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Abstract. Large-mass bolometers are today extensively used for dark matter and double beta decay
searches, in both cases the ultimate experimental sensitivity is defined by the background level reached
in such devices. The most common background sources and the techniques used for their identification
and reduction are here reviewed, with a particular focus on double beta decay searches. The relevant role
played by Monte Carlo simulations in this field is discussed. As a real case, the background optimization

in the MiDBD experiment is described.

PACS. 29.40.-n Radiation detectors — 23.40.-s (3 decay; double 3 decay; electron and muon capture

1 Introduction

The use of cryogenic particle detectors (or bolometers)
for particle physics and astronomy was first suggested in
the ‘80s [1] and was followed by a successful technolog-
ical development. Today micro-bolometers (with masses
smaller than few grams) are used in X-ray astronomy and
B decay measurements. Macro-bolometers (with masses
ranging from few grams to hundreds of grams) are used
for Rare-Event Physics: double beta decay [2], dark mat-
ter [3-5] and rare nuclear decay searches [6,7]. The ap-
plication of macro-bolometers to rare-event physics is the
subject of this paper, in which we will discuss in detail a
specific aspect of the bolometer development: background
reduction.

The operation of a detector aiming at a search for rare
events implies the removal of any spurious source that can
mimic the rare event (e.g., radioactive sources or cosmic
rays). The residual background counting rate measures
the sensitivity of the experiment [8,9]. As a consequence,
one of the main issues of present and future 33(0v) and
dark matter experiments is the identification, control and
reduction of the radioactive background [10]. This field
is rather new and unexplored for bolometers since most
of the experimental activity was concentrated so far on
their technical development, aiming at the improvement
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of their resolution and stability as well as at the increase
of their mass. We will focus our attention on double beta
decay, whereas a similar work for dark matter can be found
in [11].

2 Background sources

A review of the various sources that generally contribute
to the background recorded by a Ge solid-state detector
(but identical considerations apply to macro-bolometers
and to most solid-state detectors) is contained in the paper
by G. Heusser [12] that treats also the different origin
of these sources and the techniques for their suppression.
Here we limit ourselves to list the most common sources
for macro-bolometers:

1. natural contaminants, mainly 238U, 235U and 32Th
with their radioactive chains and the 8/EC decaying
40K isotope;

2. anthropogenic contaminants, generally residual of nu-
clear explosion in the atmosphere, radioactive leakages
by nuclear plants and radioactive isotopes used in in-
dustrial processes, like %°Co, 99Sr, 137Cs, 134Cs and
207Bi isotopes;

3. cosmogenic activation, i.e. isotopes produced by
cosmic-ray interactions (for example in copper the fol-
lowing isotopes are produced: ®"Co, %®Co, %°Co and
54MH);
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4. environmental background at the experiment location:
cosmic rays, environmental gammas and neutrons.

The first two sources are controlled by accurate mate-
rial selection and handle. In the special case of 222Rn also
the air has to be controlled. This is particularly important
in underground sites where radon emissions from the rock
can accumulate in air and give rise to particularly large
radon concentrations, if compared with the usual atmo-
spheric content above ground.

Cosmogenic activation is controlled by reducing the
exposure of materials to cosmic rays and by avoiding —as
far as possible— the use of nuclei with large activation
cross-section. While for thermal neutron interactions the
cross-sections are well known, in the case of high-energy
neutrons or protons (as it is for cosmic-ray particles) un-
certainties on the activation reactions are larger. Simula-
tion codes, based on theoretical evaluations of the cross-
sections, are generally used to predict the rate of acti-
vation under cosmic-ray radiation [13,14]. In some special
cases dedicated measurements are realized to evidence the
presence of any dangerous nuclear activation [15].

In the case of the fourth background source the manda-
tory requirement for a rare-event experiment is to be lo-
cated underground. Indeed, only a sufficiently large rock
overburden can ensure a relevant reduction of the most
penetrating component of cosmic rays: muons. In typical
underground laboratories the muon flux is reduced by sev-
eral orders of magnitude, while all the other components
of cosmic-ray radiation are negligible and only secondaries
(i.e. particle produced by muon interaction in the rock)
are present. These are neutrons and gamma rays. Also the
rock radioactivity is a source of neutrons (through (o, n)
and fission reactions). The flux of such neutrons is much
more intense than the one of muon-induced neutrons, their
spectrum is however softer with an end point at few MeV.
Finally, environmental gammas are dominated by rock
radioactive emission, having a cut-off at 2.6 MeV: above
this energy the flux has a dramatic decrease. Gammas
are rather easily shielded with high-Z materials like lead,
while neutrons are shielded with hydrogen-rich materi-
als (for thermalization) added with high neutron capture
cross-section nuclei. Finally, veto systems are used for the
rejection of the background induced by muons interaction
in the set-up.

2.1 Material selection

Traditionally, this selection is based on gamma-ray spec-
troscopy using high-purity germanium (HPGe) detectors,
but recently the use of different and more specialized tech-
niques has grown in importance [16-20]. These are mass
spectroscopy (one of the most sensitive being the Inductive
Coupled Plasma Mass Spectroscopy (ICPMS)), « spec-
troscopy (employing Si surface barrier detectors) and Neu-
tron Activation Analysis (NAA) (see table 1).

HPGe gamma spectroscopy is by far the most widely
used technique, since most radioactive impurities have in-
tense and characteristic gamma emissions. The sensitivity
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Table 1. Sensitivities (mBq/kg) achieved in copper analysis
with different techniques. 2*>Th and 23U are assumed in sec-
ular equilibrium. The quoted sensitivities refer to measures
done: at sea level in Milano with a 100% HPGe [19] (I), under-
ground at Laboratori Nazionali del Gran Sasso (LNGS) with
a 110% HPGe diode [19] (II), with ICPMS [20] (III), in Mi-
lano with a 100% HPGe diode using a sample irradiated at the
LENA nuclear reactor in Pavia [19] (IV).

Method 22y WY 20pp 0Ce 40K
I (HPGe - Milano) 1 10 - 10 1
IT (HPGe - LNGS)  0.01  0.01 10* 001 0.1
I1I (ICPMS) 0.01  0.04 - - —
IV (NAA) 0.003 0.1 - - -

depends on the Ge diode efficiency and on its background
level. The achievement of very high sensitivities (uBq/kg)
requires high-purity detectors, an underground installa-
tion and a dedicated heavily shielded set-up as well as a
strict control over any possible external contaminant.

ICPMS is a technique for elemental analysis that can
be also used for the measurement of radionuclide con-
centrations. Sensitivities comparable with those achiev-
able with gamma spectroscopy are feasible for long living
isotopes.

