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The Gran Sasso National Laboratory

My mandate as Director at LNGS took effect from September 2009 and it would be
unthinkable to start this introduction to the 2009 LNGS annual report without mentioning
the earthquake of last April which left 370 people dead, 15,000 injured and devastated the
surrounding area together with the social and economic life of L’ Aquila.

Most of the lab personnel as well as the 70,000 inhabitants in L’Aquila were rendered
homeless. Fortunately the Laboratory survived the devastating earthquake and escaped
damage. This was possible thanks to two factors: the acceleration experienced deep
underground, (0.03g), as expected, was lower than that of the external laboratory (0.15 g) and
much lower than in L’Aquila (0.64 g).; the anti-seismic design of the apparatus protected the
underground installations.

In April Eugenio Coccia was still on duty as Director of the Lab, and | think it is proper to
mention how effective his dedication and actions were, in providing support to the laboratory
personnel and assuring the immediate restarting of the activities in the Laboratory.

From April 6™ access to the laboratory was limited, a series of inspections by LNGS staff,
Engineers from the Department of Civil Protection, experts on structures, geology and hydro-
geology resulted on April 24" in the Laboratory being granted certification of safe use and
occupancy.

Thanks to the dedication of the Lab staff who, despite their quite serious personal difficulties,
immediately after the earthquake worked toward the safe operation of the laboratory, on May
4™ access and the normal operation of all the experiments resumed. The INFN management
has also strongly contributed to the setting up of a plan of support: hosting the homeless
people in hotels, guest houses and trailers inside the lab area; making donations for
immediate needs; refunding travel expenses to and from the new accommodation (mainly on
the Adriatic coast) and the Lab.

The general situation is now slowly improving and the new challenge is more ambitious, that
of contributing to the rebirth of the L’Aquila community. The Laboratory has a significant
role in the life of the town: if we preserve this feature of excellence, our international research
activities will offer hope of renewal of the cultural, social and economic life of L’ Aquila. We
are also trying to stimulate new initiatives such as allowing the Municipality to set up a
school in our external area, hosting meetings, and intensifying relationships with the local
Institutions. For example we are involved in setting up a new interactive science museum in a
park in the heart of the ruined medieval center of L’ Aquila.

Despite the troubles and discomfort connected to the earthquake, from a scientific point of
view, 2009 was an auspicious year. It marked the thirtieth anniversary of the official birth of
the Gran Sasso Laboratory project and the twentieth anniversary of the first experimental data
published by the MACRO experiment. The scientific legacy | inherited is definitely
impressive and my first duty is to ensure the laboratories maintain their worldwide leadership
in astroparticle physics.

The Gran Sasso National Laboratory of INFN is a research infrastructure devoted to
astroparticle physics It has no equal elsewhere and offers the most advanced underground
Laboratory in terms of dimensions, complexity and completeness of the infrastructure.
Located between L’Aquila and Teramo, about 120 km from Rome, the underground
structures are on one side of the highway tunnel (10 km long) which crosses the Gran Sasso
massif, towards Rome, and consist of three huge experimental halls, (each one 100 m long, 20
m large and 18 m high) and a bypass tunnel, for a total volume of about 180.000 m® and a
surface of 18.000 m? The halls are equipped with all the technical and safety equipment and
apparatus necessary for the experimental activities at the same time as ensuring proper
working conditions for the people involved.

The 1400 m. of rock overhead provide a cover which is able to reduce the cosmic rays flux by
a million times; moreover, the flux of neutrons in the underground halls is about thousand



times less than on the surface due to the very small amount of Uranium and Thorium of the
Dolomite calcareous rock of the mountain.

The permeability of cosmic radiation provided by the rock coverage, the huge dimensions and
the impressive basic infrastructure, make the Laboratory absolutely unique for the detection
of weak or rare signals, relevant for astroparticle, sub nuclear and nuclear physics.

On the outside, near the Assergi tollgate on the highway A24, an area of more than 23 acres
belonging to a National Park of exceptional environmental and naturalistic interest on the
slopes of Gran Sasso, hosts the laboratories of chemistry, electronic, mechanical, design and
workshops, the Computing Centre, the Directorate and the various Offices. The high
international status enjoyed by the LNGS is reflected in the large number of publications to
come out of its work , and in the fact that about 950 scientists take part in its research. Half
of them come from 29 different countries. At present we have fifteen experiments in different
phases of realization.

The study of the intrinsic properties of neutrino is of prime interest in particle physics and one
of the main research topics of the present scientific program of the Laboratory. In order to
properly comprehend the mechanism of neutrino oscillation, it is necessary to measure the
elements of the mixing matrix by means of various neutrino sources, both natural (the Sun or
other Stars) and artificial (particle accelerators). Besides, the study of the phenomenon of
neutrinoless double beta decay could allow us to find out if the neutrino overlaps with its
antiparticle, thus providing a very significant answer towards the comprehension of the
evolution of the Universe. Neutrino physics therefore offers a window to a new theory of
elementary particles and to the comprehension of the evolution of the Universe.

Finally, neutrinos from the cosmos are very important messengers which transport
information fundamental to our understanding of the functioning of the stars as energy
sources, their evolution and what happens when they “turn off”.

LNGS activities range among various aspects of the neutrino physics’ study.

The measurement of neutrino oscillations in appearance mode is the main goal of OPERA
experiment, which aims to the detection of tau neutrinos in the artificial neutrino beam from
CERN to Gran Sasso (CNGS), originally constituted by muon neutrinos only. Throughout
2009 Opera has collected 3700 events on target in addition to the 1689 events collected in
2008. By now 19 charmed events have been identified in 2008 data, showing that the
experiment is capable of detecting events with topologies very similar to T production. The
expected number of v, for the entire statistics collected up to now is about 2.

Another experiment able to detect CNGS beam will be ICARUS, an innovative apparatus
consisting of a big mass (about 600 tons) of liquid Argon, allowing a 3D imaging of any
interactions of charged particles inside its volume. ICARUS is in the phase of commissioning
and expected to be filled with argon in spring 2010.

Borexino measures in real-time the interactions of solar neutrinos flux by means of a 300 ton
sphere of scintillating liquid. This allows us to study the functioning of the Sun and at the
same time neutrino properties. Throughout 2009 a calibration campaign has led to a strong
reduction of the systematic errors of the "Be neutrino flux measurement. The contemporary
measurement of the ‘Be and the ®B neutrino flux will grant a determination in the same
experiment of the ratio vacuum/matter of the oscillation parameters. The search for terrestrial
antineutrino interactions has become a hot point of the data analysis.

The LVD experiment is continuously monitoring the Galaxy with its 1000 tons of liquid
scintillator, looking for collapsing stars and it also offers an original monitoring of the CNGS
neutrino beam. LVD participates in the SuperNovae Early Warning System of detectors.

The study of neutrino properties through the research into a rare process called ‘neutrinoless
double beta decay’ may give a direct indication as to the value of its mass ascertaining its
nature of Majorana particles (that is particle and antiparticle coinciding). At present LNGS is
host to several experiments devoted to research neutrinoless double beta decay events.



The experiment GERDA will use the same enriched Germanium crystals of the Heidelberg-
Moscow experiment, but they will be directly immersed in 60 m* of liquid Argon, which is a
first protection from cosmic radiation. A 10 m diameter tank built all around the cryostat is a
further protection and acts as a veto Cerenkov for muons. Once the installation of the
apparatus had been completed in 2009 the cryostat was successfully filled with Argon and,
after final checks currently ongoing, the external shield will be filled with water.

The experiment CUORE, after the success of CUORICINO, is the most recent and ambitious
development of the ‘TeO2 bolometers’ technique, in which INFN has more than 20 years
experience. CUORE will use about a thousand TeO, crystals, with a total mass of about 740
Kg cooled at a temperature next to absolute zero. Significant improvements have been made
in 2009 in the preparation of CUOREQ, the first of the 19 towers to be installed and operated.

Finally COBRA completes the outline of research activities on neutrinoless double beta
decay. The basic idea of the experiment is to use CdZnTe (CZT) semiconductors as detectors
as they have a low radioactive background level, good energy resolution and operated at room
temperature. The collaboration has been reinforced in 2009 and an ultimate design of the
experiment should be ready in the near future.

The Dark Matter search represents another main topics of the scientific program of the
Laboratory. As well known, experimental evidence indicates the existence in the Universe of
an amount of mass larger than the one observable by means of telescopes, called dark matter
because it neither emits nor absorbs radiation. It is supposed to be five times bigger than
ordinary matter, which constitutes only 5% of our Universe.

At LNGS four experiments are devoted to the hunt for dark matter candidates and their direct
detection, each one by means of a different technology. These experiments keep Gran Sasso
Laboratory in the forefront of such studies.

The experiment DAMA/LIBRA, made up of 250kg of Nal(Tl) extremely radio-pure crystals,
has been recording data since 2003. Results so far published have confirmed the annual
modulation of very low energy signals induced in the detector. Such modulation is identical
to the one expected from the dark Matter particle flux, if we consider the composition of the
Earth revolution velocity with the Sun velocity around the Galaxy. The interesting result has
produced a lively debate inside the scientific community as well as the production of
theoretical models able to conciliate such results with the absence of positive signals by other
experiments. In the months to come new photomultipliers will allow the experiment to start a
new and more sensitive data-collecting campaign.

WARP100 It is a cryogenic detector that uses double phase argon and it is based on a double
detection technique, the scintillation in liquid argon and the ionization in the gaseous state. A
technical run of the detector started in May after the April earthquake and ended in August in
order to fix a problem in the high voltage system supply and to optimize the scintillation light
collection. The restart of the experiment is scheduled for the beginning of 2010.

Xenon100 is also a two-phase liquid cryogenic detector and the apparatus contains 170 kg of
Xenon, 65 kg of which constitute the active part while the remaining ones act as a shield.

In 2009 the detector has been fully commissioned and the detector calibration has been
accomplished. The experiment started the data-taking just at the end of 2009.

