency Detector mass (kg)

Exposure time (y)

Desired sensitivity

Atomic weight SNR Background (c/kg/y/keV)

ROI (keV)

Cuoricino to CUORE: 
 Increase M by a factor of 19
 Decrease b by a factor of 18
 Decrease δ by 40%
 Improve livetime (increase t)
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Background model: CUORICINO
Background Reduction

CUORE strategy: 
● improve shields & material quality
● improve bulk contamination in TeO2 (SICCAS) 
● reduce surface contribution from

● TeO2 crystals
● components facing TeO2 crystals (mainly copper)

● Ultra-clean assembly 
● increased coincidence efficiency to reject surface background 

events
● Overall goal: 0.01 c/y/kg/keV
● Demonstrated <0.02-0.03 c/y/kg/keV (90% C.L. upper limit)

• (40±10)% in ββ0ν region from 208Tl at 2615 keV
• α and β from inert material facing detector (e.g. Cu): (50±20)%
• α and β from surface contamination of crystals: (10±5)%
• Negligible contributions from neutrons and 60Co at 2505 keV
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Cuoricino Backgrounds
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Figure 5: The plot illustrates the CUORICINO background model: the black histogram is the single-hit
spectrum recorded by CUORICINO 5×5×5 cm3 crystals. The counting rate above ∼2.5 MeV is explained
on the basis of three different sources, whose effects are here reproduced by a MonteCarlo simulation. The
first is a crystal surface contamination in 232Th and 238U (red histogram) that accounts for the visible
alpha peaks. The second a surface contamination of the crystal copper holder, in this plot ascribed
to 232Th (green histogram). The third a 232Th contamination of the cryostat and/or its shields, (blue
histogram). Below 2.5 MeV other contributions, mainly 238U contamination of the cryostat and/or its
shields are needed to explain the observed background. The peak appearing at ∼3.3 MeV is ascribed to
an internal contamination in 190Pt of the crystals, yielding no other contributions apart from the clearly
visible peak.

(even if accurate) temporary solution and the introduction of the possibility to describe the radioactive
contamination in all details with QSHIELDS is in progress.

QSHIELDS and ARBY include the propagation of photons, electrons, alpha particles and heavy
ions (nuclear recoils from alpha emission) as well as neutrons and muons. All the simulations discussed
in this report are based on the Livermore GEANT4 Physics List, unless differently indicated. The
generation of nuclear transitions and the reproduction of the detector operating features are based on
two dedicated packages (GENDEC and G2TAS) that have been developed to correctly simulate chains of
radioactive decays in secular equilibrium (GENDEC) and to fully exploit and reproduce the capability of
bolometer arrays in terms of coincidence analysis (G2TAS). These two packages are described in detail
in reference [6]. ARBY is used also for the simulation of HPGe and Si surface barrier measurements, as
well as the bolometric measurements realized with small test arrays.

5 Simulation inputs

The simulation uses as input the contamination levels assumed or measured for CUORE materials. These
measurements are shortly summarized in the two following sections. The techniques used are:

• bolometric, used only when other techniques fail in reaching the required sensitivity [6, 7, 11].
These measurements are carried out in the cryogenic facility installed at LNGS in the underground
experimental Hall C or in the cryostat used for the CUORICINO experiment in Hall A using small
TeO2 arrays. In particular:

1. for TeO2 crystals a single-plane 4-crystal array (CCVR for CUORE Crystal Validation Run)
is used to periodically check the internal and surface contamination of crystals coming from
the different CUORE production batches [11];

6
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CUORE Background Budget
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Test Facilities
• Dedicated test facility in Hall C

  Extensive R&D on material 
characterization (bulk, surface 
contaminations) during Cuoricino

• Cuoricino cryostat in Hall A
 Final high-statistics tests of surface cleaning 

technologies

• Low-counting facilities @ LNGS and 
LBNL

• All results cross-checked against 
Cuoricino data and scaled to CUORE 
with MC
 E.g. benefits of increased coverage for 

multi-site event veto (anti-coincidence)

Reduction of copper surface contamination

• TTT: Three tower test
• T1: Polyethylene wrapped
• T2: Chemical etching and 

cleaning
• T3: TECM cleaning (CUORE 

baseline)
• Best results (T1) is 0.052±0.008 c/

keV/kg/yr in the 2.7 to 3.9 MeV 
range

• T3 is comparable. 
• Cuoricino is ~0.1c/kev/kg/y in the 

same range
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Crystals: Resolution ImprovementsCrystals: energy resolution

CUORE/CUORE-0 crystals: 
•  Grown, cut, and polished by 

SICCAS, Shanghai and then 
shipped to LNGS. 

•  Visually checked one by one: 
–  Free of precipitates. 
–  Free of cracks/scratches 

•  “Randomly” select 4 crystals for 
each production batch to test the 
bolometric performance – CUORE 
Crystal Validation Runs (CCVR). 
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CCVR

• CUORE crystals
 Raw material carefully screened
 Produced and cleaned at CICCAS 

(Shanghai, China)
 All delivered

• Shipped by boat to Italy, then stored 
underground
 Decrease cosmogenic activation

• Visually inspected on arrival
• Test ~4% of all crystals bolometrically in 

Hall C 
 CUORE Crystal Validation Runs (CCVR)
 All crystals conform to specs
 Demonstrate target resolution (5 keV 

FWHM)
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Crystals: Radiopurity
18 Crystals: radiopurity

•  CCVR to check crystal’s 
–  Bolometer performance 

–  Surface and bulk 
contaminations 
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Sensor Gluing
19

Gluing

Production line, robotic 
operations
Emphasis on reproducibility, 
well-defined thermal coupling
All cleanroom operation



08/21/2013 Yury Kolomensky: CUORE 

20 TECM cleaning

1.  Tumbling                                                                 2. Electropolishing 

3. Chemical etching                                                    4. Magnetoplasma 

Validated in dedicated test in Hall C; reduced background by at least x3 compared to 
Cuoricino

Copper Cleaning: TECM
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Assembly Line
21
Assembly line
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Tower Assembly
22 Tower assembly
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Sensor Cabling
23 Cable management
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Sensor Wire Bonding
24

Wire bonding
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Tower Storage and Transfer
25

Storage (transfer)
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Additional ChallengesCryogenics
   10 mK base temperature
   >1600 kg total mass @   
      10 mK
   5 µW power @ 10 mK
   20 t total mass inside 
   cryostat
   
Detector Calibration 
System 
   Internal to cryostat
   Minimize heat load
   Calibration time < 1 
   week while avoiding 
   event pileup
   Energy scale uncertainty 
   goal < 0.05 keV in 0νββ  
   region
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CUORE-0
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CUORE-0 Operations
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CUORE-0 signal
The (first) cool down started in August. 
 