NAA is a multi-element analytical technique used to
identify trace elements in a sample. The technique consists
in irradiating the sample with thermal neutrons and later
measure the gamma emission of the sample, identifying
the metastable isotopes created by neutron capture on the
sample impurities. Among the radioactive impurities that
can be searched for with NAA there are 2**U and 23?Th
chains. In this case primordial parents of these chains are
activated and the gammas emitted by ?33Pa (at 311.9keV)
and 29Np (at 106.1keV and 277.6keV) are observed.

Finally, Si Surface barrier detectors are used to investi-
gate the presence of o/ radioisotopes in the sample. Due
to the short range of «/8 particles this technique mea-
sures only the radioactive content of the first surface layer
of the sample, a layer which is often interested by an excess
contamination with respect to the sample bulk. This kind
of contamination is particularly dangerous if the detector
—like it is for bolometers— does not have a dead layer.

2.2 Shielding and veto

Environmental gammas and cosmic rays are reduced by
means of proper shields. The Laboratori Nazionali del
Gran Sasso (LNGS), L’Aquila, Italy, where all our bolo-
metric arrays have been operated, have a rock overbur-
den corresponding to a minimum thickness of 3100 mwe.
There, environmental emissions are due to the rock ra-
dioactivity and to the residual muon flux. In fig. 1 we re-
port the gamma-ray spectrum, as measured by a small
Ge diode (the detector is a portable model, a HPGe
59mm in diameter and 58 mm in height) in the Hall A
of LNGS. The gamma-ray flux originating this spectrum
was reconstructed (tables 2 and 3) using the JAZZY code,
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Fig. 1. Gamma-ray spectrum measured at LNGS (Hall A)

with a small Ge diode.

Table 2. Intensity of the main gamma lines (7/m?/day) mea-
sured in the underground Hall A of LNGS. Only lines with
intensity higher than 10°~/m?/day are listed. These are due
to “°K, and to the 238U and 232Th chains.

Energy Isotope Intensity
[keV] [y/m?/day]
238.6 212py 2.8-10°
295.2 2l4pp 3.8-10°

352 2l4pp 7.9-10°
583 208y 3.0-10°
609 214p; 1.3-107
911 28 Ac 3.1-10°
934 214B;4 2.1-10°
968 228 A 2.1-10°
1120 214B; 6.3-10°
1238 214Bj 2.8-10°
1460 0K 2.9-107
1764 214B;j 8.2-10°
2204 214B;4 3.1-10°
2614 208 7.8-10°

Table 3. Gamma-ray flux (y/m?/day) in the underground
Hall A of LNGS. The integral gamma-ray flux below 3 MeV is
~ 6.3-10%y/m?/day.

Energy interval gamma flux

[keV] [v/m®/day]

0-500 44108
500-1000 1.1-108
1000-2000 7.0-107
2000-3000 1.3-107

discussed in sect. 4.2. The reconstruction was based on the
assumption of an isotropic gamma-ray flux.

In a deep site the neutron flux below ~ 10MeV (at
LNGS this is ~ 4 - 107%n/s/cm?) is mainly due to fission
and (a,n) processes in the rock. In both cases it is rock
radioactivity that generates neutrons. Neutrons with en-
ergies above ~ 10 MeV are produced by muon interaction
in the rock, and their flux is generally much lower than
the one due to neutrons produced by rock radioactivity.
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For example at LNGS the neutron flux changes by about
3 orders of magnitude when crossing the 10 MeV neu-
tron energy [21-23]. Simulations for both radioactivity-
induced and muon-induced neutrons are found in the lit-
erature [24-27]. In the case of radioactivity-induced neu-
trons the comparison with experimental results is rather
good, while in the case of muon-induced neutrons this
comparison is not possible since this component dominates
the environmental neutron flux only above ~ 10 MeV, a
region where poor experimental data are available. Exis-
tent simulations for the LNGS mountain yield an integral
flux, for muon-induced neutrons, 3 orders of magnitude
lower than the radioactivity-induced one [24,27].

Neutrons are absorbed after moderation —using
hydrogen-rich compounds (e.g., water and polyethyl-
ene)— while absorption is based on high neutron capture
cross-section isotopes (B and Li are among the best ones
because in the neutron absorption reaction they do not
emit gamma rays).

Muons, being deep penetrating particles, cannot be re-
moved by a shield. At LNGS the average muon energy is of
270 GeV with an integrated flux of ~ 31076 u/s/cm?, the
differential flux and zenith angle dependence have been
measured by MACRO [28] and LVD [29]. Generally, it
is not muon direct interaction in the detector, but the
gamma and neutron background arising from their inter-
action in the set-up that is particularly dangerous. The
presence of heavy, high-Z shields (increasing muon inter-
action probability) makes the situation even worse. The
only way to get rid of this background —in those experi-
ments in which it could be dangerous— is by the use of a
muon veto to reject any muon-induced interaction.

3 Bolometers

Cryogenic particle detectors are very sensitive calorime-
ters which measure the energy deposited by a single in-
teracting particle through the corresponding temperature
rise [1]. Unlike other solid-state devices, bolometers are
not ionization detectors but phonon detectors. As a con-
sequence they are almost equally sensitive to any kind of
particle, despite the way energy is released. In other words
electrons, a-particles and nuclear recoils, depositing the
same amount of energy in the detector, produce a pulse
with the same amplitude (and shape) [30]. This property
and the absence of a surface dead layer make the study
of background sources in bolometers a little bit different
from other, more traditional, detectors.

In the last 15 years our group has operated several
TeOs bolometric arrays in the two low-temperature re-
frigerators installed in the underground Hall A (fig. 2)
and Hall C of LNGS [2,31-33]. Both the refrigerators are
heavily shielded with lead to reduce the impact of environ-
mental radioactivity. They are provided with an external
neutron shield and have been built with low-radioactivity
materials (mainly copper). In the case of the Hall A cryo-
stat an additional internal Roman lead shield surrounding
the detector is usually installed to reduce the effects of the
residual cryostat contamination. This material is obtained
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internal Pb shield (1 cm Roman Pb)

detector holder box (Cu)

detector (TeO, bolometer array)

cryostat thermal shields (~ 2 cm Cu)

external Pb shield (10+10 cm Pb)

/ borated polyethylene (10 cm)

concrete pedestal (~ 50 cm)

Fig. 2. Left: Hall A set-up. Right: the inner part of the refrig-
erator with the MiDBD array as in phase 1 configuration.

from the lead bricks found in the wreck of a Roman ship
sunk near Sardinia coasts [34]. Its extraordinary low 219Ph
content [35] is due to the metallurgical process that sep-
arated —about 2000 years ago— the lead from any other
chemical impurity, including the isotopes of the 238U chain
that are responsible of 2!°Pb production. In 2000 years
the 2'°Pb —untouched by the metallurgical processes—
decayed.