The experiment CRESST is based on the bolometer technique with CaWQ, crystals cooled at
10 mK as well as on the simultaneous detection of scintillation light and the heat resulting by
the interaction of a particle with the crystals. The detector started the data-taking with 10
crystals. Further R&D activities should allow to finalize an experiment proposal of
higher/larger mass.

Using the 400 kV accelerator, LUNA continued its successful activity for the measurements
of the cross section of nuclear reactions of astrophysical interest. Throughout 2009 activities
have been focused mainly on tests meant to measure the D(a,y)°Li, whose great interest is due
to the possibility to determine the percentage of primordial Li from the BIG BANG.
The Laboratory hosts experiments aimed to study cosmogenic and primordial radionuclides in
solid and fluid matrix inside LNGS, and experiments of geophysical interest as well.



The activity of the theory group and of the staff and visitor scientists covers various aspects of
astroparticle and particle physics, including Supernova neutrinos, ultra high energy cosmic
rays, high energy neutrinos and cosmology, large scale structures and dark matter,
phenomenology of Planck scale physics. An important activity took place also for computer
simulations on Lattice Field Theories.

Despite the seismic event occurred in April we have carried out several initiatives meant to
promote science and didactics activities dedicated to students and general public as the “Gran
Sasso — South Dakota — Princeton Summer School, the competition “Anch’io Scienziato”, the
“Incontri con la Scienza” and the European Astroparticle Week.

Assergi, May 12 2010
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THE BOREXINO EXPERIMENT
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Abstract
Borexino is a solar neutrino detector located in the Hall C of LNGS to study
solar neutrino physics and other rare physical phenomena. The data taking started
in May 2007 and led to the first real time measurement of “Be solar neutrinos and
the first experimental evidence of the matter/vacuum transition in solar neutrino
oscillations. We summarize here the status of the project and briefly discuss the
perspectives for future measurements.



1 Introduction

Solar neutrino physics is a topic that originally started from the perspective of studying
the basic working principle of the core of the Sun, nuclear fusion reactions producing
energy and emitting neutrinos.

The pioneer Davis experiment [1] was the first one to measure (with radiochemical
methods) solar neutrinos as predicted by theoretical models and to detect a significant
deficit in the predicted flux. New experiments were performed starting from the end of
the 80’s, both in radiochemical mode [2, 3, 4] and in real-time mode [5, 6] while the most
widely accepted model of the Sun evolved into what is now known as the Standard Solar
Model [7].

As a general statement, real-time experiments have been performed with large water
Cerenkov detectors with an energy threshold of about 5 MeV, mainly due to natural
radioactivity. This implies that only ~0.001% of the total neutrino flux has been observed
in real time prior to 2007.

The issue of directly measuring low energy solar neutrinos has been the subject of
an intensive research study carried out in the frame of the Borexino development and
starting from the very beginning of the 90’s. Borexino [10] is a real time experiment to
study sub-MeV solar neutrinos having as the main experimental goal the detection of
the 0.862 MeV 7 Be solar neutrino line through the neutrino-electron elastic scattering
reaction ve — ve. The maximum energy of the recoiling electron is 664 KeV and the
experimental design threshold is of 50 keV while the analysis threshold is 200 keV. The
detection reaction is observed in a large mass (100 tons fiducial volume) of well shielded
liquid scintillator.

The prediction of the "Be solar flux depends both on the Standard Solar Model and
the value of the parameters of the LMA solution of neutrino oscillations [8] [9]. The
Borexino experimental program makes it possible to specifically test this prediction in
a direct way as well as opening up the unexplored territory of real time sub-MeV solar
neutrino spectroscopy.

The main problem of an experiment with such a low energy threshold is the background
coming from natural sources such as cosmic rays or radioactivity. This problem has been
addressed by means of an intense R&D program focused on low radioactivity materials and
purification techniques. This effort was complemented by a comparably thorough research
in the field of detection and measurement of very low radioactivity levels [11]. As a part
of this program, a prototype of the Borexino detector, called Counting Test Facility [12],
was built and operated at LNGS to demonstrate very low radioactive contamination levels
(10716 g/g of U-238 equivalent or less [13]) in a ton scale scintillator detector. The CTF
is currently now being used as a low background facility for quality tests of the Borexino
scintillator and possible future physics programs.

This research and development culminated into the construction, filling and operation
of the full-scale Borexino detector. The experimental data taking in the final configuration
began in May 2007.



2 The Borexino Detector

Borexino [10] is an unsegmented scintillation detector featuring 300 tonnes of well shielded
liquid ultrapure scintillator viewed by 2200 photomultipliers (fig. 1). The detector core
is a transparent spherical vessel (Nylon Sphere, 100um thick), 8.5 m of diameter, filled
with 300 tonnes of liquid scintillator and surrounded by 1000 tonnes of high-purity buffer
liquid. The scintillator mixture is PC and PPO (1.5 g/1) as a fluor, while the buffer liquid
consists of PC alone (with the addition of DMP as light quencher). The photomultipliers
are supported by a Stainless Steel Sphere, which also separates the inner part of the detec-
tor from the external shielding, provided by 2400 tonnes of pure water (water buffer).An
additional containment vessel (Nylon film Radon barrier) is interposed between the Scin-
tillator Nylon Sphere and the photomultipliers, with the goal of reducing Radon diffusion
towards the internal part of the detector.

The outer water shield is instrumented with 200 outward-pointing photomultipliers
serving as a veto for penetrating muons, the only significant remaining cosmic ray back-
ground at the Gran Sasso depth (about 3500 meters of water equivalent). The innermost
2200 photomultipliers are divided into a set of 1800 photomultipliers equipped with light
cones (so that they see light only from the Nylon Sphere region) and a set of 400 PMT’s
without light cones, sensitive to light originated in the whole Stainless Steel Sphere vol-
ume. This design greatly increases the capability of the system to identify muons crossing
the PC buffer (and not the scintillator).

The Borexino design is based on the concept of a graded shield of progressively lower
intrinsic radioactivity as one approaches the sensitive volume of the detector; this culmi-
nates in the use of 200 tonnes of the low background scintillator to shield the 100 tonnes
innermost Fiducial Volume. In these conditions, the ultimate background will be dom-
inated by the intrinsic contamination of the scintillator, while all backgrounds from the
construction materials and external shieldings will be negligible.

Borexino also features several external systems conceived to purify the experimental
fluids (water, nitrogen and scintillator) used by the experiment.

3 Status of the project

The Borexino filling started in January 2007, with scintillator displacing the purified
water from inside the detector volumes. The detector was completed and the data taking
started in May 2007.

The radiopurity of the detector has been found in general to be better than the speci-
fications. In particular, among the best radioactivity levels found during the data taking:

1. C-14 contamination of the scintillator was found to be at ~ 2 x 10718 14C/12(C.

2. The general level of Th-232 contamination - as measured by means of 2'2Bi/*'2Po
delayed coincidences was found to be at ~ 6.8 x 10718 g/g.

3. The U-238 family contamination - assessed by studying the ?'4Bi/?'Po delayed
coincidence rate, was measured to be 1.6 x 1077 g/g.



4. Kr-85 contamination, of considerable importance due to the spectral shape similar
to the one of the signal searched for was found (by means of the ™Rb decay and
the related /v tagging) to be at the level of less than 35 count/day in the 100 tons
fiducial volume.

This level of radiopurity, together with the use of mild cuts and the /3 discrimination
technique has allowed the first real-time detection of the Be-7 solar signal [14] and the
first observation of the B-8 spectrum below 5 MeV [16].

While we refer the interested reader to the published papers for the detailed description
of the analysis [15], fig. 2 shows a spectrum of the singles rate obtained after analysis
cuts (including veto of external muons, Radon-related activity and Po-210 subtraction) in
the Borexino fiducial volume. The Be-7 flux was determined by fitting the experimental
distribution to the light yield, to the Be-7 interaction rate and to the other contributions
shown in the figure. Neutrinos from Be-7 are visible in the electron recoil spectrum by
means of the Compton-like shoulder generated by ve~ — ve™ scattering (fig. 2).

The systematic error was dominated by the knowledge of the fiducial mass and the
detector response function, since the detector calibration was not yet carried out at that
time. The published measurement of 49 =+ 3, & 4,5 counts/(day-100 ton) has to be
compared to the expected (high-metallicity) Standard Solar Model without oscillations of
74 4+ 4 or to the expected number of 48 + 4 when LMA oscillations of solar neutrinos are
taken into account [9].

This analysis was made during the first 192 live days of the detector and prior to the
calibration.

Further accumulation of data prior to the calibration (246 days) allowed to observe
the more rare B-8 solar neutrino component [16], which is important because the so-
lar model with MSW-LMA solution predicts that electron neutrino survival probability
is dominated by vacuum oscillations at low energies and by resonant matter-enhanced
oscillations (taking place in the Sun) at higher (E>5 MeV) energies. In Borexino this
component can be studied down to 2.8 MeV electron energy, lower than the previously
considered 5 MeV.

The combination of the Be-7 and B-8 measurements constitutes the first evidence of
matter/vacuum transition of neutrino oscillations obtained in the same experiment.

Following these measurements, an intensive calibration campaign was carried out by
deploying radioactive sources in the scintillator volume. In particular, a Rn-222 source
was deployed in more than 100 points throughout the Inner Vessel volume to study the
performance of the position reconstruction alghoritm and the uniformity of light collection.
Several gamma, sources with energy spanning between 100 keV and 1.5 MeV were also
inserted to calibrate the energy scale (Mnb4, Sr-85, Hg-203, Zn-65, Co-57, Ce-139 and Co-
60). An AmBe neutron source was deployed in several (20) points mapping the Fiducial
Volume, to investigate the energy and position response at high energies (above 2 MeV);
this in particular is crucial for the analysis concerning high energies neutrinos, like B-8
neutrinos and geoneutrinos. This calibration campaign allowed to check and improve
the position and energy reconstruction capability. In particular it lead to the significant
reduction of the systematic error on the determination of the Fiducial Mass. These studies
were also fundamental to tune several parameters (light yield, quenching factor KB and
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Figure 1: Schematic view of the Borexino detector.