We worked until the middle of September on the verticalization system to 
find the correct position of the tower (that has not to touch the 50 mk shied).  

The first cool down 
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CUORE-0 to CUORE
CUORE-0

• The first CUORE tower put in old 
Cuoricino cryostat

• Validating all CUORE 
cleanness standards and 
assembly procedures

• Tower Properties:

• 52 (14X4) crystals, total 39 kg

• 11kg of 130Te

• 4kg of copper structure

CUORE-0 CUORE



CUORE-0 to CUORE

08/21/2013 Yury Kolomensky: CUORE 

CUORE-0 to CUORE
29

CUORE-0 to CUORE

CUORE-0 CUORE



08/21/2013 Yury Kolomensky: CUORE 

30 CUORE cryostat

•  10 mK baseline temperature 
–  750 kg of crystals 
–  Copper supporting structure 

•  ~20 tons at various low 
temperature 

•  Low background 
–  Built with radio-pure materials 
–  Roman lead shield from ancient 

shipwreck, <4mBq/kg 210Pb 
•  Low vibrations 

–  Separated suspension for the 
crystal tower and DR 

•  Minimal maintenance and dead 
time 
–  Cryogen free DR 

CUORE Cryostat
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CUORE Cryostat
31
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Cryostat Commissioning
32
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Dilution Unit
33

Lowest base temperature: 4.95 mK
Cooling power: 10 μW @ 12 mK
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Dilution Unit
34
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CUORE Status

• Hut and clean room: fully equipped
• Radon abatement system: operating
• Cryostat: in commissioning, successful 4K test
• Dilution unit: delivered, <5 mK reached
• Copper parts: cleaning proceeding, to be delivered by end of 2013
• Crystals: all (1063) delivered to LNGS underground storage
• NTD thermistors: all (1250) delivered
• Detector assembly line: operational, first four towers assembled
• CUORE-0 (single tower in Cuoricino cryostat): in operations
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CUORE Sensitivity

Five year sensitivity based on 
detector resolution (5 keV 

FWHM), background, and matrix 
element spread

5 year sensitivity

36

First tower (CUORE-0) to be 
assembled in Cuoricino cryostat 
in Spring 2012 and operated until 
the start of CUORE. 
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Figure 1: CUORE-0 background-fluctuation sensitivity at 1σ for
two different values of the background rate in the region of inter-
est, 0.05 cts/(keV kg y) (solid line) and 0.11 cts/(keV kg y) (dotted
line), representing the range into which the CUORE-0 background
is expected to fall.

of 0.11 cts/(keVkg y) follows from scaling the Cuoricino
background in the conservative case, described above, of a
factor of 2 improvement in crystal and copper contamina-
tion.

A plot of the expected 1σ background-fluctuation sen-
sitivity of CUORE-0 as a function of live time in these two
bounding cases is shown in Fig. 1. Tab. 3 provides a quan-
titative comparison between 1σ background-fluctuation sen-
sitivities (as shown in Fig. 1), 1.64σ background-fluctuation
sensitivities, and 90% C.L. average-limit sensitivities for
CUORE-0 at several representative live times. The antic-
ipated total live time of CUORE-0 is approximately two
years; for this live time at the 0.05 cts/(keVkg y) back-
ground level, B(δE) ∼ 20 cts, meaning that the Poisson-
regime calculation is really necessary in this case because it
differs from the Gaussian-regime approximation by > 10%
(see Sec. 2.2).

CUORE, in addition to the new crystals and frames
already present in CUORE-0, will be assembled as a 19-
tower array in a newly constructed cryostat. The change
in detector geometry will have two effects. First, the large,
close-packed array will enable significant improvement in
the anticoincidence analysis, further reducing crystal-related
backgrounds. Second, the fraction of the total crystal sur-
face area facing the outer copper shields will be reduced by
approximately a factor of 3. In addition to these consider-
ations, the new cryostat will contain thicker lead shielding
and be constructed of cleaner material, which should result
in a gamma background approximately an order of magni-
tude lower than that in the Cuoricino cryostat. Based
on the above considerations and the Cuoricino results,
CUORE is expected to achieve its design background value
of 0.01 cts/(keVkg y). A comprehensive Monte Carlo sim-
ulation that includes the most recent background measure-
ments is currently ongoing.

An overview of the 1σ background-fluctuation sensitiv-
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Figure 2: 1σ expected background-fluctuation sensitivities for the
CUORE-0 (dotted line) and CUORE (solid line) experiments, cal-
culated from Eq. (9) and Eq. (3) with the experimental parameters
shown in Tab. 2. The Cuoricino 1σ sensitivity calculation (dashed
line) is discussed in Sec. 3.

ities of the Cuoricino, CUORE-0, and CUORE TeO2 bolo-
metric experiments is shown in Fig. 2. The Cuoricino 1σ
sensitivity calculated in Sec. 3 is shown for reference. A
1σ half-life sensitivity close to 1025 years is expected from
2 years’ live time of CUORE-0. Once CUORE starts data-
taking, another order of magnitude improvement in sensi-
tivity is expected in another two years.

A plot of the CUORE experiment’s sensitivity as a
function of the live time and exposure is shown in Fig. 3.
Tab. 4 provides a quantitative comparison between 1σ
background-fluctuation sensitivities (as shown in Fig. 3),
1.64σ background-fluctuation sensitivities, and 90% C.L.
average-limit sensitivities for CUORE at several repre-
sentative live times. The anticipated total live time of
CUORE is approximately five years; for this live time at
the design goal background level, B(δE) ∼ 190 cts, mean-
ing that the Gaussian approximation would still be valid
in this case. The sensitivity values we show in this pa-
per nevertheless differ from those previously reported by
the experiment [16, 17], but this ∼ 25% difference can be
attributed to the inclusion of the signal fraction f(δE),
which has not previously been considered.