Our arrays were optimized to search for the 55(0v)
decay of 139Te, therefore much effort was dedicated over
the years to background reduction in the region where the
BB(0v) line should appear (2530keV). This work was ac-
complished by an accurate selection of low-contamination
materials, by the realization and operation of small
bolometer prototypes used for test purposes and by the
analysis —supported by Monte Carlo simulations— of the
measured background.

4 Monte Carlo simulations

Monte Carlo simulations play a primary role in back-
ground identification and reduction. First, because the
interpretation of HPGe and Si barrier spectroscopy mea-
surements requires Monte Carlo simulation for efficiency
evaluation and background interpretation. Second, be-
cause the comprehension of the sources responsible of the
background measured by an experiment rely on Monte
Carlo simulations modelling the experimental apparatus
and its possible contamination.

In Milano two different Monte Carlo codes (JAZZY
for Si and Ge diodes, TOWER, for bolometers arrays)
have been used extensively since the beginning of the ‘90s,
to study and improve our background knowledge. Since
2001 both are based on GEANT-4 [36]. All the results
discussed in this paper have been obtained with GEANT
4.8.2 version, using the LBE (Low Background Experi-
ment) physics list. In the next sections a brief description
of the two simulation codes is given. For both the codes
the decay scheme generation is provided by the GENDEC
package and the simulated detector output by G2TAS.
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4.1 Event generation: GENDEC

This package has been developed by our group in the ‘90s,
to correctly simulate chains of radioactive decays in secu-
lar equilibrium, in order to obtain useful information for
contamination inside the detectors and to fully exploit
the capability of detector arrays in terms of coincidence
analysis.

Starting from ad hoc written input files for the nuclear
and atomic structures, the package provides the simula-
tion codes with the sequence of all particles emitted fol-
lowing one decay of the first nuclide in the chain. The
sequence contains the type of particle, its energy and the
time delay with respect to the previous one. The pack-
age with its input files can manage alpha, beta (3~, 3
and electron capture EC) and gamma decays. Various 53
modes are also considered. In the case of a decays the re-
coiling nucleus is included in the sequence. Gamma decays
include the possibility of the internal conversion IC up to
the shell N. EC can happen to the K, L1 and L2 shells.

In the case of both EC and IC, the atomic relaxation
radiation is included in the sequence. The vacancies cre-
ated in the K, L1, L2 and L3 shells are recursively shifted
to the upper shells by both radiative (X-rays) and non-
radiative (Auger and Coster-Kronig) transitions. When
the vacancy reaches the M or higher shells, the whole
available energy is assigned to a single electron. A total of
up to 14 radiative transitions and 14 non-radiative tran-
sitions are possible.

We have compiled the input files by critically selecting
the data available in the literature. The nuclear-structure
files contain the information concerning the nuclear levels
with their energies and lifetimes, and the transitions be-
tween the levels with their branching ratios. In addition
they may contain the pertinent parameters for the EC
and IC probabilities and for the type of 5 decay (i.e. the
degree of forbiddeness). For each nuclide, data has been
taken from the most recent Nuclear Data Sheet compi-
lation for the corresponding A multiplet or directly from
the appropriate Evaluated Nuclear Structure Data File
(ENSDF) [37]. For the IC coefficients, experimental data
from those two sources have been used whenever possi-
ble. Missing or incomplete data have been integrated by
logarithmic interpolation of tables in [38-40]. The same
has been done for the EC probabilities from the different
shells: missing data have been integrated using [41]. The
0 decay spectra are generated including all corrections for
the screening of the nuclear Coulomb field by atomic elec-
trons (Fermi factor) and for the energy dependence of the
matrix element for the given decay degree of forbiddeness.

The atomic-structure files contain the binding ener-
gies, the radiative transition energies and intensities, the
yields for the various non-radiative processes, and the in-
tensities of the Auger transitions (their energies are calcu-
lated starting from the binding energies [42]). The atomic
data are taken from the appendices in [42] and used fol-
lowing the methods described therein.

As a benchmark both the experimental data in the
Nuclear Data Sheets (or in the ENSDF) and the evaluated
data in [42] have been used: the files have been filled with
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Fig. 3. A HPGe source measurement obtained with a certi-
fied ®°Co source. The experimental spectrum (black line) is
compared with the JAZZY simulation (filled histogram). The
simulation is normalized on the basis of the certified activity
of the source.

all the levels and transitions required to reproduce all the
gamma, X-ray and electron lines listed with an absolute
intensity higher than 0.1%.

As an example, the nuclear-structure input file for the
232Th natural chain contains 83 nuclear levels and 240
transitions (alpha, beta and gamma). With this input file,
the particle generated by GENDEC with an absolute in-
tensity larger than 0.05% are: about 150 gammas, about
150 X-rays, about 550 electrons (atomic or IC) and 19 al-
phas, plus, of course, the electrons emitted in the § decays.

The individual nuclide files can be easily combined to
generate broken chains in secular equilibrium. The GEN-
DEC package does not include the Inner Bremsstrahlung
radiation and any kind of angular correlation between
decays.

GENDEC has been distributed publicly in the past.
Today also GEANT provides the user with a similar pack-
age. We still use GENDEC both for historical reason and
because GENDEC uses decay data that have been accu-
rately cross-cheked.

4.2 JAZZY

JAZZY is a multipurpose code that allows to model HPGe
and Si surface barrier detectors having different geome-
tries. The geometric features of the detector and of the
source (the sample to be measured) are defined through
an external macro. The Ge diodes description is based on
the constructor data sheets that is later checked (investi-
gating the real sensitive volume) by accurate calibration
measurements performed with certified gamma sources.
Each part of the detector and of the sample is considered
by the simulation as an independent element that can be
made active (i.e. a contamination within its volume or on
its surface can be simulated). An element is identified by
its geometrical shape and material composition.

Figure 3 shows a comparison of simulation and data in
the case of a certified °°Co source. The absolute activity
of the source, as extrapolated from the experimental data
using the efficiency evaluated for the 1173 and 1332keV
gamma lines of 59Co, is in quite good agreement with the
known activity of the source (the simulation overestimates
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Fig. 4. MiDBD 1 geometry in TOWER compared with the
true geometry. The four crystal plane (picture on the right)
and its simulated geometry (plot on the left) are shown.

the line activities by about 7%). As clearly seen from the
figure also the sum line of the two gammas (at 2505 keV),
as well as the continuum are correctly reproduced.