Figure 2: The observed Borexino spectrum after cuts, showing the shoulder due to solar
Be-7 neutrino events (red line) and the Po-210 subtraction. The other main fit components
in this energy region are also shown.



so on) in input to the Montecarlo code to improve the agreement between data and
simulations.

During the year 2009, science data taking has resumed and one of the first analyses
that came to completion was a high-sensitivity study of the Pauli exclusion principle [?]
that made use of 485 days of data.

4 Future perspectives

A purification champaign is being planned for year 2010 in order to reduce Kr-85 and
other backgrounds. This will improve the understanding of the detector and reduce the
experimental error on the Be-7 measurement.

In addition, the following additional physics topics are under study or being considered
for future investigation, depending on the background conditions and on the refinement
of the ongoing analysis:

1. Measuring (or putting upper limits) on CNO and possibly pep solar neutrinos.
2. Search for terrestrial antineutrino interactions (geoneutrinos).

3. Study the very low energy part of the spectrum to the goal of looking for pp neu-
trinos.

4. Watch for neutrino bursts from Supernovae events.

In addition, neutrino source calibrations (with a *'Cr source) are being considered,
both to the goal of a final calibration and to the study of neutrino magnetic moment.

5 List of articles published in year 2009

1. G. Alimonti et al., The Borexino detector at the Laboratori Nazionali del Gran Sasso.
Nucl. Instr. & Methods, A600 (2009) 568.

2. G. Alimonti et al., The liquid handling systems for the Borexino solar neutrino
detector. Nucl. Instr. & Methods, A609 (2009) 58.

3. G. Bellini et al., New experimental limits on the Pauli forbidden transitions in 2C
nuclei obtained with 485 days Borexino data. arXiv:0911.0548v1, submitted to Phys.
Rev. C.
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Abstract

The COBRA collaboration searches for the neutrinoless double beta decay with
a large array of Cadmium Zinc Telluride (CZT) semiconductor detectors. CZT
offers the low radioactivity levels and the energy resolution needed for a rare decay
search, with the advantage of operation at room temperature. It contains a number
of double beta decay candidates, among which '6Cd is the most promising one.
Its Q-value of 2.8 MeV is well above many of the possible background contributions
from natural radioactivity. Besides a prototype apparatus consisting of 64 detectors
is being established at LNGS, the first CZT pixel detector system was installed to
investigate the major experimental issues of operating tracking CZT detectors in low
background mode. Additional studies into the detector technology are proceeding
in surface laboratories.



1 Introduction

Over the last decade the fact that neutrinos oscillate between flavour states was well
established. The oscillation is explained by assigning a non-vanishing rest mass to the
neutrinos. The absolute mass scale can not be probed with oscillation experiments. Ad-
ditionally to the unknown absolute mass scale of the neutrino, the fundamental nature
of neutrinos, i.e. if the neutrino is a Majorana or Dirac particle, is still unknown. Both
of these questions can be answered in neutrinoless double beta decay experiments. The
COBRA experiment looks for the neutrinoless double beta decay of *Cd isotope in a
large array of Cadmium Zinc Telluride (CZT) semiconductor detectors.

1.1 Neutrinoless Double Beta Decay

Considering the binding energies of nuclei, one will find that for 35 known nuclides the
single beta decay is energetically forbidden, but the double beta decay is not. This process
is a second order process in the Standard Model of particle physics which will read:

(Z,A) = (Z+2,A) + 2¢~ + 20, (2vfp[—decay). (1)

A neutrinoless decay would also occur, if the neutrino was its own antiparticle. In that
case, all the energy of the decay would be carried away by the two emitted electrons:

(Z,A) = (Z+2,A) +2e (Ovpp-decay). (2)

Based on the rate of this process the calculation of the effective Majorana neutrino mass
is possible.

The results from oscillation experiments suggest an absolute mass scale of the order
of ~ 50meV in the inverted mass scheme. Searches for the Ovg3 did not yet observe
the predicted signals, yielding an upper limit on the neutrino mass of the order of 0.2-
0.5eV. The observational evidence for 0v33 of "*Ge[1], published in 2002, has resulted in
a lot of discussion in the field. To verify this result, further large scale experiments are
planned. In addition, any Ge-specific backgrounds and the uncertainties deriving from
the calculations of the nuclear matrix elements have to be ruled out, thus exploration of
other nuclei is vital in this field.

2 COBRA

The idea of COBRA is to use a large quantity of CZT semiconductor material, which
contains a number of nuclides that are able to undergo double beta decay[2]. The main
focus will be on 1*6Cd, which is well suited for a double beta search due to its high Q-
value of 2809 keV. Calculations show that the theoretical rates of 0v33-decay for 16Cd
is favourably high. First shell model calculations for nuclei heavier than *Ca make 1°Cd
the most sensitive isotope from the theoretical point of view [3].

COBRA follows the strategy that source and detector are identical, a method proven
to be successful in various other double beta decay approaches. As a semiconductor,
CZT crystals can be produced with good energy resolution and low levels of intrinsic
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radioactivity. Due to a large bandgap, the detectors can be operated at room temperature
avoiding extensive cooling operations.

The COBRA experiment is still in the R&D phase and there are two competing
concepts for the layout of the experiment. One would be an array of 40 x 40 x 40 1cm?
coplanar grid (CPG) CZT detectors, the other would be a huge solid state time projection
chamber (TPC) consisting of CZT pixel detectors. Both concepts add up to about 400 kg
of CZT, enriched to 90% in '°Cd, to achieve a neutrino mass sensivity of 50 meV and
below. The modular design of the COBRA experiment in both cases would lead to a
significant background reduction, as for example high energetic gamma rays are likely to
interact in multiple detectors, while the energy deposited in a double beta decay is most
probably contained in a single crystal. In a fine grained pixelated detector, it would be
possible to reconstruct tracks of throughgoing particles. Two electrons emerging from a
pixel would result in a line shaped track, while for example alpha particles of comparable
energy would only hit very few pixels arranged within a circle, thus a pixelated solution
would reduce the background even further.

3 R&D Activities

Since there are two different approaches for a COBRA experiment, namely an array of
CPG CZT detectors or a solid state TPC consisting of pixelated CZT detector systems,
the R&D activities have to be divided into a couple of subcategories. First of all, there are
activities concerning the CPG detector option, which concern handling and operation of
the CPG detectors as well as operating a CPG test setup at the LNGS laboratory. Second
we have a number of institutes working on the pixel detector option. There are a number
of different pixelated CZT detector systems available to the collaboration, which have to
be characterized to figure out which best fits our needs. So far CZT pixel systems have
not been operated underground and for the first time we managed to install and operate
a pixel detector system underground at LNGS in 2009. Common to both approaches and
all low background experiments is the issue of shielding. There are a variety of different
choices concerning the shielding of the COBRA experiment. These vary from a purely
passive shielding to an active shielding realized by a big tank of liquid scintillator. To
optimize the shield geometry we have to run detailed Monte Carlo studies as well as
experimental cross checks. Another part of the R&D activities is the growing of CZT
crystals, in particular to be independent from commercial suppliers. Furthermore, a lot
of effort has been put into building a material screening facility at TU Dortmund.

The details on the general purpose and the progress made in the different fields in
2009 are given in the following.

3.1 CPG activities

The COBRA collaboration has been operating a prototype setup for CPG detectors at the
LNGS laboratory for a couple of years. This setup has been used to provide information on
the background levels of the various setup components and thereby helped to reduce the
background level step by step. Furthermore the setup will provide valuable information
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about methods of instrumentation, long term stability and construction applicable to a
larger array.

The setup in its current status can house up to 64 1cm? detectors in the innermost
volume, the nest. These are arranged in 4 layers, each housing 4 x 4 detectors. The nest,
measuring 10 x 10 x 10cm?, is surrounded by 10cm of pure copper, again surrounded
by 20 cm of low radioactivity lead. These metal layers, called castle, are a passive shield
against exterior gamma radiation. This castle is embedded in a copper faraday cage which
is located within a neutron shield, consisting of 7 cm thick slabs of borated polyethylen.
Low diameter coaxial cables and copper traces on Kapton foils are used to supply the
bias voltage and read out the signals. These are feed through the shielding.

In 2008 the first layer was installed into the prototype setup and with the data taken
we were able to identify two of the major contributions to the background, namely the
red color in the passivation lacquer of the crystals and the air within the setup. This was
affirmed by operating colorless passivated detectors provided by the manufacturer and
installing a liquid nitrogen flushing system. The spectrum can be seen in Figure 1. With
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Figure 1: Sum spectrum of the first layer with an exposure of 18.0kg-days and a layer
with colourless passivation and nitrogen flushing with an exposure of 2.8 kg-days. The
background level could be decreaded by an order of magnitude.

this significant reduction of the background level, the 2v33 decay of '6Cd is nearly in
reach to be measured. It contributes approximately 10 % to the spectrum in the region
from 1 MeV to 2MeV.

Since the lacquer contributed to the background so significantly, it did not make
sense to install the remaining 48 detectors with red passivation and the collaboration
decided to remove the red passivation from the crystals and look for cleaner passivations
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to replace the red lacquer. For test purposes four detectors were stripped of the red
passivation and re-coated with a commercial alternative, Cyclotene. These operations
were executed at TU Dortmund. First investigations showed a good performance and
stability of the recoated detectors, they even offered a better energy resolution than before
the repassivation. Furthermore no degradation was measurable. Thus the detectors were
installed at LNGS in december 2008.

3.2 Pixel detectors

Currently there is a variety of pixel systems available to the COBRA collaboration. A
number of custom made systems are under investigation at the Washington University in
St. Louis, a system developed by the Timepix collaboration used at Erlangen and Prague,
and a large volume pixel detector, called Polaris provided by a group at University of
Michigan.