As mentioned previously, estimates of the CUORE back-
ground are currently based on measured limits, not mea-
sured values. While there are promising indications that it
may perform even better than its design value of
0.01 cts/(keVkg y), it is also likely that background rates
of 0.001 cts/(keVkg y) or below cannot be reached with
the present technology. Even so, R&D activities are al-
ready underway pursuing ideas for further reduction of
the background in a possible future experiment. Tech-
niques for active background rejection are being investi-
gated [46, 47]) that could provide substantial reduction
of the background. Sensitivities for a scenario with 0.001
cts/(keVkg y) in a CUORE-like experiment are given in
Fig. 3 and Tab. 4.
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Table 5: Summary table of expected parameters and 1σ background-fluctuation sensitivity in half-life and effective Majorana neutrino mass.
The different values of mββ depend on the different NME calculations; see Sec. 2.1 and Tab. 1. Zero-background sensitivities, in italics, are
also provided as an estimation of the ideal limit of the detectors’ capabilities; they are presented at 68% C.L. so that they can be considered
as approximate extrapolations of the 1σ background-fluctuation sensitivities.

mββ

t b dT 0ν
1/2

(1σ) (meV)

Setup (y) (cts/(keVkg y)) (y) QRPA-F QRPA-S ISM IBM

CUORE-0 2 0.05 9.4×1024 170–310 190–320 310–390 200
zero-bkg. case at 68% C.L.: 5 .3 × 10 25 70–130 81–130 130–160 85

CUORE baseline 5 0.01 1.6×1026 41–77 48–78 76–95 50
zero-bkg. case at 68% C.L.: 2 .5 × 10 27 10–19 12–19 19–24 12
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Figure 5: The Cuoricino result and the expected CUORE 1σ background-fluctuation sensitivity overlaid on plots that show the bands
preferred by neutrino oscillation data (inner bands represent best-fit data; outer bands represent data allowing 3σ errors) [48]. Both normal
(∆m2

23
> 0) and inverted (∆m2

23
< 0) neutrino mass hierarchies are shown. (a) The coordinate plane represents the parameter space of

mββ and mlightest, following the plotting convention of [48]. (b) The coordinate plane represents the parameter space of mββ and Σmi,
following the plotting convention of [49]. The widths of the Cuoricino and CUORE bands are determined by the maximum and minimum
values of mββ obtained from the four NME calculations considered in this work.
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CUORE Sensitivity
Assume KKDC result: T1/2=25x1023 y (also near Cuoricino limit)
Background 0.01 c/keV/kg/year, 5 keV FWHM resolution, 5 years of running
Assume conservative scaling of Co and Tl peaks
Outcome of one possible experiment:
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Beyond CUORE

• CUORE design is scalable to O(1 ton) detector
 Relatively inexpensive isotopic enrichment of 130Te

  > 500 kg of 130Te 
  A factor of 3 increase in a  

 Other DBD isotopes can also be used bolometrically

•  Additional background suppression
 Scintillating bolometers
 Ionization measurements
 Surface-sensitive bolometers
 Pulse shape discrimination through non-equilibrium phonons 

•  Important direction for future R&D



Figure 3: Operating principle of a scintillating bolometer. The release of energy inside a

scintillating crystal follows two channels: light production and thermal excitation.

temperature rise), while a small fraction of it is spent to produce scintillation190

light (therefore photons irradiated outside the crystal) that is detected by the191

facing light detector. The light detectors used so far for scintillating bolometers192

are bolometers themselves. They consist in germanium slabs, kept at the same193

temperature of the main bolometer, whose temperature rise (induced by the194

scintillation photons interacting with it) is measured by a second thermistor.195

The signals registered by the two thermistors are conventionally named heat196

(the one generated in the main bolometer) and light (the one induced in the197

light detector). Although they have the same nature (temperature rises), their198

are originated by different processes.199

The interesting feature of scintillating bolometers is that the ratio between200

the two signals (light/heat) depends on the particle mass and charge. Indeed,201

while the thermal response of a bolometer has only a slight dependence on the202

particle type2, the light emission from a scintillator changes significantly. β’s203

and γ’s have the same light emission (conventionally referred to as the Light204

Yield, i.e. the fraction of particle every emitted in photons) which is typically205

different from the light emission of α particles or neutrons. Consequently, the206

contemporary read out of the heat and light signals allows particle discrimina-207

tion.208

If the scintillating crystal contains a ββ candidate, the 0νββ signal (i.e. the209

energy deposition produced by the two electrons emitted after the decay) can210

be distinguished from an α signal [40, 43] and only β’s and γ’s can give sizable211

contribution to the background that limits the experimental sensitivity. The212

feasibility of this technique is today widely proved. Scintillating bolometers213

containing Ca, Mo, Cd, Se and Zr have been successfully tested, coupled to a214

thin Ge or Si wafer operated as bolometer for the light read-out [40, 42, 44,215

2this dependence is of the order of 7� for TeO2 crystals [41] and about 10-20% for scin-

tillating crystals [42]
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Beyond CUORE

• CUORE design is scalable to O(1 ton) detector
 Relatively inexpensive isotopic enrichment of 130Te

  740 kg of 130Te 
  A factor of 3 increase in isotope mass

 Other DBD isotopes can also be used bolometrically
 E.g. ZnSe with isotopically enriched 82Se, ZnMoO4 with enriched 100Mo

•  Active background suppression to reduce background in ROI to 
~zero
 Energy resolution improvements (TES sensors)
 Scintillating/Cherenkov bolometers or ionization
 Surface-sensitive bolometers
 Pulse shape discrimination through non-equilibrium phonons 

•  Important direction for future R&D
 Efforts in the US and Italy underway; several techniques already demonstrated
 Technology demonstration by 2015-2016: background rejection + CUORE ops



08/21/2013 Yury Kolomensky: CUORE 

α/β Discrimination
40

CdWO4 ZnMoO4

ZnSe TeO2

Sc
in

til
la

tio
n

Sc
in

til
la

tio
n

Sc
in

til
la

tio
n

Ch
er

en
ko

v



08/21/2013 Yury Kolomensky: CUORE 

Bolometric R&D @ Berkeley
41

 

Date
06/02 06/03 06/04 06/05 06/06 06/07 06/08 06/09

Te
m

pe
ra

tu
re

 (m
K)

6

6.5

7

7.5

8

8.5

9

9.5

10

10.5

Cool Down 14 Mixing Chamber Temperature

Base Temperature: 6.99 mK

 
Figure 1: record of a test cooldown of the installed Oxford Triton 400 refrigerator demonstrating 

performance exceeding specifications. 
 