4.3 TOWER

TOWER is the code used for the simulation of bolomet-
ric arrays. It models in detail the shields and the cryostat
of the experimental set-ups installed in Hall A and Hall
C at LNGS. The geometries of the MiDBD [32] array (in
the 2 different configurations), of CUORICINO [2], as well
as that of the small arrays used for radioactivity tests in
Hall C, are all taken into account in the same code. Ele-
ments in this simulation are the crystals, the copper struc-
ture that holds the array, the germanium sensors glued on
the crystals, their gold connecting wires, the silicon re-
sistors, the PTFE spacers, the various copper vessels and
lead shields that surround the array. Each of them can
be studied as an active source whose bulk or surface con-
tamination can be simulated independently. In the case of
surface contaminants the depth of the contaminated layer
and the density profile of the contaminant can be defined
by the user.

TOWER includes the propagation of photons, elec-
trons, a-particles and heavy ions (nuclear recoils from o
emission), as well as neutrons and muons. Figure 4 shows
a comparison of simulated and true geometry in the case
of the MiDBD array.

4.4 Detector simulated outputs: G2TAS

The output of the Monte Carlo simulation contains the fol-
lowing information: event number, detector number, time,
energy and kind of particle. An external code G2TAS al-
lows then to produce the simulated detector outputs (spec-
tra and ntuple). G2TAS takes into account the features
of the detector response and of the data analysis proce-
dure in order to ensure a comprehensive reproduction of
the experimental conditions. This includes the reproduc-
tion of the detector energy resolution and of its variation
with energy, the introduction of a programmable detec-
tor threshold (events below threshold do not contribute
to spectra and are not used for tagging a coincidence),
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the computation of causal (within the decay chain) or ca-
sual (rate dependent) pile-up events and the computation
of coincidence signals. In particular:

— an integration time can be specified in which two in-
teractions depositing energy in the same detector are
considered as a single event, having an energy equal to
the sum of the energies deposited in the two interac-
tions;

— a rate for the source can be specified in order to gen-
erate casual and not only causal coincidences and pile-
ups;

— a pile-up time for the rejection of multiple events can
be introduced. In this case two or more events oc-
curring in the same detector, with a time separation
greater than the integration time but below the pile-
up time, are rejected. Such a special feature is impor-
tant for bolometers since they are quite slow detec-
tors (TeOy bolometers as those used in MiDBD and
CUORICINO have typical decay times of the order of
hundreds of ms) and are intrinsically paralyzable (i.e.
the energy of the pulse occurring on the tail of a prece-
dent one cannot be correctly evaluated);

— in the case of array of detectors, coincidence patterns
can be invoked when computing spectra and scatter
plots, as it is for experimental data.

5 Modelling background in bolometric arrays

In this section we discuss the background analysis for a
bolometric array experiment. We show how the use of
close-packed arrays not only has the advantage of sig-
nificant background suppression, thanks to the anticoin-
cidence cuts, but also allows to collect quite useful in-
formation on the background source nature and location
through the study of the multi-hit events. Indeed, by cross-
checking dedicated and independent contamination mea-
surements (with the techniques described in sect. 2) with
Monte Carlo simulations of the experimental apparatus it
is possible to model the background sources and to make
predictions for future experiments with a rather good ac-
curacy. As an example of a successful application of this
technique we report the results obtained in the study of
the background sources of the MiDBD experiment.

In modelling background in our detectors we strongly
focused our attention on two energy regions: the region
centered at 2530keV where the '3°Te neutrinoless decay
should appear (65(0v) region in the following) and the
region just above the 2615keV 28Tl line (the 3-4 MeV
region). As discussed later, these two regions —being very
near to each other— are both affected by the same kind
of background, namely the one produced by degraded a-
particles coming from the radioactive chains of 233U and
232Th. However, a relevant feature differentiates the two
regions: the 3-4 MeV is nearly unaffected by gamma ra-
dioactivity while the 83(0v) region is often dominated by
the 298T] gamma activity. As a consequence one can look
at the 3—-4 MeV region to measure contributions that in the
BB(0v) region are covered by the 28Tl gamma activity.
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Table 4. FWHM resolutions in a calibration spectrum and in
the 84000 hours X detector sum background spectrum of the
MiDBD experiment. The resolution on the « line is obtained
fitting the right side of the ?3¥U line at 4238 keV. This line is
visible only in the sum background spectrum and it is ascribed
to a surface contamination of the crystals. The left side of this
peak has a tail due to alphas that lose a fraction of their energy
outside the crystal, for this reason only the left side of the peak
is used to evaluate the detector resolution in the o region.

Line energy [keV] 583 911 1764 2615 4238
FWHM [keV] calibr. 3.6 4.3 59 8.1 -
FWHM [keV] backgr. 4.2 51 6.7 9.3 25

5.1 Data collected with a bolometric array

The most relevant features and results obtained with TeOq
bolometer arrays can be found in [2,31-33]. In all cases an
almost similar hardware (detector structure, electronics
and DAQ) has been employed: data were collected oper-
ating each crystal as a completely independent particle
detector, provided with its own read-out chain, trigger
and DAQ system. The voltage signal, amplified and fil-
tered, is fed into a 16-bit ADC. For each triggered signal
the entire waveform, a sample of 512 or 1024 points (~ 4s
long), was saved to disk for off-line analysis. This included
pulse shape analysis (rejection of spurious triggers) and
gain instability corrections [43]. A periodic calibration of
the detectors was obtained with an exposure to a 232Th
source. The gamma lines used for calibration ranged from
511 and 2615keV. The non-linear behavior of the detec-
tors was corrected by linearization of the energy spectra
with a proper fit function whose extrapolation was used to
calibrate the spectra above 2615keV. Once corrected, the
spectra of the different detectors were added as if collected
with the same device.

As an example of the typically achieved results, the
FWHM energy resolution in a calibration sum spectrum
(~ 3 days) and that in the background sum spectrum
(various months) in the MiDBD experiment are reported
in table 4 (sum spectra are obtained by adding together
the energy-calibrated spectra of all the detectors). Lack-
ing calibration measurements for the « region, we have to
rely on the use of an extrapolation of the gamma conver-
sion, which —above 3 MeV— results in spectra of the sin-
gle detector that are affected by systematic and different,
among each other, calibration errors. As a consequence,
when summed together, the a peaks of the different de-
tectors are spread out and the resolution of the array as
a whole results worsened with respect to the average res-
olution of the single detector in the « region [44]. The
same happens to the single detector when different runs
are summed, each provided with its own gamma calibra-
tion.