One major drawback with pixelated detectors is, the usually very compact format
with the electronics sitting directly on the detector, which are expected to be quite dirty
from the low background point of view. Furthermore, there is practically no experience
with operating such devices underground, i.e. it is not known whether the background
suppression that one gets from the pixelation can compensate for the dirty environment.
The high potential of pixelated systems is obvious, looking at a Ov(( decay within these
systems. Propagating through the detector it is possible to distinguish one electron events
from two electron events both depositing the same energy in the detector. Because elec-
trons lose more energy at the end of their track. Thus, one would clearly observe high
energy depositions at both ends of the two electron track, while for a one electron track,
one would only get high energy depositions at one end of the track.

In september 2009 a Polaris system was installed within the COBRA setup at LNGS,
running till end of 2009. Furthermore we have been continuing the investigations on the
Timepix systems and measurements at the Laboratoire Souterrain de Modane (LSM) and
at the Dresden Felsenkeller have been performed.

3.2.1 Polaris at LNGS

As for the CPG setup we provided a neutron shield, a lead shield and nitrogen flushing for
the Polaris system. This was the first time to operate such a device under low background
condition. The system installed consists of a large volume CZT crystal, 2 x 2 x 1.5cm?,
with 11 x 11 pixels, with custom made readout electronics. With a pixel pitch of 2mm
this detector cannot resolve tracks, but from pulse shapes one could distinguish electrons
from alpha and gamma particles. With a mass of 36 grams this is the worlds largest
CZT detector. The readout electronics provide not only 2D information coming from the
pixels, but also reads out drift times to provide depth information.

Compared to a germanium or silicon crystal, CZT crystals are quiet inhomogeneous,
causing a worse energy resolution. With the depth sensing provided by the detector
systems from University of Michigan it is possible to divide the detector into 40 x 11 x 11
volumes, so called voxels, and calibrate each of the voxels separately. This yields an overall
resolution of better than 2%. A preliminary spectrum is shown in Figure 2. To obtain
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Figure 2: Spectrum obtained with the Polaris detector system. It shows that by only
taking into account non surface voxels and single crystal hits, the background can be
reduced significantly.

this spectrum some cuts were applied to the data. First of all, hits coming from boundary
voxels were rejected. Furthermore events with more than one voxel hit were rejected,
since a double beta event would always be a single site event. From the spectrum one
can clearly see that these kind of devices have a big potential of background reduction.
A detailed analysis on the data taken is ongoing.

3.2.2 Timepix detectors at LSM and Dresden Felsenkeller

The Timepix is a CMOS pixel detector readout chip designed by the Medipix Collab-
oration. It is designed to be connected to a semiconductor sensor. To investigate the
radioactive contamination a system with a 300 um thick silicon sensor (65536 readout
channels with a pixel pitch of 55 ym) was installed at the Dresden Felsenkeller laboratory.
Another silicon timepix system was operated at the LSM. Recently two CdTe systems
became available.

The installation at Dresden Felsenkeller (about 11n m.w.e.) was done in september
2009 and the system is still running. From the events seen in Figure 3 and Figure 4
one easily understands the power of background reduction achieved by pixelated detector
systems. The data taken so far will be used to develop algorithms for «, 5, v and pu
identification in small pitch pixel devices.

Furthermore, we had the chance to operate another Timepix silicon system at the LSM
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Figure 3: The left side shows a collection of a events recorded by a silicon pixel detector
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Figure 4: Example of a muon track crossing the whole detector (left) and the per-pixel
energy (not calibrated) deposition (right).

and we also had the opportunity to measure the internal contamination of the readout
electronics with an ultra—low background setup located in LSM. It consists of a planar
type HPGe detector with a volume of 150 cm?®. The next step will be to use the low
background HPGe to measure samples of readout electronics components, to identify and

replace the parts with the highest contamination.

3.2.3 Custom made pixel system

At Washington University in St. Louis there are a variety of readout electronics available.
The energy resolution of pixelated detector system decreases with smaller pixel sizes, be-
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cause the charge is shared among neighboring pixels. The group at Washington University
St. Louis has 2 x 2 x 0.5cm? crystals with different pixel sizes ranging from 350 um to
600 pm, to study this effect. They used a collimated °"Co source of 250 x 270 ym? cross—
section. For the smallest pixel sizes the energy resolution of less than 10 % could not be
achieved.

3.3 Shielding

Figure 5: Schematics of the vessel construction.

Besides the traditional shield concepts containing passive neutron shield and passive
gamma shield materials like lead and copper, another concept is followed within the
collaboration. This would dump bare crystals into liquid scintillator (LS), which would
act as an active veto and shield. A sophisticated approach also considering statistics
(several detectors) and long term stability is on its way. The design of the test setup built
and operated at Hamburg is shown in Figure 5. Since studies concerning the operations of
CZT detectors in LS are still at their very beginning, the setup should yield a maximum
of flexbility concerning the scintillators used. The setup is ready for operation now and
it is also implementated into the COBRA Monte Carlo framework.

3.4 Crystal growing

A crucial part of the COBRA experiment is the availability of big quantities of CZT crys-
tals and their preparation for a large scale experiment. To be independent of commercial
suppliers, the COBRA collaboration wants to grow its own crystals and does all necessary
tasks in preparation self-dependently. During 2009 significant improvements were made
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on the crystal growing apparatus, especially on the temperature stability. We managed
to grow 7bmm CZT wafers for the first time now. These show good homogeneity and
high resistivity. A picture of the wafer grown in Freiburg is shown in Figure 6. The CPG

Figure 6: CdZnTe wafer with 75 mm diameter grown in Freiburg.

detectors grown and prepared in Freiburg reach an energy resolution of 3.1 % FWHM at
662 keV.

3.5 Dortmund Low Background Facility

During the last year a material screening facility, equipped with a 60 % relative efficiency
ultra low background germanium detector, was set up at TU Dortmund. Although it is
located at the surface, it has an overburden of more than 10 m.w.e. This overburden
consists of 325t of concrete and 43t of iron and it reduces the flux of cosmic rays already
considerably. The Ge-detector is shielded by lead, electrolytic copper and a neutron
shield of boron loaded polyethylene. This shield suppresses the natural y-background
very efficiently. The remaining background is dominated by cosmic ray induced processes.
This can be further reduced by nearly an order of magnitude with an active veto. In
total background reduction of three orders of magnitude was achieved (Figure 7) at the
Dortmund Low Background facility. In the current status of completion of the veto an
upper limit of integral background counting rate of 0.07 counts/kg/s (40-2700keV) is
achieved, with potential for further improvement.

4 Conclusions

The COBRA experiment searches for the neutrinoless double beta decay of 1°6Cd. We
are to reach sensitivities up to 10%¢ years. The year 2009 was successful for the COBRA
collaboration. After identifying two of the major contributions to the background in our
CPG low background setup at LNGS in 2008, found circumventions proved to be clean
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Figure 7: Reduction of background during construction

and reliable. The spectra from the newly handled detectors look very promising and with
an installation of 64 CPG detectors sheduled for mid 2010 and a general upgrade of the
setup, we might be able to study the 2v38 of M6Cd.

The progress made on the pixelated detector option look very promising as well. Pre-

liminart results of the first installation and operation of a pixel system in a low background
environment look very promising. The collaboration will increase its commitment in 2010
and the analysis of the data already in hand promise a fruitful 2010.
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Abstract

The aim of CRESST (Cryogenic Rare Event Search with Superconducting
Thermometers) is to search for particle Dark Matter and to contribute to the elu-
cidation of its nature. The experiment is located at the ‘Laboratori Nazionali del
Gran Sasso’ (LNGS), Italy, and it uses low background cryogenic detectors with
superconducting phase transition thermometers for the direct detection of WIMP-
nucleus scattering events.

1 Dark Matter

There is strong evidence for the existence of dark matter on all astronomical scales, ranging
from dwarf galaxies, through spiral galaxies like our own, to large-scale structures. The
history of the universe is difficult to reconstruct without dark matter, be it Big Bang
Nucleosynthesis or structure formation.

Despite this persuasive indirect evidence for its existence, the direct detection of dark
matter remains one of the outstanding experimental challenges of present-day physics and
cosmology.

A plausible candidate for the dark matter is the Weakly Interacting Massive Particle
(WIMP) and it is possible that it can be detected by laboratory experiments, particularly
using cryogenic methods, which are well adapted to the small energy deposit anticipated.
Supersymmetry provides a well-motivated WIMP candidate in the form of the Lightest
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Figure 1: Schematic representation of the detector for simultaneous phonon and light
measurement. [t consists of two separate cryogenic detectors enclosed in a highly reflec-
tive housing, read out by tungsten superconducting phase-transition thermometers. This
concept, developed by scientists of the institute, is used in CRESST-II. It allows a very ef-
ficient discrimination of the searched nuclear recoil signals from the dominant radioactive
B- and ~-backgrounds.

Supersymmetric Particle. WIMPs are expected to be gravitationally bound in a roughly
isothermal halo around the visible part of our galaxy with a density of about 0.3 GeV /cm?
at the position of the Earth.

Interaction with ordinary matter is expected via elastic scattering on nuclei. This
elastic scattering can occur via coherent (“spin-independent”) and spin-dependent inter-
actions. For the coherent case, a factor A? is expected in the cross-section, favouring
heavy nuclei.

Conventional methods for direct detection rely on the ionisation or scintillation caused
by the recoiling nucleus. This leads to certain limitations connected with the low ionisation
or scintillation efficiency of the slow recoil nuclei. The cryogenic detectors developed
for CRESST measure the deposited energy calorimetrically, independent of the type of
interaction, and allow for the detection of much smaller recoil energies. When such a
calorimetric measurement of the deposited energy is combined with a measurement of
scintillation light, an extremely efficient discrimination of the nuclear recoil signals from
radioactive background signals can be obtained. These type of detectors are being used
in the present phase CRESST-II.