 
 

 
Figure 2: Four small TeO2 crystals with NTD thermistors are ready to be cooled and tested. 

 
 

 
Figure 3: experimental setup for measuring thermal conductivity of ceramics. 

 
 

 
Figure 4: (left to right) Melanie Veale, Jonathan Ouellet, Tommy O'Donnell, Alexey Drobizhev, and David 

Miller in front of the cryostat in its clean module. 
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Figure 5: Left: NTD characterization sample holder. Right: measured NTD R-T curve with an
empirical fit.

Compared to other copper treatment techniques tested in TTT, the Parylene coating is consid-
erably simpler, expedient, and can be done at low cost. Given these advantages, we have started a
high-sensitivity validation run involving standard detector modules in the CUORE R&D cryostat
in Hall C at LNGS. The Berkeley Group purchased a commercial Parylene Deposition System
(PDS-2010) from Specialty Coating Systems, retrofitted its vacuum system for clean and efficient
operation, and shipped it to LNGS.

Our group members Thomas Banks, Brian Fujikawa, Ke Han, and Thomas O’Donnell con-
structed a 12-crystal detector tower. All the copper parts, as well as the Teflon supporting pieces
were coated with Parylene, and the detector was assembled in the nitrogen-filled glove box to
minimize surface recontamination. The tower will be operated in Hall C at LNGS for about two
months to reach the surface background sensitivity comparable to the TTT run. The Berkeley
CUORE group is leading the data analysis effort; so far we have confirmed that the coating does
not adversely affect the detector resolutions.

Figure 6: Left: Parylene deposition system commissioned at LNGS. Right: A miniature CUORE-
like tower containing 12 TeO2 crystal detectors. All of the copper parts have been coated with a
50 µm Parylene film prior to assembly.
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Figure 5: Left: NTD characterization sample holder. Right: measured NTD R-T curve with an
empirical fit.

Compared to other copper treatment techniques tested in TTT, the Parylene coating is consid-
erably simpler, expedient, and can be done at low cost. Given these advantages, we have started a
high-sensitivity validation run involving standard detector modules in the CUORE R&D cryostat
in Hall C at LNGS. The Berkeley Group purchased a commercial Parylene Deposition System
(PDS-2010) from Specialty Coating Systems, retrofitted its vacuum system for clean and efficient
operation, and shipped it to LNGS.

Our group members Thomas Banks, Brian Fujikawa, Ke Han, and Thomas O’Donnell con-
structed a 12-crystal detector tower. All the copper parts, as well as the Teflon supporting pieces
were coated with Parylene, and the detector was assembled in the nitrogen-filled glove box to
minimize surface recontamination. The tower will be operated in Hall C at LNGS for about two
months to reach the surface background sensitivity comparable to the TTT run. The Berkeley
CUORE group is leading the data analysis effort; so far we have confirmed that the coating does
not adversely affect the detector resolutions.

Figure 6: Left: Parylene deposition system commissioned at LNGS. Right: A miniature CUORE-
like tower containing 12 TeO2 crystal detectors. All of the copper parts have been coated with a
50 µm Parylene film prior to assembly.
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DBD and Neutrino Mass
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The measurable quantity is the half life:
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The measurable quantity is the half life:
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 mββ < 5-15 meV

CUORE goal
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Other Measurements with CUORE
• Reduction in the background levels, especially 

at low energy, make other physics 
measurements possible
 Dark matter search a la DAMA
 Quenching factor of O(1) for bolometers
 Look for annual modulation of detector rates
 Requires low energy threshold (10 keV) and energy 

resolution of 1 keV at low energy
 Solar axions through Bragg conversion
 Supernova watch
 Rare nuclear transitions
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0νββ: one of the top priorities in neutrino 
physics

- Probe Majorana nature of neutrinos and the absolute scale of neutrino 
mass
- Next generation experiments: probe inverted hierarchy
- Multiple experiments and isotopes: complementary approaches and 
cross-checks 
- CUORE: one of the leading DBD experiments in near future; to start 
operations in 2015
→ Stay tuned ! 
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Background Analysis
• Detailed analysis of expected 

background contributions
 Geant4-based Monte Carlo: 

QSHIELDS & ARBY
 Inputs based on background 

measurements
Copper surface: TTT run
Internal contamination in TeO2: CCVR runs
Heaters and bonding wires: RAD test in 

Hall C
Small parts: HPGe spectroscopy and NAA
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BULK CONTAMINATIONS OF CUORE CONSTRUCTION MATERIALS
Material Sample 232Th 238U Technique

[Bq/kg] [Bq/kg]
TeO2 crystals CUORE <8.4·10−7 <6.7·10−7 bolometric (CCVR)

glue (Araldit Rapid) CUORICINO <2.7·10−3 <8.2·10−3 HPGe
PTFE spacers CUORE <6.1·10−6 <2.2·10−5 NAA

Au wires CUORICINO <1.2·10−1 <9.8·10−2 bolometric (RAD)
Si heaters CUORE <3.3·10−4 <2.1·10−3 bolometric (RAD)

NTD Ge thermistors test sample <4.1·10−3 <1.2·10−2 producer spec.
PEN cables CUORE <1.0·10−3 <1.3·10−3 NAA(Th)+HPGe(U)

polyethylene film test sample <1.2·10−3 <1.4·10−3 HPGe
wrapped polyethylene film test sample <2.1·10−1 <1.6·10−1 bolometric (T1)

NOSV Cu CUORE <2.0·10−6 <6.5·10−5 NAA(Th)+HPGe(U)
Roman Pb CUORE <4.3·10−5 <4.6·10−5 HPGe
OFE Cu CUORE <6.4·10−5 <5.4·10−5 HPGe

COMETA Pb CUORE <1.2·10−4 <1.4·10−4 HPGe
Stainless steel 300 K plate CUORE <1.0·10−2 <5.0·10−3 HPGe

Table 1: 90% C.L. upper limits (if not otherwise indicated) on bulk contamination of detector and
cryostat materials. Activities are expressed in Bq/kg (1 Bq/kg = 246·10−9 g/g for 232Th and 81·10−9

g/g for 238U). The label “CUORE” in the second column indicates a direct measurement of the material
procured for CUORE; the label “CUORICINO” indicates that the measurement refers to the material
used in CUORICINO; the label “test sample” stands for a material not jet procured for CUORE. In the
last column the measurement technique is indicated, as described in the text.