Different typologies of spectra are produced by the off-
line analysis, according to the selected coincidence pat-
tern. Multi-hit events (in which more detectors in the
array trigger) can be studied to investigate background
sources, while cuts rejecting such events (keeping only the
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Fig. 5. A calibration measurement obtained by exposing a
TeO2 bolometric array to a 232 gource. The measured spec-
trum (filled histogram) is compared with the TOWER simula-
tion (black-line histogram). Top panel: the single-hit (antico-
incidence) spectra. Bottom panel: the double-hit (coincidence)
spectra. In the two graphical inserts the ratios between simu-
lated and measured intensity for the main gamma peaks are
shown.

single-hit type) can be applied to reduce the background
for DBD analysis. For MiDBD TeOs crystals the proba-
bility that both the electrons emitted in 83(0v) decay are
stopped inside the same crystal where the decay took place
is 84%. This efficiency was evaluated simulating !3°Te
BB(0v) decays (with the correct energy distribution for
the two electrons kinetic energy) with TOWER.

5.2 Validation of the simulation

Figure 5 shows a comparison between the simulated and
measured spectra of a 232Th source in the MiDBD bolo-
metric array. The sources used for calibration are two tho-
riated wires introduced in the gap between the cryostat
and the external lead shield, on two opposite sides of the
array. The normalization factor between simulated and
measured spectra is obtained as the ratio of the number of
counts in the 500-2500 keV interval in the single-hit spec-
tra (this same normalization factor is used for double-hit
spectra). Lines and continuum are reproduced at better
than 5%, both in the single-hit and in the double-hit sum
spectra (as shown in the two inserts in fig. 5).

5.3 Background model and analysis procedure

The background sources considered in our analysis are
those listed in sect. 2. The contaminants are usually con-
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sidered uniformly distributed in the bulk of the construc-
tion materials. Indeed, only in the case of the crystals and
of the materials directly facing them it is worth to dis-
tinguish between bulk and surface contamination, as they
result in different spectral shapes due to the contribution
of electrons and alphas. As a first step, the background
coming from external neutrons, muons and gammas are
considered. These are sources that we know to exist and
whose intensity is obtained —in most cases— from direct
measurements. Therefore one can simply proceed to the
evaluation of their effects on our detectors.

5.3.1 Environmental background

The neutron flux measured at LNGS [21-23] and the high
energy fraction of it —as modelled by [25,27]— was simu-
lated through TOWER, on our apparatuses resulting in an
almost negligible contribution to the experimental back-
ground counting rates (see table 5). Moreover, according
to the simulations the environmental neutron background
does not dominate the background counting rates mea-
sured by our detectors, even in the absence of the neutron
shield. A cross-check of this result was provided by the
comparison of measurements collected before and after the
installation of the neutron shield surrounding each of our
two cryostats. For example in the case of the MiDBD ex-
periment (Hall A) the background spectra collected before
and after the installation of the neutron shield are com-
patible within the statistical error (i.e. they are compati-
ble within 10% in both the 83(0v) and 3—4 MeV regions
where the fractional contribution of neutrons should be
higher due to the reduced number of sources contribut-
ing to background). A similar experimental result was re-
cently obtained in measurements carried out in Hall C. In
both cases, the measurements could not achieve a sensi-
tivity good enough to check simulation results. They only
helped to verify that the background rates presently mea-
sured in our apparatuses are not dominated by neutron
background, in agreement with the simulations.

In a similar way, the effect of the muon interaction in
our apparatuses was studied, simulating with TOWER
the muon fluxes reported by [28,29]. The result shows
that muon contribution, although negligible in MiDBD,
can be worrisome for next-generation experiments, like
CUORE [45], that aims at counting rate in the 2-4 MeV
region below 1072 counts/keV /kg/yr. However in bolome-
ter arrays, the anticoincidence cut allows a dramatic re-
duction of the muon-induced counting rate: in a single
tower like MiDBD the reduction factor is more than one
order of magnitude.

Finally, also the environmental gamma activity, as re-
sulted by our measurements (fig. 1 and table 2), was sim-
ulated resulting in a sizable but not dominating contribu-
tion to the background recorded by MiDBD in the region
between 500keV and 3 MeV. Such a contribution, clearly
too high for next-generation experiments, can be reduced
by means of a thicker lead shield surrounding the set-up.

In conclusion, external sources have quite a minor
role in background production. The most likely source of
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Table 5. Environmental muon, neutron and gamma counting rates (counts/keV/kg/yr) as predicted by TOWER for a TeO2
bolometric array working at LNGS (Hall A set-up) compared with the rates measured in MiDBD phase 1. No anticoincidence
here is applied. When only single-hit (anticoincidence) events are considered (as usual in 33(0v) and dark matter searches) the
background coming from environmental muon and neutron is reduced by more than one order of magnitude. The reduction
factor is much lower in the case of environmental gammas.

Energy region 10-50keV 0.5-1 MeV 1-2MeV 2-3 MeV 3-4 MeV 4-6 MeV
neutrons <2-107* 3-107° (7+3)-107° <8-107° <8-107° <4-107°
muons 0.14 0.13 5-1072 21072 1.5-1072 1-1072
gammas 442 3.040.5 0.940.2 0.10 £ 0.03 - -
MiDBD phase 1 1.4-10° 30.2+0.2 6.7+0.1 1.340.1 1.2+0.1 8.1+0.3

Table 6. Bulk contamination levels of the materials used in the Hall A set-up. Pb-o and Pb-i refer to the outer and inner 10 cm
thick layers of lead used to externally shield the cryostat, Pb-r is the Roman lead used for the shield directly surrounding the
detectors. Cu is the copper used for the detector holder parts. TeOs refers to the powder used to grow the crystals. Contamina-
tions are in mBq/kg as measured by HPGe spectroscopy (for Roman lead the 2'°Pb content was measured bolometrically [35]).
In parenthesis 90% upper limits, obtained by comparing the MiDBD phase 2 counting rate with Monte Carlo simulations for
the different bulk contaminants, are reported.

contaminant 282 28y 210py, 50Co 0K

Pb-o <0.3 <0.3 110 - 10° - -

Pb-i <0.2 <0.2 (16 + 4) - 10° <0.5 <2

Pb-r <007 (0.05) <004 (0.04) <4 <02 <05  (0.7)

Cu <05  (0.06) <06  (0.07) - (170) <02 (02) <10 (2

TeOs <08  (0.003) <2 (0.002) - 0.02) - (0.04) <100 (0.4)
background in our experiments (like MiDBD and CUORI- Each simulation is then compared with the experimen-

CINO) being the radioactive contaminations of the exper- tal spectrum and the maximum contamination level com-
imental set-up (shielding, cryostat and detector), as dis- patible with it is determined.

cussed in the next paragraphs. In this way conservative upper limits for impurities
concentrations in the different materials are computed
(see, for example, table 6 for the results obtained in the
MiDBD experiment). These limits are often lower than, or

The general method used to identify and localize these comparable with, those obtained with HPGe spectroscopy.