2 Detection Principle

The low-temperature calorimeters consist of a target crystal with an extremely sensitive
superconducting phase transition thermometer on its surface. A weak thermal coupling
to a heat bath restores again the equilibrium temperature after an interaction. The ther-
mometer is made of a tungsten film evaporated onto the target crystal. Its temperature
is stabilised within the transition from the superconducting to the normal conducting
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Figure 2: Coincident detection of phonons and scintillation light with a CaWQO, detector.
Left: The upper band of events is due to irradiation of the CaWO, crystal with electrons
and gammas, whereas the lower band with lower light yield, is from nuclear recoils caused
by a neutron source. Right: Removing the neutron source confirms that there is no
leakage of ionising events into the nuclear recoil region.

state, which occurs at temperatures of about 10mK. A typical width of the transition
is about 1mK. A small temperature rise e.g. from a WIMP-nucleus scattering event
(typically some pK), leads to an increase of resistance, which is measured with a SQUID
(Superconducting Quantum Interference Device). For the first phase of CRESST, which
ended in 2001, 262 g sapphire detectors had been developed at MPI. These detectors pro-
vided an excellent energy resolution of 133eV at 6keV and a very low energy threshold
of 600eV.

In the second phase, CRESST-II, we are using 300g scintillating CaWO, target
crystals. The scintillating crystal is equipped with a superconducting tungsten phase-
transition thermometer for the detection of the phonons created by a particle interaction
in the scintillating crystal. A small fraction of ~ 1% of the deposited energy is emitted
as scintillation light, which is measured with a separate cryogenic detector, optimised for
light detection. Fig. 1 shows a scheme of this composite detector.

Starting with a proof-of-principle experiment in 1998, the technique of simultaneous
measurement of phonons and scintillation light has been developed at the Max-Planck-
Institute. The important advantage of this technique is that it offers an extremely effi-
cient suppression of the radioactive background down to very low recoil energies of about
10 keV. While the phonon signal measures the deposited energy, the amplitude of the cor-
responding light signal depends on the type of interaction. Nuclear recoils, such as WIMP
or neutron scattering events, emit substantially less scintillation light than fully ionising
interactions, e.g. v or 3 interactions, do. As the overwhelming part of the background
consists of § and v interactions, this phonon/light technique provides a very effective

23



method of background suppression. Fig.2 illustrates this detection method.

Compared with the alternative approach of simultaneous measurement of phonons
and charge in a semiconductor crystal, which is applied in the experiments CDMS-II
and Edelweiss-11, the method developed for CRESST-II has the important advantage
that it does not suffer from dead layers at the surface. A reduced charge collection for
ionising events occurring close to the surface in semiconducting crystals may lead to a
false identification of low energetic +’s and (’s as nuclear recoils. The result in Fig. 2,
which was obtained with a gamma and beta source, confirms that the suppression also
works for low-energy electrons impinging onto the crystal surface.

3 The CRESST Setup in Gran Sasso

The central part of the CRESST installation at Gran Sasso is the cryostat, sketched in
Fig. 3. The low temperature which is generated in the mixing chamber of the dilution
refrigerator is transferred into the radio-pure cold box, via a 1.5m long cold finger. The
cold finger is protected by thermal radiation shields, all fabricated of low-background
copper. The detectors are mounted inside the cold box at the end of the cold finger. Two
internal cold shields consisting of low-level lead are attached to the mixing chamber and
to a thermal radiation shield at liquid Ny temperature, respectively, in order to block any
line-of-sight from the non-radio-pure parts of the dilution refrigerator to the detectors
inside the cold box. The design completely avoids potentially contaminated cryogenic
liquids inside the cold box.

An extensive passive shielding of low-background copper and lead surrounds the cold
box and serves to shield radioactivity from the surrounding rock. The entire shielding is
enclosed inside a gas-tight radon box that is flushed with boil of Ny gas and maintained
at a small overpressure. Special care was taken to minimise above-ground exposure of the
construction materials of the cold box and the shielding to cosmic rays, in order to avoid
activation.

This setup has been upgraded for the experimental program of CRESST-II, to allow
the operation of 33 phonon/light detector modules. The upgrade included the installation
of a 66-channel SQUID readout in the existing cryostat, a system for the integration of
the 33 detectors in the cold box, the installation of a passive neutron shield, a muon veto,
and a new multichannel electronics and DAQ. The cryostat with the upgraded shielding is
shown schematically in Fig. 4. In this upgrade the institute was responsible for the neutron
shield, the wiring of the cryostat from the mixing chamber down to the detectors, the
detector integration system and the DAQ. The upgrade began in 2004 after a 52-day run
with two 300 g prototype phonon/light detector modules in the old setup. With this
short run a competitive sensitivity of 1.6 x107 pb for the WIMP nucleon scattering cross
section was reached despite the absence of any neutron shield.
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Figure 3: Layout of the CRESST *He/*He dilution refrigerator and low-background cold
box with its shielding.

4 Situation After Previous Runs

4.1 Commissioning Run

CRESST has shown the success of the combined phonon-light technique for the first time
in a commissioning run in the year 2007. Although this was mainly for optimization
purposes, two detector modules could be reliably operated and collected data with a total
exposure of about 48 kg days. In this data, a total of three candidate events were found
in the acceptance region of the tungsten recoils (between 10 and 40 keV of recoil energy).
From this, using standard assumptions for the dark matter distribution in our galaxy, we
derived an upper limit on the coherent WIMP-mucleon scattering cross section which is
as low as 4.8 x 1077 pb for an assumed WIMP mass of 50 GeV/c? [1].

While the above analysis is based on the conventionally made assumption of an elastic
WIMP scattering, also other theories have been proposed. In particular, Smith and
Wiener suggested a model named inelastic Dark Matter, which assumes that the WIMP
undergoes a transition to an excited state (order of 100keV above the ground state)
during the scattering process [2]. The different kinematics of such an interaction changes
the sensitivities of experiments such that the DAMA annual modulation signal can be
reconciled with the absence of a positive signal in the other experiments, rendering this
model particularly interesting. Due to its heavy target nucleus (tungsten), CRESST is
able to give the tightest limits of the current experiments on this inelastic Dark Matter,
and already from the data of the commissioning run large areas of the parameter space
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Figure 4: Dilution refrigerator and low-background cold box with its shielding upgraded
for CRESST-II. The gas-tight radon box enclosing the Cu (shown in gray) and Pb
(blue) shielding is completely covered by a plastic scintillator p-veto (pink) and 40 cm of
polyethylene (red).
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Figure 5: Exclusion plot for inelastic Dark Matter and an assumed WIMP mass of
100 GeV/c%. CRESST sets the tightest limits over most of the parameter range and
already excludes most of the parameter space compatible with the DAMA signal. Plot
taken from [3].

could be excluded [3]. Fig.5 shows the excluded scattering cross section as a function of
the mass splitting 0 between the excited WIMP state and the ground state for the example
of a 100 GeV /c?> WIMP. Also shown is the parameter space which is compatible with the
DAMA signal. A small fraction of it could not yet be excluded by other experiments,
thus leaving this model still a possible explanation.

4.2 2008 Data Taking

In order to improve on the limit obtained from the commissioning run, a subsequent
run was performed between August and December 2008, with the goal to get a better
understanding and suppression of the remaining events in the signal acceptance region.
The target mass was increased to 9 operational detector modules. Apart from that, the
main changes with respect to the commissioning run were the following:

1. New phonon detectors with a higher light output were developed. This was realized
by not directly evaporating the tungsten film onto the large crystal but on a sepa-
rate smaller crystal which was then glued to the actual target crystal. This avoids
a degradation of the light output of the target crystal during the evaporation pro-
cess. The higher amount of scintillation light then allows for a considerably better
discrimination of nuclear recoils. In the 2008 run, one such crystal was operational.
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2. New holding clamps for the crystals were manufactured which were completely cov-
ered with scintillating epoxy. This abolished the last non-scintillating areas in the
vicinity of our detectors. Such a scintillating surrounding is important as a veto for
surface a-decays. If an a-decay happens on a surface near one of the crystals, it can
happen that the a-particle escapes detection but the recoiling daughter nucleus hits
the crystal and mimics a WIMP event. However, if the a-particle hits a scintillating
surface, this creates additional light in coincidence with the recoil event, moving the
event out of the signal acceptance region.

During analysis, it turned out that almost all detector modules in this run had seen
events where no scintillation light could be detected (and which therefore lie within the
signal acceptance region), with the rate of such events varying considerably between the
different detectors. Part of these events showed a slightly different pulse shape (longer
decay time) from normal particle pulses and could thus be rejected by pulse shape cuts,
but several events with particle-like pulses still remained. We attribute these no-light
events to stress-relaxation processes which can happen at the contact surface between
the crystals and their holding clamps due to the rather tight clamping. While one would
expect a particle-like pulse shape if such a relaxation happens in the crystal (in the form
of a microscopic crack), similar relaxations in the clamps might explain the no-light events
with longer pulses. In particular, it seems that the epoxy layer on the clamps can be a
major source of such events, since one module which had been mounted with pure metal
clamps for comparison was almost background free (one event only).

As a consequence of the 2008 run, the holding clamps of all crystals were exchanged
by redesigned, new ones. They are made from thinner bronze material to be as soft
as possible (in order not to lead to cracks in the crystals) and any kind of scintillating
coverage is avoided. This requires even more cleanliness during detector mounting and
handling in order to avoid contamination of the surfaces.

5 2009 Data Taking

The 2009 run finally started in May after it had been delayed for several weeks by the
earth quake in the L’Aquila region. 10 complete detector modules are operational and
have been taking data since then. Included are three crystals with a glued thermometer as
described above, one crystal made from the alternative material ZnWO, (which, compared
to CaWOQy, has a considerably higher light output at low temperatures), as well as one
detector module which is equipped with two light detectors (one on each side of the
crystal) in order to collect as much scintillation light as possible. A gamma calibration of
all modules was performed before starting the background run.