• the innermost (close to the detector) thermal shield (10 mK shield) that closes the detector on the
side;

• the PTFE-spacers that, although listed among the detector small parts, have a not negligible area
facing the bolometers;

• the crystals themselves.

The measurement of the surface contamination concentration is not trivial. The pre-screening is done
with Si surface barrier detectors that however often have a too low sensitivity compared to our needs.
Consequently the measurement on the final samples for CUORE are done with small bolometric arrays,
able to reach a sensitivity of few nBq/cm2. Whatever the technique adopted, the real difficulty is in the
quantification of the contamination that is done – as in the case of bulk contamination measurements
– comparing experimental and simulated data. However, bulk contaminations are described with a
unique model: a uniform distribution of impurities in the contaminated volume. On the contrary surface
contamination needs to be described in terms of the thickness of the contaminated layer and of the density
distribution of contaminants in it. Both are unknown and experimental data are usually too poor to be
able to infer all the needed information without ambiguity. For this reason we chose to interpret data
on the basis of a fixed model for the density profile of impurities distribution. This model is reasonable
from the point of view of the mechanisms that could give rise to surface contamination (namely diffusion
of impurities) and appears to be capable of providing a good description of the measured data [6] .We
describe a surface contamination with an exponential density profile for the impurities concentration
inside the contaminated layer: ρ = ρ0×exp(−d/λ). When needed, the distribution is truncated at 1 mm.
Since in most cases experimental data are not enough to measure both the characteristic depth of the
contamination (λ) and its intensity (ρ0) we proceed evaluating – for each λ – the maximum contamination
compatible with experimental data. The surface activity (measured in Bq/cm2) is obtained as the total
activity of the contaminated layer divided by the emitting surface area. We use ARBY for the simulation
of both Si spectroscopy or bolometric measurements. The minimum depth we consider is 0.01 µm for
TeO2 crystals and 0.1 µm for any other material. Indeed, these are the most shallow distributions whose

10

All values are upper limits
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CUORE ROI - 238U AND 232Th BULK CONTRIBUTIONS IN THE NEAR REGION
Element ROI rate from 232Th ROI rate from 238U

[cnts/(keV·kg·y)] [cnts/(keV·kg·y)]
TeO2 crystal bulk <1·10−4 <2·10−6

glue (Araldit Rapid)∗ <2·10−7 <8·10−7

PTFE∗ <4·10−5 <9·10−5

Au wires∗ <1·10−3 <1·10−3

Si heater∗ <5·10−6 <3·10−5

Ge NTD thermistors <1·10−4 <8·10−4

PEN cables <1·10−7 <9·10−8

Cu columns and frames <2·10−5 <5·10−4

Cu upper and lower plates <3·10−6 <4·10−5

Cu wire-trays <2·10−6 <3·10−5

Cu 10 mK shield <2·10−5 <1·10−4

Table 3: 90% C.L. upper limits on CUORE counting rate in the ROI as obtained from bulk contaminations
of elements belonging to the near region. Elements labeled with a ∗ were simulated with ARBY, the
effect of the anticoincidence cut is therefore not included.

6 Background budget

We discuss in the following the results obtained in terms of the background counting rate in the ROI.
Few remarks are important:

• in the external and far regions and for the inner lead shield we analyze gamma induced background
considering only the 2615 keV line of 208Tl. The intensity of this line is based on the 232Th con-
tamination of the element under analysis. In the simulation a single 2615 keV photon is generated;

• in the near region we consider 238U, 232Th and 210Pb bulk and surface contaminations. For bulk
contamination we use the upper limits reported in table 2, for surface contaminations we use upper
limits from table 1.

• for cosmogenically activated isotopes we use the initial activity discussed in section 5.1.

In all cases we assume to operate the CUORE array in anticoincidence (only single-hit events ac-
cepted), with an energy threshold of 50 keV on each detector. We have used this kind of cut in the
simulated spectra because of its simplicity. It is on the other hand very likely that the single-hit cut (or
anticoincidence cut) in CUORE will consider only nearest neighbor crystals, this to avoid the introduction
of a high dead time due to accidental coincidences. However, in the cases discussed here, the difference
between a global single-hit cut and a local one (considering only nearest neighbor crystals) is expected to
be negligible. This is not true for the case of neutron and muon interactions, as discussed in section 6.3.

6.1 The near region

Background contribution due to 232Th and 238U bulk contaminations in the elements belonging to the
near region are summarized in table 3. The weakest limit is that obtained for the Au bonding wires,
and is a consequence of the poor sensitivity reached in the corresponding measurement. It has to be
noted that the way the bulk contamination of gold was obtained is similar to the procedure adopted for
surface contaminations (namely a normalization on the 3-4 MeV counting rate, see discussion in the next
section). For this reason 232Th and 238U limits exclude each other (or the global limit is the same).

Background contribution due to cosmogenic activation are:

• for 60Co in the TeO2 crystals ∼1·10−4 cnts/(keV·kg·y);

• for 110mAg+110Ag in the TeO2 crystals ∼1·10−3 cnts/(keV·kg·y);

12

All values are upper limits (*) Anti-coincidence cuts not included

Additionally, cosmogenic activation of TeO2 (110mAg+110Ag) < 10-3 c/(keV kg y)
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CUORE ROI - BULK CONTRIBUTIONS IN THE FAR REGION
Element Material ROI rate

[cnts/(keV·kg·y)]
Cu TSP NOSV Cu <4·10−5

Cu 50 mK shield OFE Cu <6·10−4

Cu 600 mK shield OFE Cu <6·10−4

Cu 4 K shield OFE Cu <1·10−4

Cu 40 K shield OFE Cu <4·10−5

Cu 300 K shield OFE Cu <1·10−4

Cu plates from 10 mK to 40 K OFE Cu <2·10−5

inner Pb vessel Roman Pb <4·10−3

Pb top disk Cometa Pb <5·10−5

Fe 300 K plate stainless Steel <3·10−4

Table 5: 90% C.L. upper limits on CUORE counting rate in the ROI as obtained from bulk contaminations
of elements belonging to the far region. In all these simulations only the 2615 keV line has been generated.
This leads to an overestimation of the 232Th contribution in the ROI since most of the coincidences are
lost (therefore the single-hit cut has in the simulation an efficiency much lower than what expected).