5.3.2 Background from material contamination

background sources is the following: for each element in- Finally, the best linear combination that reproduces
troduced in the simulation and for each contaminant a the measured background (accounting for both continuum
spectrum is generated. and peaks) for coincidence and anticoincidence spectra, as

In the case of a surface contamination different depths ~Well as scatter plots, is searched for. This is done minimiz-
and density profiles are considered. U and Th chains are 1ng the differences among the experimental spectrum and
always considered in secular equilibrium except for the the linear combination of all the simulated spectra.
case of surface contamination, when breaks of secular equi- Available upper limits on impurities levels coming
librium produce distinguishable and relevant patterns in from independent measurements of material contamina-
the o spectrum. Indeed, although manufactured materials tion (e.g., HPGe spectroscopy) are included in the mini-
are rarely in secular equilibrium, there are only few cases mization procedure.
in which the v spectrum is affected by a break in the decay As a first step only the sources responsible for the
chain. Since the typical time required for the construction background above 2.6 MeV are considered. Indeed, a lim-
and operation of an experiment is few months, and since ited number of sources can contribute to the background
only gamma lines with branching ratios above 1% are vis- in this region: once neutrons and muons are excluded,
ible in our measurements, the only case in which a break and assuming negligible gamma and 3 contributions com-
in secular equilibrium would yield a different pattern in ing from the natural radioactive chains (*'“Bi 3 decays
the 7 spectrum is in correspondence of the 2?8Th isotope with B.R. 0.19% and end point of 3.2MeV and few very
(1.9 year half-life). However, the comparison of the ac- rare gamma-gamma and gamma-beta coincidences), only
tivities recorded for the 238keV (?'2Pb) and the 337keV  a-particles (and partially electrons) from the radioactive
(228 Ac) lines (where variation in efficiency are small) can natural chains have enough energy to produce counts in
be used as an indicator of violation of secular equilibrium. this region. Moreover, the short range of a-particles allows
In the case of the analysis presented in the next section to restrict the analysis to the crystals and to the materi-
such a violation appears to be negligible (see table 7). als directly facing them. These are all the detector com-
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Fig. 6. Simulation of a ?'°Pb surface contamination with an exponential density profile and a A of 0.1 um (black line) and
5.0 um (colored (on-line) line). The simulation refers to an array of TeOz bolometers in which the crystals face for 50% of
their surface another crystal and for the other 50% some inert material (mainly the copper of the copper holder). Left: the
contamination is on crystal surface. Right: the contamination is on the Cu holder. The dotted lines correspond to double-hit

spectra.

ponents: the NTD thermistors, the Si resistors, the glue,
the PTFE parts, and finally —and more likely because
of its biggest mass and surface— the copper holder. The
position and shape of the o peaks as well as the compari-
son of single-hit and multi-hit spectra allow to distinguish
between internal and external, surface or bulk, a contam-
inations. How this can be done is clearly understood by
considering the results of Monte Carlo simulations.

In fig. 6 the different effects of surface contamination
on crystals and surrounding elements are shown for a bolo-
metric array (like MiDBD) where about 50% of the crys-
tal surface faces another bolometer while the remaining
50% faces an inert material (the whole in vacuum). The
simulated contamination is 2'°Pb. This isotope 8 decays
to 219Po, that then a decays with a @ value of 5407 keV
emitting an a-particle with energy E, = 5304keV (the
daughter nucleus recoils with a kinetic energy of 103keV).
When the contamination is on the crystal surface, as in
the left panel of fig. 6, the « line is visible at the transi-
tion energy (with an additional broad peak at E, in the
case of very thin contamination). When the contamina-
tion is on an inert surface facing the crystal, as in the
right panel of fig. 6, the « line is visible, at E,, only for
very thin contaminated layers. As soon as the thickness
increases, the spectrum becomes flat. Alpha peaks shape
and position are not the only features that allow to dis-
tinguish between crystal and surrounding elements con-
taminations. Indeed, when the contamination is on the
crystal surface in a fraction of decays the a (or with
lower probability the nuclear recoil) escapes the source
crystal and enters the facing one. In this case the two
detectors record a coincidence event whose total energy
yields the @ value of the « transition. When the energies
of coincidence events are tracked, crystal surface contam-
ination gives rise to straight lines with —1 slope, as is
shown in fig. 7. Summarizing, in the « region the crys-
tal surface/bulk contamination can be distinctly identi-
fied on the basis of quite clear signatures (peak position,
peak shape and scatter plots of coincidence events). More-
over, also thickness and density profile can be investi-
gated, given their different signature (fig. 8). More dif-

10000 |
= -
® 4
T 8000 - N
e 1 X
2 1w
S al
1<
2000
_ NSNS
B L LI L L LA L LA LI LN L L
2000 6000 10000
Energy [keV]

Fig. 7. Scatter plot of double-hit (coincidence) events in the
case of a 2**U contamination on the bolometer surface (1 ym
depth, exponential density profile). The plot refers to a Monte
Carlo simulation of a TeOz bolometric array where 50% of
bolometer surface faces other bolometers.

ficult is the identification of contamination of surrounding
elements since when deep enough they just produce a flat
continuum.

After having analyzed the region above 2.6 MeV, most
of the near sources are identified. These sources generally
give a weak contribution (through degraded alphas but
also through their gamma emission) to the background
below 2.6 MeV. Here the v emissions from heavy materials
outside the detector (e.g., the Roman lead shield, the cryo-
stat elements and the external lead shield) are the main
responsible of detector counting rates. The exact localiza-
tion of the sources is, in this case, much more difficult
and the CPU time needed for the simulations increases
with the amount of material interposed between the de-
tector and the simulated element. At the same time the
simulated spectra become less characteristic and therefore
indistinguishable from each other.
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Fig. 8. Simulation spectra produced by a ?**U contamination on bolometer surfaces: the black histograms refer to all the events,
the colored (on-line) histograms to double-hit (coincidence) events. The top left and right are, respectively, 10 and 0.1 um depth
contamination with a flat density profile. The bottom left and right histograms refer to 1 um depth contamination with a flat
(left) and exponential (right) density profile. The plots refer to a Monte Carlo simulation of a TeO2 bolometric array where
50% of each bolometer surface faces other bolometers. The lines above 3 MeV are due to the alpha decay of the 2*3U isotopes.
From left to right: 233U, 239Th + 225Ra + 234U, 2!°Pb, 22?Rn, 2'8Po, 2'*Po (this line is summed to the *'*Bi £ decay).