Generally, the detectors are running stably, with occasional disturbances due to the
continuing seismic activity. The new, softer clamps have lead to an even higher sensitivity
to external vibrations, even the ones coming from the cryostat itself (e.g. bubbling in the
nitrogen or helium tank). In order to eliminate the influence of the nitrogen level in the
tank, a cooling system has been installed which uses a continuous flow of cold nitrogen
gas and thus avoids liquid in the tank.
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A preliminary (but already blind) analysis of several modules has shown that the new
clamps have lead to an improvement of the background situation. No-light events with
different pulse shape are not observed anymore, which supports the hypothesis that the
scintillating layer on the clamps was the source of these events.

A first look at the current data also showed that most detector modules have seen few
no-light events within the acceptance region in an exposure similar to the one presented
here. They have a particle-like pulse shape and look like potential signal events. We aim
for a continuation of this run so that the nature of these events can be clarified. With
respect to the inelastic Dark Matter scenario in particular, CRESST should have the
potential to rule out this theory or to detect the corresponding annual modulation signal
over large parts of the available parameter space. A total duration of at least one year
(i.e. a full oscillation period) is therefore planned for this run.

6 R&D-Cryostat

Due to strong pile up effects CRESST detector modules cannot be operated in an over-
ground or a shallow underground laboratory. Up to now, these modules could thus only
be tested in the CRESST cryostat at the LNGS. In the past, this situation forced us to
use "untested modules” (except for the transition temperature of the thermometers) in
CRESST and to mix R&D and physics measurements in the Dark Matter experiment.

In order to decouple these two issues, we now have set up a small, simple, moderately
shielded cryostat in the LNGS underground lab. This cryostat will be dedicated to R&D
work and will enable us to test and develop detector modules before we use them in
the CRESST low background cryostat. This will certainly optimize the outcome of the
low background measuring runs and gives us the possibility to respond faster and more
effectively to various detector issues. The turn-around time of this cryostat is extremely
fast (cooldown in less than a day) and will also give our shifters the opportunity to perform
interesting and important measurements during their stay at the LNGS.

The installation of the cryostat has been completed by now and a short commissioning
phase will follow. Since the cryostat has been used at MPI Munich for many years before,
we expect that it will be fully operational soon, probably in very early 2010.
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Abstract

We present a report on the most relevant activities carried out during 2009 for
the CUORE experiment.

1 Introduction

The nature of neutrino mass is one of the frontier problems of fundamental physics. Neu-
trinoless Double Beta Decay (55(0v)) is a powerful tool to investigate the mass hierarchy
and possible extensions of the Standard Model. The 55(0v) is a rare spontaneous nuclear
transition where a nucleus (A,Z) decays into an (A, Z+2) nucleus with the emission of
two electrons and no neutrino, resulting in a peak at the sum energy spectrum of the
electrons. The decay is possible only if the neutrino is a Majorana massive particle, its
transition width is proportional to the square of |(m,)|. From the 55(0v) half-life it is
therefore possible to infer importat information concerning the mass hierarchy and the
absolute mass scale of neutrinos.
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CUORE (Cryogenic Underground Observatory for Rare Events) [1] aims at searching
for 85(0v) of 39Te exploiting the high energy resolution of the bolometric technique.

The CUORE detector is a system of 988 cryogenic bolometers. The array is composed
by 19 vertical towers cooled by means of a dilution (*He/He) refrigerator to a temperature
of ~10 mK. A tower consists of 13 layers of 4 bolometers each. The bolometer is a
TeO, cubic crystal, 5x5x5 ¢cm? in size, with an NTD Ge thermistor and a heater (a
Si resistor doped with As) glued onto the crystal surface and used respectively for the
signal read-out and the detector gain control. The dielectric TeOy crystal has a very
low heat capacity and a very large (27% in mass) natural isotopic abundance of the
BB(0v) candidate 39Te. Each cube has a weight of 750 g, so the detector is a granular
calorimeter with a total mass of ~741 kg, corresponding to ~200 kg of 3°Te. Each of the
19 towers is made of a copper skeleton where crystals are held in position through PTFE
spacers. The towers are fasten to a thick copper plate that provides the thermal contact
toward the low temperature heat sink.

The array is mounted inside a specially designed cryostat made of six nested vessels
and its base temperature, without heat loads, is expected to be as low as 6 mK. Three
lead shields are used to protect the detector from environmental radioactivity and from
contaminations in the building materials. A 25 cm thick lead layer outside the OVC
shields the detector from radiations coming from the bottom and from the sides. An
equivalent shielding against radiation coming from the top is placed inside the cryostat,
just above the detector. This is a 30 cm thick lead disk. An additional shielding of
detector’s sides and bottom is provided by a 6 cm lead layer just outside the Steel shield.
Outside the external lead shield an 18 cm thick polyethylene layer will be added in order
to thermalize environmental neutrons that will then be absorbed by a 2 cm layer of H3BOj3
powder contained in the hollow space between the lead and the polyethylene itself. On
the top and on the bottom of the setup, due to construction difficulties, the neutron shield
will be made of a single 20 cm layer made of polyethylene with 5% in boron.

The experimental set-up was described in details in [3, 2]. Here we summarize the
2009 achievements with regards to the most important activities.

2 Crystals

The year 2009 was the year of consolidated large scale production of TeOy crystals for
CUORE. The production and shipment process was performed in the conditions described
in detail in [3]. The total number of crystals shipped in 2009 was 221, which makes a
total of 314 crystals produced and sent to LNGS for CUORE. Fig. 1 gives the crystal
shipment status at the end of 2009.

Currently, the TeOy crystal production facility at SICCAS Jiading has a nominal
production capacity of 30 crystals/month. Fig. 2 gives the production status in 2009 and
the production foreseen for the next year, 2010. As described in the previous report [3], the
production of crystals is systematically controlled and each production phase is certified
by INFN experts. In the case of radio-purity the certification is based on the results
obtained in at least 2 of the three laboratories where samples are systematically sent for
analysis (SINAP, LNGS and Berkeley). Fig. 3 gives the origin of ICP-MS measurements
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Figure 1: Crystal shipments for CUORE.
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Figure 2: CUORE crystals production status in 2009 and the production foreseen for
2010.

used for the certification of raw materials and intermediary products for the certification
of CUORE crystals.

Very strict certification conditions were also applied for the dimensions of the crystals
and for the quality of surface processing. The results of planarity measurements made on
the 2 hard faces (< 100 >) and 4 soft faces (< 110 >) of the crystals produced in 2009 are
given in Fig. 4 together with the dimensions of these crystals. The slightly larger mean
value of crystals dimension on the hard < 100 > direction is due to the difficult polishing
of the corresponding (hard) faces.

The final mechanical processing also has the purpose of deep cleaning the crystal
surfaces, which may have been contaminated during the rough mechanical processing
(cutting, shaping, grinding and lapping). The cleaning process is made in two steps, first
by chemical etching and second by polishing. The polishing also smooths the crystal faces,
possibly damaged by chemical etching. The targeted number of atomic layers to be taken
away by these two procedures is on the order of 104 in order to eliminate all impurity
atoms that may have adsorbed on the crystal face and further diffused in its bulk. As
Fig. 5 a) shows, the mean depth of the crystal layer washed away by chemical etching is
13.5 microns and the least value of this width is 10.2 microns which makes more than 105
atomic layers. Polishing is the next step in the surface cleaning procedure. As Fig. 5 b)
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Figure 3: CUORE raw materials certification (ICP-MS measurements).

and c) show, approximately 105 atomic layers are taken away by polishing. The relatively
large spread of the polishing depth is due to the fact that polishing is not only a surface
cleaning process. Besides removing a surface layer possibly contaminated with radioactive
isotopes, the polishing is also intended to bring the crystal dimensions as close as possible
to the nominal values and to improve the surface quality by removing possible extended
defects induced by chemical etching. As mentioned in the previous report [3] the direct
measurement, of planarity of crystal faces and crystal dimensions is made only once, at
the beginning of the crystal surface processing. After that, planarities and dimensions
are calculated based on crystal weight measurement and on the assumption that chemical
etching has the same efficiency on all crystal faces. The algorithm applied is also based
on the assumption that mechanical polishing maintains the parallelism of crystal faces
unchanged. The validity of the algorithm was checked in 2009 by direct measurement of
crystals which were subject to chemical etching and eventually polished on one or several
faces after which were discarded due to bulk defects revealed by final visual inspection.
Five crystals were subject to this test and the results are summarized in Fig. 6 and 8.
As Fig. 6 shows, the chemical etching generally has a smoothing effect on crystal faces.
Polishing also is supposed to have this effect but the results are biased especially in the
case of soft faces by the difficult control of polishing parameters in the case of handmade
processing. The validity of the algorithm is demonstrated by the fact that the dimensions
measured directly after clean room processing are equal to those calculated (see Fig. 7). A
dedicated cryogenic setup mounted and operated at LNGS is used to test TeOy crystals.
The tests are performed on crystals randomly chosen from each production batch and
is aimed at checking the radioactive contamination level of crystals and their bolometric
performance, measured in conditions similar to those planned to be used for CUORE.
Three CUORE Crystals Validation Runs (CCVR) were performed till present. Fig. 8
gives the ID number of the crystals measured in each run. The crystals showed excellent
bolometric characteristics, including a very good energy resolution (FWHM better than
5 keV in the spectral region of interest for CUORE). In the ~52 days long CCVR-
1 run it was possible to fix upper buonds (90% C.L.) of 1.8 107! g/g and 5.5 1074
g/g respectively for 28U and 23?Th contaminations. These values are well below the
concentration limits requested for TeO, crystals to be used in CUORE experiment. The
energy spectra of coincident events (simultaneous signals from neighboring crystals in the
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Figure 4: Planarity and dimension measurement results for the TeO, crystals for delivered
in 2009.

array) were used to estimate the surface contamination of the crystals, resulting in an
upper limit of 1.4 1078 Bq/cm? for both #3%U and ?*Th contaminations.

3 Cryostat

Cryogenics is one of the most complex items of the CUORE setup. Besides the challenge
of developing an effective, low noise, cryogen-free, low radioactivity system for operating
a massive detector at very low temperatures it involves in fact a number of separately
designed parts (wiring, suspension, cold lead shields, calibration, cooling and damping
system) which require a detailed integration job.