CUORE MAXIMUM ACTIVITIES ALLOWED IN DIFFERENT REGION OF THE CRYOSTAT
Element ROI rate for 1 Bq

[cnts/(keV·kg·y)]
V1 (above the 300 K plate) <3·10−11

V2 (between the 300 K and the 40 K plates) <3·10−11

V3 (between the 40 K and the 4 K plates) <3·10−11

V4 (between the 4 K and the 600 mK plates) <3·10−11

V5 (between the 600 mK and the 50 mK plates) 3·10−11

V6 (between the 50 mK and the 10 mK plates) 9·10−7

Surface of the 40 K shield (superinsultation) 1.4·10−3

Surface of the 4 K shield (superinsultation) 1.9·10−3

Table 6: Background counting rate in the ROI for a 1 Bq activity of any material introduced in one
of the 6 volumes indicated in figure 1 and for the two thermal shields that will be covered with the
superinsulation. For the most external volumes (V1 to V4) only upper limits on the rate are available.
In the two lowest row we report the rate induced by a 1 Bq activity on the surface of the two shields that
will be covered with the thermal superinsulation.

cables and all the ancillary parts is almost impossible. The geometry was simplified to include just the
thermal shields, their plates and the inner lead shield. Only critical elements such as the calibration
source insertion system were actually introduced in the simulation while for the other parts we relied on
the definition of the maximum activity allowed in the different volumes, see table 6.

6.3 External background

The impact of environmental sources (muons, neutrons and gamma rays) on CUORE is discussed in [9]. In
this case the LBE (Low Background Experiment) physics list was used. Results are summarized in table 7.
While dealing with external background it becomes important to consider the real feasibility of a global
anticoincidence cut that could introduce a too high dead time. Table 7 shows the different efficiencies of a
global anticoincidence cut (the one used for all the sources discussed in previous sections) and a weaker cut
based on nearest neighbor. In the case of external sources the difference is clearly important. However this
is a peculiar characteristic of the sources here considered. The anticoincidence cut is extremely efficient
for sources near to the detector, however for these sources near neighbor coincidences are dominating.

14

Only 208Tl simulated: conservative upper limit
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Source Total Anti-coincidence 
(global)

Anti-coincidence 
(near neighbors)

gamma <0.4⨯10–3

(stats limited)
<0.4⨯10–3 

(stats limited)
<0.4⨯10–3 

(stats limited)
muon (17.3±0.3)⨯10–3 (0.104±0.022)⨯10–3 (1.9±0.5) ⨯10–3

neutron (0.270±0.022)⨯10–3 negligible negligible

Neutron and muon backgrounds are cosmogenic, gamma backgrounds 
are from rock radioactivity. Upper limits are limited by MC statistics
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SURFACE CONTAMINATIONS OF CUORE CONSTRUCTION MATERIALS

Material Sample Depth 232Th 238U 210Pb Tecnique

[µm] [Bq/cm2] [Bq/cm2] [Bq/cm2]

TeO2 crystals CUORE 0.01 <1.6·10−9 <6.3·10−9 <9.8·10−7 bolometric (CCVR)

0.2 <2·10−9 <7.6·10−9 <2.2·10−8 ”

1 <1.9·10−9 <8.9·10−9 <9.2·10−9 ”

5 <1.0·10−9 <5.4·10−9 <5.6·10−9 ”

10 <8.3·10−10 <4.4·10−9 <4.9·10−9 ”

Copper TECM 0.1-10 <7·10−8 <7·10−8 <9·10−7 bolometric (T3)

PEN cables CUORE 0.1-30 <4·10−6 <5·10−6 <3·10−5 Si diode

PTFE spacers CUORE 0.1-30 <6·10−7 <5·10−7 <7·10−6 bolometric (T1)

NTD Ge thermistors test sample 0.1-10 <8·10−6 <5·10−6 <4·10−5 Si diode

Table 2: 90% C.L. upper limits on surface contaminations of TeO2 crystals and copper. Different con-

tamination depth are considered. In the case of copper the results here presented refer to materials that

have been cleaned with the TECM technique.

effects can be experimentally identified. The maximum depth is ∼10 µm for copper and TeO2 (the range

of 5 MeV alpha particles in these materials is ∼10 and ∼15 µm respectively) and 30 µm for polyethylene

and PTFE (where the range of 5 MeV alpha particles is ∼34 and ∼23 µm respectively). Thicker depths

are almost indistinguishable from a bulk contamination. In table 2 we report the results obtained for

different materials. Few remarks are important to clarify the meaning of the results here discussed.

• in the case of TeO2 we report results obtained with crystals belonging to the final CUORE produc-

tion in CCVR measurements [11]. For crystals, the signature of a surface contamination – when

operating an array of TeO2 bolometers – can be very strong and easily identifiable, allowing the

distinction of 232Th and 238U contaminations and the study of their secular equilibrium. Nonethe-

less in table 2 we only quote upper limits on U and Th surface contamination, this mainly because

of the low statistics collected in the CCVR measurements. For this same reason we are not able to

identify the real depth of the contamination and different models are considered, each able by itself

to account for the measured spectrum.

• for what concerns the inert materials (we analyze here the copper cleaned with the TECM tech-

nique, the PEN cables, the NTD thermistors and the PTFE) the signature used to investigate a

surface contamination is extremely weak. This is reflected in the upper limits of table 2 that exceed

by at least one order of magnitude those obtained for TeO2 crystals. In particular, we are interested

to a contamination deep enough (>0.1 µm) to account for the continuum background that all our

bolometers record in the 3-4 MeV region. The contamination levels reported in table 2 are obtained

assuming that the whole counting rate of the detector in the 3-4 MeV region is due to the surface

contamination of the sample under study. For example, in the case of TECM copper the upper limit

reported in table 2 is extrapolated from T3 result, assuming the whole 3-4 MeV counting rate as

due to a surface contamintion of the copper mounting structure (frames+columns+box); neglecting

therefore the other sources that could contribute to this rate, namely crystals and PTFE. Similarly,

the PTFE surface contamination is extracted from T1 result (assuming negligible any contribu-

tion different from PTFE). In the case of measurements done with Si surface barrier detectors, the

intrinsic background of the Si diode and that of its vacuum chamber is assumed negligible. Contam-

inations with depths lower than 0.1 µm can’t account for the background mentioned above. Even

when their presence is sure, the corresponding contribution is always extremely low and not worri-

some for CUORE. Finally, due to the weakness of the signature used in this analysis, 238U, 232Th

and 210Pb contaminations produce undistinguishable effects. Therefore the upper limits quoted in

table 2 are mutually exclusive since they have been obtained ascribing the whole 3-4 MeV counting

rate to one of the two sources at turn.