The whole analysis is generally done on sum back-
ground spectra since the statistics on single-detector spec-
tra is too low.

6 Understanding the MiDBD experiment

Located in Hall A of LNGS, MiDBD consisted of an array
of 20 crystals of TeOq of 3 x 3 x 6.cm? (340 g) each, for a
total mass of 6.8 kg. The main goal of the experiment was
the study of neutrinoless and two neutrino 33 of '39Te
to 139Xe. Its results on detector performances and back-
ground were the base on which CUORICINO and CUORE
experiments were designed. In particular, as we will dis-
cuss later, in the construction of the CUORICINO detec-
tor the information gained by the Monte Carlo simulations
of the MiDBD array were widely —and successfully— ex-
ploited.

A description of the experimental set-up is found
in [32]. The cryostat (mainly made of copper) is externally
shielded with two layers of lead of 10 cm each having differ-
ent 2'°Pb content. The array was held in a copper holder
inside the inner vacuum chamber (IVC) at about 10 mK.
All the materials used for the set-up construction (the
lead, the copper used for the thermal shield and for the
array holder, the TeOs) were measured to determine their
contamination levels (see table 6). Two different configu-
rations for the detector were used during the experiment:

1. in phase 1 the array was made by 20 TeOs crystals
tightly held in a copper box by means of two PTFE

masks. The array was surrounded by a 1cm lateral
thickness of Roman lead and a top and bottom lead
plates of 10 cm thickness;

2. in phase 2 the same crystals were re-assembled in a
new, more compact, copper structure; reducing the
amount of PTFE used to hold the crystals and adding
a further layer of Roman lead (2cm on the side and
5cm on the top). In this occasion all the surfaces of
the TeOqy crystals and of the Cu mounting structure
were subject to an ad hoc surface polishing process
aiming at the reduction of radioactive contaminants.
Phase 2 was intended to test the new mounting sys-
tem of the crystals and to reduce surface radioactiv-
ity that, according to the our analysis, was an impor-
tant contribution to the 83(0v) background counting
rate. An external neutron shield (10 cm of 5% borated
polyethylene) was added at the end of this phase for
an experimental evaluation of neutron contribution (as
discussed in sect. 5.3).

The gamma lines visible in the background spectra of
phase 1 and phase 2 are reported in table 7.

6.1 MiDBD phase 1

The large statistics collected during MiDBD phase I al-
lowed a detailed analysis of background sources. This was
done —following the technique described in sect. 5.3.2—
starting from the region above 2.6 MeV. Here the o peaks
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Table 7. Intensity of the main gamma lines (counts/hours) measured in the sum background spectrum of phase 1 (columns 3

and 4) and in phase 2 (columns 5 and 6).

Energy Isotope Rate Error Rate Error
[keV] [counts/h] [counts/h] [counts/h] [counts/h]
88 123me 4 127mg 0.191 0.008
105 129me 0.038 0.003
122 5 Co 0.002 0.001 0.009 0.002
145 125mmg 0.004 0.001 0.193 0.008
238 212py, 0.007 0.001
241 214py, 0.0019 0.0006
247 123mmg 0.082 0.006
204 214py, 0.0032 0.0007 0.025 0.003
337 228 A¢ 0.0017 0.0006
351 24pp 0.0049 0.0009
511 0.0076 0.0007 0.006 0.002
568 207Rj 0.0060 0.0006 < 0.004
583 2081 0.0046 0.0005 < 0.004
603 12immg 4 121 0.0013 0.0004 0.011 0.002
609 214Bj 0.0031 0.0005
662 B7Cs 0.0032 0.0006
811 58Co 0.011 0.002
835 54Mn 0.0010 0.0003 0.006 0.002
911 228 A¢ 0.0047 0.0004 < 0.002
968 228 A¢ 0.0023 0.0003 < 0.003
1060 2074 0.0065 0.0005 < 0.003
1120 214B; 0.0015 0.0003 < 0.002
1173 59Co 0.0083 0.0005 0.005 0.002
1332 50Co 0.0075 0.0006 0.004 0.001
1460 0K 0.033 0.001 0.006 0.002
1764 214B;j 0.0020 0.0003 < 0.001
2104 2087 (single escape) 0.0009 0.0002 0.0013 0.0007
2203 214Bj 0.0006 0.0002
2615 2081 0.0051 0.0005 0.0017 0.0007
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Fig. 9. Anticoincidence (black line) and coincidence (colored (on-line) line) sum background spectra of MiDBD crystals. Left:

phase 1. Right: phase 2.

clearly visible in fig. 9 show the presence of a 238U and
232Th contamination of the crystals. The peak energy po-
sition corresponds to the transition energies of the decay
implying that both the a-particle and the nuclear recoil
contribute to the signal: the decaying nuclei can only be
contained in the crystal. Moreover, the coincidence spec-
tra indicate that the contamination producing the peaks

is localized on the crystals surface. The low-energy tail
of the peaks is then explained in terms of the fraction
of the decays occurring very near to the surface, where
part of the a or of the recoil energy or —when it is
the case— the gamma ray emitted in the decay is lost
outside the crystal. When plotting coincident events in
different faced detectors the characteristic scatter plot of
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Fig. 10. Scatter plot of coincident events on facing crystals in
MiDBD phase 1.

surface contamination is obtained (fig. 10). The analysis
of double-hit events not only yields a further proof that
« peaks are due to a surface contamination of the crys-
tals, but also proves that this contamination produces a
continuous background extending far below the « decay
transition energy. In particular this source can partially
—but not completely— account for the rather flat con-
tinuous background measured between 3 and 4 MeV by
all our arrays, a region where neither v nor « lines from
natural and cosmogenic radioactivity are usually present.

Two peaks visible in fig. 9 (and similarly in the spectra
of most of our devices) are not ascribed to surfaces: the one
at ~ 3.3MeV due to 2°°Pt and the other at ~ 5.3 MeV due
to 219Po. The former peak is ascribed to crystal inclusions
of small amounts of Pt due to residuals of the crucible
in which TeO, crystals are grown. 2Pt has a natural
isotopic abundance of 0.001%, decays with a half-life of
6.5 - 10! years emitting an a of 3.249 MeV.