Progresses have been obtained on the various cryogenic systems whose integration is
expected to start mid of 2010. First step will be the assembly of the 300K, 40K and
4K vessels with one detector calibration box, the suspension upper parts, one upper wire
insert and two pulse tubes. The system will be cooled at 4K and the functionality of the
various systems will be tested. The dilution unit integration will follow shortly.

e Cryostat. The Milano group is engaged with the cryostat construction and integra-
tion. The preliminary operations for the cryostat construction has started during
2009. Copper and stainless steel procurement and radioactive assay have been com-
pleted. Electron beam welding procedures have been defined and qualified. TIG
welding has been checked for radioactivity and some tuning in the procedure has
been necessary to minimize the welding contamination. The vessels bottoms have
been formed and prepared for welding. The work on the vessel flanges has started.
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Figure 5: Width of the layers chemically etched (a) and mechanically polished (b and c)
from the surface of the TeO, crystals delivered in 2009 for CUORE.

The design of many internal and external components (inner vacuum access tubes,
thermal links, vacuum auxiliary systems, assembly tools...) has been completed and
the procurement has started.

e Detector Calibration System (DCS). In 2009 the University of Wisconsin (UW)
completed the detailed design of the DCS and prepared for constructing the first
Motion Box. Following the 2008 DCS review, a new improved thermal sinking at
4K has been designed and tested. The calibration, cryostat, and integration groups
are continuing to work together very closely for the detailed integration of the DCS
into the CUORE experimental setup. An extensive cooldown and motion test of
the full-size DCS is planned during the cryostat commissioning. For this purpose a
temporary support structure has been designed and is being constructed. During
the TTT run a test of the CUORE source string has been performed, aiming at
evaluating both the fabrication procedures and the high-rate effects on the calibra-
tion.

e Detector and Lead Shield Suspensions. The Genova group is making progresses with
the construction aiming at installing the suspensions during the first 4K commis-
sioning for a vibration isolation test. The “Y “ support structure has been installed
on top of the Main Support Structure in the CUORE underground site together
with the custom designed isolating ”anti-springs“. The TIG weldings for thermal
coupling stages are being tested for the radioactivity and the vacuum feedthrough
are being assembled. The Kevlar section of the suspension has been subject of fur-
ther investigations: the design has been improved and the Kevlar creeping at low
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Figure 6: Planarities (in microns) of crystal faces as measured before and after processing
in the clean room.

temperature has been extensively characterized.

e Upper Wiring System (UWS). The Firenze group has placed the order for the wire
insert assembly and is carrying on further studies to improve the wire thermal
sinking between 300K and 4K.

e Dilution Unit (DU) and Fast Cooling System (FCS). Work is in progress at Leiden-
cryogenics for the construction of the DU. The DU is being assembled for testing in
a dedicated cryogen-free cryostat with two pulse tubes. Tests have been carried out
to design a special variable flow impedance to achieve high He? circulation rates in
a cryogen-free system.

e Movement Tools and Assembly Procedure. The Bologna group has completed the
design of cryostat vessel lifting system and the order have been placed.

4 Radioactivity

The radioactivity working group takes care of selection and control of all the materials
used for the experiment construction, as well as of the materials and procedures used to
clean, store and handle detector and cryostat components. In the following we summarize
the main activities undertaken during year 2009.
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Figure 7: Dimension and tolerances (in mm) of crystals as measured before and after
processing in the clean room.

Figure 8: Crystals measured in validation runs performed in 2009.

4.1 Radon

The radon diffusion and implantation on material surfaces directly facing the detector
was investigated. The sealed box with a high concentration of radon (300 kBq/m? of
22Rn) at Milano Bicocca Universtity was used to better understand the total induced
background that can be produced by radon and its progeny. A similar development was
performed at the Berkeley labs using a dedicated apparatus. It was observed that the
contamination on copper and TeO, surfaces was mainly due to the Po isotopes that are
present in the *2Rn chain. In principle the high **2Rn concentration in the atmosphere
does not produce direct deposition or diffusion of the radon inside the materials. On the
contrary it is clearly visible the effect due to Po concentration, that sticks on surfaces
with a relatively high efficiency. It can be interpreted as a possible high chemical affinity
of the Po atoms with respect to materials like copper or TeO,. It is observed also a net
diffusion of the deposited atoms on copper, the clear tail visible in the collected energy
spectra can be accounted as alpha emission produced not directly from the surfaces. The
same diffusion is not immediately visible in the case of the TeOy samples, probably due to
the roughness of the TeO, surfaces. Using the collected information a better definition of
the assembly condition and storage can be defined in order to reduce the possible radon
influence on the final detector.
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4.2 Cryostat preparation procedures

One of the main problem that was identified during the design of the cryostat was the
soldering procedures that can be applied to the various copper parts. To perform the
electron beam soldering of the thermal shield cylinders it is necessary to maintain the
two parts of the copper edges in place. It was clearly visible that TIG electrodes contain
normally an high concentration of **Th. Normally the TIG approach acts without ma-
terial transfer, in reality it was observed that, depending to the soldering conditions, a
relatively high concentration of ?32Th was found on the soldered copper surfaces. To avoid
this contamination, that in the final cryostat will be directly facing the CUORE detec-
tor, many different approaches for surface cleaning was studied, also taking into account
the final mechanical configuration in which such cleaning procedures will be applied. A
combination of mechanical surface treatment and a chemical etching will be identified as
the better approach.

The identification of a clean approach can be directly used also in all the other cases
where, also with a less impact on the possible induced background, a TIG soldering will be
necessary. This is the case also to the thermal link within the cryostat and the suspension
where soft copper strips must be strictly connected with the two parts. A defined soldering
procedure will be designed also to these parts that will be necessary at the level of the
cryostat mixing chamber.

4.3 Internal lead shield: measurement and procurement

CUORE internal lead shield, placed inside the cryostat very close to the detector, will
be made using ancient roman lead. Measurements were performed in order to qualify
the internal contamination in U and ?*?Th. Using gamma rays spectroscopy with
HPGe detectors and NAA, the limits for internal contaminations were fixed at value well
below 10! g/g for the two radioactive chain. The 2'°Pb content in this kind of lead was
previously measured [4] to be lower than 4 mBq/kg.

The final configuration of the internal lead is now well defined and it was necessary to
obtain the total amount of roman lead. With the acquisition of other 3 tons of ancient
roman lead there is now a sufficient amount of lead to realize all the shields with a low
radioactivity material.

4.4 Permanent storage Area (PSA)

With the start of the production of the various CUORE components (crystals, copper,
PTFE, etc.) there was the need to create a storage area. The PSA is placed in the
underground laboratory in order to avoid radioactivity induced by cosmic rays, in par-
ticular it is well known that tellurium and copper will suffer an important activation if
exposed to cosmic rays. At the same time the PSA must avoid possible ri-contamination
of the components due to the influence created by the environment. To guaranty that the
relative high concentration of radon in the underground laboratory air will influence the
surface contamination of the detector parts the packages that contain the various part
will be placed in a selected cabinets that are contiguously fluxed with nitrogen.
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During the last year many tests were realized in order to define the correct procedure
to maintain the radon concentration in the cabinets at a sufficient low level in each op-
erational phase. At the same time the total nitrogen flux must be keep sufficiently low
for safety reasons, we cannot saturate the rooms where the cabinets are installed, and
for the limits imposed by the total nitrogen consumption, we cannot store underground
a very large amount of nitrogen bottles. Using the cabinets in high contaminated radon
atmosphere it was possible the definition of the correct operational condition that guar-
anties a radon concentration in the cabinet around few Bq/m3. In this way there are the
correct conditions to store in the PSA for a relatively long time all the CUORE detector
components.

4.5 Radioactivity validation of various materials

Measurements dedicated to the specific material selection were done. In particular a
new limit on 232Th in selected copper was obtained with a dedicated measurements with
Neutron Activation Analysis (NAA). In this measurement the new limit was fixed in
6 10713 g/g that can be considered one of the best limits ever obtained on **Th on
copper. This is an important data also to establish the possible background contribution
that can be extrapolated for the final CUORE detector.

Other materials characterized were relevant for the cleaning components, the hut ac-
cessories, cryostat structures and for the assembly line. In particular for the last point
a specific selection of PTFE, Aluminum and stainless steel was done in order to mini-
mize the radioactivity of the gluing line. For the cryostat the selection of the stainless
steel necessary to account the anti shock security of the thermal shields, it was in fact
proposed to install specific designed stainless steel springs between the internal and the
external vessels. This material will be separated by the detector only by a small amount
of lead (around 6 cm) that cannot guaranties the necessary background reduction. The
selection of material with the correct elastic and radioactivity characteristics is under
study, a better definition of all the parameters must done in order to obtain a successful
configuration.