11
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is important only for elements directly facing the bolometers (or in the bolometer themselves). Two
examples are useful to appreciate the effect of surface contaminations:

1. figure 3 illustrates how 238U or 232Th surface contaminations in TeO2 crystals influence the back-
ground counting rate in the ROI. The peaks produced by the alpha particles emitted in the decay
chain are characterized by low energy tails that extend down into the ROI. These tails are due to
alpha particles that loose only a fraction of their energy in the crystal and a fraction outside it:
either in the inert material surrounding the crystal or in the nearby bolometer. In the former case
these events are an irreducible background that can be quite relevant in the ROI. In the latter,
they can be rejected by the analysis since two bolometers (the crystal containing the decaying iso-
tope and the crystal receiving the emitted alpha particle) simultaneously record a signal (double-hit
event). From the point of view of the identification of background sources, crystal surface contam-
inations have a strong and clear signature provided by double-hit events: when the source of this
coincidence signal is an alpha decay, the energy associated to the double-hit event (namely the sum
of the energies recorded by the two detectors that records the signals) is the decay Q-value.

2. figure 4 illustrates the effects of 232Th and 238U surface contaminations of the copper structure
holding the TeO2 crystals. In both cases a large fraction of the background counting rate in the
ROI is due to degraded alphas. This kind of impurities produces a background with a very weak
signature. Generally, the region in between the highest gamma peak (2615 keV) and the lowest
alpha peak (4 MeV) is dominated by these contaminants and can be used to quantify the impurity
concentration (we will refer to this region as the 3-4 MeV region). When alpha and beta particles
are efficiently shielded, the contribution of surface contaminations is indistinguishable from that of
impurities present in the material bulk (see figure 4). For this reason we analyze the problem of
surface contaminations only for elements directly facing the crystal.
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Figure 3: The plot illustrates the effect of 238U (left panel) and 232Th (right panel) alpha contaminations
in CUORE crystal. The spectra have been obtained simulating a 1 µm deep contamination on the
surface of the CUORE array (the simulation used here is QSHIELDS, the contamination density profile
is exponential, see section 4 for more details). The effect of a single-hit cut (black histogram) is to reduce
the counting rate by about 1 order of magnitude in the ββ0ν ROI.

The relevance of surface contaminations was already recognized in the two TeO2 bolometric exper-
iments precursors of Cuore: MiDBD [4, 6] and CUORICINO [5]. As an example, the study performed
on a partial statistics of CUORICINO data [1, 7] allowed to identify three main contributions to the flat
background that characterizes the CUORICINO counting rate in the ROI (see figure 5):

1. (10± 5)% of the measured rate is ascribed to surface contaminations of the TeO2 crystals in 238U
and/or 232Th;

2. (30± 10)% to multi-Compton events of the ∼ 2615 keV gamma ray originated from a 208Tl (232Th
chain) contamination of the cryostat or of its shields;

3. (50±20)% to surface contaminations of inert materials surrounding the crystals, most likely copper.

4

238U 232Th

Effect of anti-coincidence cut on TeO2 surface backgrounds
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Copper treatment a crucial task 

 TTT as a dedicated R&D run 
just for copper surface 
treatment testing 

•  T2 and T3: 
–  To etch off “exposed” copper 

•  T1 
–  To range out ! 

–  Should not introduce new 
contaminations (bulk or 
surface) 

•  T1 and T3 equally effective 

Wednesday, May 9, 2012 4 

CUORICINO background around the 0!"" Q-value region 

T1- Polyethylene T2 - Gran Sasso T3 - Legnaro
Chemical New Complete Legnaro 

procedure - TECMCleaning:

• Soap

• H2O2 + H2O + 
Citric acid 

Polyethylene:
7 layers

Cleaning:

• Soap

• Electroerosion: 85% 
phosphoric acid, 5% butanol, 
10% H2O

• Etching: Nitric acid

•Passivation: H2O2 + H2O + 
Citric acid

Cleaning:

• Tumbling

• Electropolishing

• Chemical Etching

• Magnetron (plasma)

Summary: Towers

From Paolo 

Ke Han 

Dedicated run in Hall A: 9/2009-1/2010
3 towers with copper processed by different techniques
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Figure 6: Left: the Three Tower Test detector. The three arrays differ only in the treatment of copper
parts: T1 has all the copper covered with polyethylene film, T2 and T3 use naked copper treated with
two different chemical procedures, an etching was done on T2 copper parts while the TECM procedure
was applied to T3 copper. Right: a summary of the main detector features (column 1), the resulting
background in the 3-4 MeV region (column 2) and the sources that more likely contribute to the 3-4
MeV background (column 3). Crystal and PTFE-spacers contamination are common contributions to
the three detector. However, crystal contribution to 3-4 MeV background is partially rejected in T1
which is the only tower where all the detector were active, allowing an efficient use of the single-hit cut
(removing coincidences between two crystals).