The latter can only be explained by an extremely thin
surface contamination of 2!°Pb on the inert material fac-
ing the crystals. Indeed, as shown in fig. 6, when the «
source is outside the detector its contribution is visible
(at E,) only when distributed on a very thin and shal-
low layer, while thicker contamination produce just a flat
background.

Below 2.6 MeV additional contribution to background
coming from the set-up elements has to be considered. We
have grouped the various parts of the set-up in four ele-
ments whose radioactive contamination in 233U and 232Th
produces characteristic and distinguishable spectra:

— the material inside the Roman lead shield (mainly the
copper of the detector coverage);

— the Roman lead shield;

— the cryostat (modelled only by its thermal shields, a
series of copper cylinders that constitute the heaviest
part of the entire refrigerator);

— the external lead shield.

The European Physical Journal A

The comparison of measured and simulated spectra, and
the use of the information we have on the contamination
of most of these elements (for the Hall A set-up these
contaminations are reported in table 6) allow to localize
most of the background sources.

The background composition, as obtained from our
analysis, for MiDBD phase 1 is the following:

— TeOs bulk contamination: just limits of the order of
10712 g/g for 238U, 232Th and “°K. A 2!°Po and a °Pt
contamination;

— TeOs crystal surface contamination: a ~ 0.1 micron
deep contamination of about 0.05 uBq/cm? in 23¥U, a
contamination in 23?Th lower by one order of magni-
tude, and finally a very thin (< 0.001 micron depth)
contamination in 21Pb (most likely due to Rn);

— array copper holder: a ~ 10 micron deep contami-
nation of about 0.2uBq/cm? if in 238U and 232Th
or of ~ 3uBqg/cm? if in 21°Pb (our data do not al-
low to disentangle the separate contribution of the
three radioisotopes and their chains) and a very thin
(< 0.001 micron deep) contamination in 2!Pb (most
likely due to Rn). A ®*Co bulk contamination ascribed
to neutron activation;

— internal Roman lead shield: no relevant contributions
from 238U and 232Th;

— cryostat thermal shield and superinsulation: the most
likely source for the 2*3U and ?32Th lines;

— external lead shield: contributes to background
through the Bremsstrahlung of 2!°Pb and its 803 keV
gamma line; no relevant contribution from ?**U and
232Th contaminations;

— environmental gammas: an integral contribution lower
than 5% to the integral rate.

A YK and a 2'9Pb contamination, not precisely local-
ized (due to their weak signature) have to be added to this
list. These two contributions are indeed needed to justify
the continuous background in both anticoincidence and
coincidence spectra.

In this analysis only surface contaminations having an
exponential density profile have been used, since these ap-
pear to fit better to our experimental spectra. The error in
the identification of the contamination depth is of about
a factor 2.

Finally, it has to be noted that what we call array
copper holder includes all the small parts directly in con-
tact with the detector: PTFE elements, wires, pins an so
on. Since the copper holder is by far the largest mass in
that region and since we have rather stringent limits on
the small parts contamination, it is natural to ascribe the
near source identified in our analysis to the copper holder.
A combination of more than one contribution from small
parts and copper holder cannot be, however, excluded.
Figure 11 displays the comparison between experimental
and simulated background.

The most relevant result coming from this analysis
was the evaluation of the background sources responsible
for the counting rate in the 83(0v) region. We obtained
(43 4+ 13)% from TeOq surface contamination in #*2Th
and 238U, (23 £ 11)% from the surface contamination of
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Fig. 11. Background reconstruction in MiDBD phase 1. MC simulations (black line) are compared with experimental re-
sults (gray-filled histograms). Both single-hit (left) and (double-hit) spectra are shown. In the upper plots only contributions
from 238U, 232Th, 2'°Pb and '°°Pt contamination of TeOs crystals and mounting structure are considered. In the lower plots
contribution from sources outside the detector as well as from isotopes like °°Co and °K are also considered.

the holder, (204+5)% from the Compton events due to the
2615keV 2%8T1 line ascribed to the thermal shields and /or
the superinsulation contamination in 232Th.

6.2 MiDBD phase 2

Starting from the results of the above analysis, and of com-
plementary information that came from independent mea-
surements performed in Hall C with small size TeO, ar-
rays, a surface treatment procedure was applied to all the
crystals of MiDBD aiming at the reduction of their sur-
face contamination. Also the surface of the copper holder
was treated with mechanical and chemical procedures. A
thicker internal Pb shield was added just outside the de-
tector holder. On the basis of the expected reduction of
the « surface contamination (tests in Hall C proved that
we were able to reach at least a factor-2 reduction) and
of the expected reduction of the 2°8T1 contribution due to
the thicker lead shield (in our model 2°8TI came from out-
side the lead shield) we expected a background reduction
in the 88(0v) region by about a factor 2.

Indeed, MiDBD phase-2 results showed a sizable re-
duction (a factor 2 in intensity) of the o peaks as well as
a reduction of the overall counting rate (table 8). In the
BB(0v) region the reduction factor was estimated to be
1.5+ 0.3 in fairly good agreement with what we extrapo-
lated by our model.

Table 8. Background reduction factors measured between the
two runs of MiDBD. The 33(0v) region is centered at '3°Te
transition energy (2530keV) with a width of about 50keV.

Reduction factors: v and « peaks

Uand Th~’s %Co +’s 0K s U and Th a’s
>2 ~ 2 ~ 6 ~ 2
Reduction factors: continuum

[1-2] MeV [2-3]MeV  33(0v) region [3-4] MeV

~ 1.3 ~ 1.6 1.5+0.3 ~ 2.4

Due to the much lower statistics collected during this
phase it was not possible to perform a completely indepen-
dent analysis of the data to extract contamination values.

7 Conclusion

The use of Monte Carlo simulations to reproduce the ex-
perimentally measured background is a powerful tool often
used to identify and localize background sources. Care-
ful checks of the simulation capability of reproducing the
detector geometry, as well as the detector behavior, are
obviously necessary to verify the reliability of the model.

The use of independent information on background
sources, such as measurements of environmental fluxes
(cosmic rays, gammas and neutrons) and material con-
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tamination levels, is also mandatory to constrain free pa-
rameters.

We have shown that whenever these requirements are
satisfied a reliable reconstruction of background is pos-
sible. In particular in the case of bolometric arrays the
segmentation of the detector provides by itself a power-
ful tool to cross-check simulation results with experimen-
tal data. Indeed, requiring the reproduction of the back-
ground spectrum recorded by the detector as a whole, as
well as that of the coincidence patterns among the vari-
ous elements of the array, strongly constrain the parameter
phase space.
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