2. a two-plane 8-crystal array (RAD detector [8]) was used to check the bulk contamination of
Si heaters and Au bonding wires;

3. a 3-tower detector (TTT for Three Towers Test) was used to analyze the copper surface
contamination level, comparing different surface treatments techniques. The TTT detector
consisted in three 3-plane array (12 crystals for each array) each closed in its own copper box
(fig. 6). The first tower (T1) was realized covering all the copper parts (frames, columns and
copper box) with several layers of polyethylene film, for a total thickness of ∼70 µm. The
second (T2) and third (T3) towers were identical to the first but the surface of all the copper
detector elements was processed with two different cleaning techniques and no polyethylene was
used. The one showing the best results was the T3 detector realized with copper treated with
the TECM technique (a complex cleaning procedure developed at LNL and hereafter chosen
as the baseline for CUORE, TECM here stands for Thumbler, Electropolishing, Chemical-
etching and Magnetron plasma cleaning [10]). This measurement presently provides also the
best results on the background contribution coming from PTFE-spacers surface contamination;

• HPGe, Hyper Pure Germanium diode gamma spectroscopy. These measurements are performed in
the Radioactivity Laboratories of LNGS and Milano-Bicocca;

• NAA, Neutron Activation Analysis. The measurements are done by the Milano-Bicocca Radioac-
tivity Laboratory in collaboration with the LENA reactor in Pavia;

• Si diodes, alpha spectroscopy with Si surface barrier detectors. These measurements are performed
in the Radioactivity Laboratories of Milano-Bicocca and LNGS, they are used to study surface
contamination of various components, most often with a pre-screening purpose.

In the case of environmental radiation, the fluxes of muons, neutrons and gamma rays in the laboratory
environment - as reported in literature - have been used [9].

7

Scaling to CUORE:
TECM process: rate < 0.017-0.035 c/(keV kg y) in ROI
Poly wrapping: rate < 0.013-0.025 c/(keV kg y) in ROI
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CUORE ROI - SURFACE CONTRIBUTIONS IN THE NEAR REGION
Element ROI rate Notes

[cnts/(keV·kg·y)]
TeO2 crystal surface <4·10−3 upper limit due to poor statistics
Cu - TECM cleaning <3·10−2 no crystal background subtraction (T3 data)

Cu - polyethylene wrapping <2·10−2 partial crystal background subtraction (T1 data)
PTFE <6·10−2 new measurement in progress

PEN cables <1·10−3 new measurement in progress

Table 4: 90% C.L. upper limits on CUORE counting rate in the ROI from surface contamination. In
the case of TeO2 crystals, the real crystal surface contribution to the measured background is evaluated
(the upper limit is due only to the low statistic collected in the CCVR measurement used to evaluate
TeO2 crystal surface contamination). In the case of copper, the evaluation of the surface contamination
comes for the TTT data. There it was not possible to disentagle the copper induced background from
othe contributions like those due to crystal or PTFE. Only in the case of the copper wrapped with
polyehtylene (T1) crystal surface contribution is partially removed thank to the use of the single-hit cut
in T1 data analysis.

• for 60Co in the copper of the detector holder <5·10−4 cnts/(keV·kg·y).

Results for surface contaminations are summarized in table 4. Few remarks are important:

• in the case of TeO2 crystals an exponential density profile with a depth ranging from 0.01 µm to
10 µm has been considered. Using the upper limits on the contamination intensities listed in table 2
we obtain that the most dangerous contamination is that corresponding to a depth of 5 µm. The
corresponding upper limit on the CUORE counting rate is evaluated;

• for copper we analyze two configurations: the use of naked copper parts treated with the TECM
procedure and the use of copper parts wrapped in a polyethylene film. In both cases we extrapolate
to CUORE the results obtained in the TTT measurement, taking into account the different geometry
(in CUORE the bolometers face about 2 times less copper area than in TTT) and the different
energy region (the 3-4 MeV in the case of TTT and the ROI in the case of CUORE). While doing
that, we ascribe to copper the whole 3-4 MeV counting rate recorded in the TTT measurement
(as discussed in section 5.2). For T1 (copper covered with polyethylene) this rate was obtained
after the application of a single-hit cut to the data, that means that a fraction of crystal-induced
events was removed. The same was not possible for T3 (since few detectors were active) and could
be the reason for the slightly higher counting rate (see fig. 6). Finally, in both cases we quote an
upper limit because we are not able to disentangle the contribution given by crystals and/or PTFE
spacers;

• for the PTFE, the PEN cables and the NTD thermistors we apply a procedure similar to the one
described for copper. Namely, we extrapolate to CUORE the 3-4 MeV counting rate recorded by
detectors facing these components. In the case of PTFE the best measurement of PTFE-spacer
induced background comes from TTT data. PTFE is expected to contribute in CUORE in the same
amount as in TTT. Therefore the T1 result can be used to define an upper limit on PTFE-spacer
contribution in CUORE. However in this case the extrapolation to CUORE does not take advantage
of a sizably different geometry (as in the copper mounting structure case), therefore the limit on
PTFE is poor. A higher sensitivity measurement of PTFE surface contamination is planned in the
next future.

6.2 The far region: outside the Roman lead shield

Background contribution due to bulk contaminations in cryostat elements are summarized in table 5.
QSHIELDS have been used for the study of the impact of cryostat parts on the detector counting

rate. In this case a detailed description of the entire geometry of the cryostat, the dilution unit, the

13
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MAIN BACKGROUND CONTRIBUTIONS EXPECTED IN CUORE

Region Source ROI rate

cnts/(keV·kg·y)

Near 110mAg+110Ag (half-life = 250 days) in TeO2 crystals ∼1·10−3

Near 232Th or 238U in the Au bonding wires <1·10−3

Near 238U in the NOSV Cu elements <0.7·10−3

Far 232Th in the OFE Cu elements <1.5·10−3

Far 232Th in the Roman lead shield <4·10−3

External muon interaction ∼1.8·10−3

Near TeO2 crystals surface activity <4·10−3

Near copper and/or PTFE surface activity <(2-6)·10−2

Table 8: Main background contributions in CUORE. Only elements with an expected contribution larger

than 1·10−4 cnts/(keV·kg·y) are listed. In the last row a range is provided since the exact evaluation of

this contribution depends on the background model assumed to describe the TTT measured rates (see

text for more details).

In the next few months a dedicated bolometric run will be able to evaluate with a sufficiently high

sensitivity the PTFE surface contamination. If PTFE will be recognized as the main source of the 3-4

MeV counting rate in our detectors, a dedicated cleaning procedure will be studied for this material.
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Scaling to CUORE-0
• Assume:

 Similar surface contaminations as CUORE (Cu 
processed with LNL TECM technique)

 Similar bulk TeO2 and Cu contamination
 Additional bulk contribution from Hall A cryostat 

shields from Cuoricino of 0.05 c/(keV kg y)
 Resolution 5 keV FWHM

• Best case: bkg of 0.05 c/(keV kg y)
• Worst case: 0.11 c/(keV kg y)
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