4.6 Copper production and cleaning

All copper parts constituting the CUORE detector will be entirely - or partly, when the
design does not allow it - machined by EDM (Electrical Discharge Machining) to minimize
the use of tools and lubricants that may include undesired contaminants in the copper
during manufacturing. Moreover the copper surface roughness must be reduced as much
as possible in order to minimize the area of possible contaminant implantation and to
give more effectiveness to the following surface cleaning procedure: also from this point
of view EDM is advantageous with respect to other conventional tools. Two second-
hand EDMs have been acquired by the INFN in 2009 and have been fully dedicated
to CUORE detector copper part production: one installed in the INFN-LNL workshop,
that is in charge of producing the copper frames which hold the CUORE crystals, and
one installed in INFN-Milano Bicocca workshop, that is in charge of producing all other
copper pieces that constitute CUORE towers. After a first period of trial stage with the
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new EDMs, in late spring 2009 both workshops started the machining of copper pieces
for CUORE-0 (completed within 2009) and CUORE, which should take a total of about
two years. In order to facilitate the logistics - when not in use for machining or cleaning
the copper must be stored underground to minimize cosmogenic activation - some room
has been reserved to CUORE copper in the Baradello underground site, near Como. In
early 2009 a fine tuning of the various steps (tumbling, electropolishing, chemical etching,
plasma etching) of the CUORE surface cleaning procedure has been performed in order
to remove an average of 100 um from the surface of all copper pieces. The removal
of this thickness should be enough to minimize surface contaminants while keeping the
mechanical tolerances. Critical regions (mostly threads and holes) where the effect of
electropolishing has shown to be more pronounced have been protected with PTFE during
this cleaning step. The final cleaning of CUORE-0 copper parts started in summer 2009
and will be followed - starting from 2010 - by the cleaning of all CUORE copper pieces
close to the TeOs crystals. The cleaning procedure adopted for these pieces - based on
a complex recipe developed at LNL and consisting of a sequence of mechanical, electro-
chemical, chemical and plasma treatment (TECM) - have been tested and compared
with different technique in a dedicated measurement. Three independent arrays of 12
TeOy bolometers (Three Tower Detector) in which the crystals had all been processed
with the CUORE recipe have been operated in Hall A. The only difference among the
three towers was in the Cu supporting structures that have been processed with different
methods: 1) TECM recipe, 2) Electro Chemical (EC) processing with ultrapure certified
materials and 3) wrapping with Polyethylene films (PW). The comparison between the
different towers showed that the three technique allow to reach comparable level of surface
contaminations. Consequently the TECM method, already chosen as the baseline, was
maintained.

5 Assembly

The CUORE Assembly Working group (CAWg) is responsible of the CUORE Detector
Assembly that must be accomplished following very strict prescriptions, due to the ex-
traordinary level of radio-purity required for a successful DBD experiment and to the
challenges that a 1-ton detector working at 10 mK presents. The words summarizing the
philosophy with which the CAWg is realizing the design of the complete assembly line
are: "simple, fast, reproducible and recontamination-free”. This translates into the need
of an optimization and standardization of the processes in the different assembly steps
(they are more than ten!), taking into account that they must be all realized inside glove-
boxes flushed with nitrogen gas to avoid exposure of any part of the detector to air during
assembly. Several servo-systems have been implemented to overcome this rigid constraint
and some of them are shown in the pictures hereafter. Aside to this work, but thought as
a real ”demonstrator” of many of the procedures to be applied to CUORE, the CAWg is
taking care also of CUORE-0 detector: a single CUORE-like tower to be assembled and
put into operation in 2010. The main impact this work has had on CAWg schedule in
2009 has been the design and purchase of a special radiation shield for this tower, that
will not be part of CUORE structure. It will be realized at the beginning of 2010 by a
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Figure 9: The gluing line. The robotic arm, the z-positioner and the sliding tables are
shown.

Figure 10: The paper prototype of the garage (now ordered) containing the tower elevator
with its servo system for rotation and z-movement (the remote control cabin is not shown).

specially selected company, with expertise for high vacuum and low radioactivity requests.
In the following a "state of the art” report on the different parts of the assembly line
will be given.

e The gluing of a thermistor and a heater on each crystal will be accomplished in a
glove-box by means of a robotic arm and motorized sliding tables, software controlled
(see Fig. 9). The glue will be dropped using an automatic dispenser, to be as quick
and reproducible as possible, and the fine-tuned positioning of chips with respect
to crystal surface will be obtained with an extremely precise, specially designed
z-positioner. All these parts have been realized or purchased during year 2009 and
will be assembled and put into operation inside a special glove-box in 2010.

e During year 2009 the Tower Elevator, needed to move the single tower of CUORE
inside the different glove boxes while assembled, was finally instrumented for a com-
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plete remote control of the operator, using step motors, and tested for Rn emanation.

The Garage, containing the elevator and the tower when in standby between two
assembly steps, has been finalized and ordered. See Fig. 10.

A complete mock-up of the Mechanical Glove-Box, that will be used during the
assembly of the different planes of a single CUORE tower, has been realized and
used to study ergonomics and needed tools for 2 operators to accomplish all the
procedures needed (see Fig. 11). A draft protocol for this assembly step has been
written and checked with real actors. Several tools and some parts of the box have
already been purchased.

Some conceptual studies for the Pre-Cabling and the Cabling Glove-boxes have been
accomplished along with the work in progress on the wire tapes for the read-out of
the bolometers and the wire trays that must contain them, both finalized only at
the end of 2009 and now in production. These glove-boxes will be used also for the
assembly of CUORE-0 shield and therefore their final design will come only when
real samples of all the parts to be assembled will be available.

Year 2009 has seen a very big effort towards the preparation of the Bonding system
and Glove-box. To be able to bond the chips after the tower has been assembled, the
bonding machine was modified to make it work in vertical. But it needs also to be
integrated inside a glove box and many of the movements normally accomplished by
the operator will have to be substituted by step motors, remotely controlled. This
servo-system has been realized and partially tested for ergonomics optimization in
2009. All the system has also been equipped with special cameras, with a remotely
controlled zoom, that will help the operator during bonding. See Fig. 12. The
difficulties of bonding very small pads with 25 ym gold wires, having the tower and
the machine inside a glove box, are huge and many tests have been performed to
check the feasibility of such an approach and will continue in 2010 on the final wire
tapes and trays, and with the motorized tower, to finalize the glove box design, the
support tools and a final bonding protocol.

Finally, since several towers, once completed, must wait before assembly in the
cryostat several months, a nitrogen flushed Storage Box (Fig. 13) has been designed
and the first prototype realized. It will also be used to move around the tower, once
completed and was therefore equipped with hooks and slots for a fork-lift.

Since all detector parts need also to be stored after cleaning for very long periods,
a relevant task of the CAWg is the realization of a Parts Storage Area (PSA). Special
stocking cupboards for clean room environments were purchased in 2009. They were tested
to optimize nitrogen gas fluxes and to study emergency situations. A dedicated trailer
was bought and instrumented to become a reliable PSA, in safety conditions. A software
database was implemented to govern the in/out fluxes during delivery and assembly, on a
time schedule of several years, and was used in 2009 to keep track of the crystals delivery
from China and of the stocking of the first copper parts for the CUORE-0 tower. In
parallel, another database is now available to note down the "history” of every single
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Figure 11: Ergonomic studies with mech-box paper mock-up.

copper part that will be used in the assembly, from its delivery after lamination, up to
its storage in the PSA. Both will be embedded in the general Production Database, that
will preserve all information about the detector assembly.

6 Electronics

The CUORE Electronic System consists of many parts, the design of most of which
is based on the experience of the pilot experiment CUORICINO. Space occupation of
the CUORE front-end will be smaller by about a factor close to 3 with respect to the
CUORICINO set-up, thanks to the optimization of the electronic components. The part
of the front-end that takes care the programming of all the necessary parameters, mastered
by the acquisition system, will be implemented by microcontrollers based on the ARM
core, featuring a great flexibility at a low cost. The present status of the front-end and
the next progress of the development are given.

e The preamplifier has been designed and prototyped at Milano-Bicocca. A pre-
production has been made at USC, in USA. It is a differential voltage sensitive
preamplifier. The differential JFETSs at its input has been selected based on a
semi-custom process. The JFETSs are already available for the full production, fully
supported with INFN funds. The final production will take place during the first
quart of 2010. In figure 14 a photograph of the prototype preamplifier is shown.

e The main very-front board will consist of 6 channels each including a preamplifier,
a second stage, a detector biasing network, the detector load resistors, a number of
secondary features, the glue logic and the remotely-programmable interface, ARM-
microcontroller based. It has been fully designed in breadboard during 2009. In
2010 it will be prototyped and qualified.

e The antialiasing filter consist in a board that contain 12 6-poles Thomson, or Bessel,
active filters having each 4 independent programmable frequencies. It was proto-
typed by the group of Genova, following the design from Milano-Bicocca. This
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Figure 12: The vertical bonding machine with its servo systems and visual tools to help
the operator once it will be closed in a glove box.

board has been validated during 2009. The antialiasing filter is shown in figure 15,
while the back-plane for it is in figure 16.

e 2 switching power supplies for the remote (48 V) supply voltage of the Electronic
System are already available, supported by INFN. Another pair of modules will be
provided by USC within the first half of 2009.

e Switching low noise modules for the pre-regulated (48 V. => +/-12 V and 48 V =>
+/- 5 V) supply voltage are in the prototype phase.

e A new generation of programmable voltage pulse are under the prototype phase.
Its purpose is to deliver a very stable heating pulse for detector stabilization.

6.1 CUORE-0

CUORE-0 is essentially a single column of CUORE to be installed and operated in the
existing dilution refrigerator placed in the hall A of the Gran Sasso Laboratory. CUORE-
0 will adopt all the procedures for the assembly foreseen for CUORE itself, which will
be totally different from the ones adopted for CUORICINO. The main point is that
all the handling and assembly operations will be performed without any contact with
ambient air. A set of proper glove boxes will allow to build the detectors in a controlled
nitrogen atmosphere and according to a rigid protocol which will make the assembly
procedure essentially operator independent. In particular, the very delicate operation
of absorber-sensor coupling through bi-component epoxy will be almost automated and
realized through programmable robots, aiming at a better detector reproducibility. We
would like to add that CUORE-0 will represent by itself a powerful experiment to search
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Figure 13: The Storage Box.

for neutrinoless double beta decay of *°Te. The CUORE-0 motivations are manifold, and
can be summarized as follows:

e test of the CUORE assembly chain and procedure.

high statistics test of crucial components of the estimated CUORE background.

test of the bolometric behavior of the detectors.

test of the CUORE Data Acquisition.

test of the CUORE analysis tools.

Being the first operating CUORE tower, prepared and assembled according to the
same protocols and tools, CUORE-0 development and preparation strictly follows the
evolution of the CUORE project. The time schedule of each item anticipates however the
mass production of CUORE and serves as a general test of it. The following is a summary
of its present status item by item:

Crystals. All the CUORE-0 crystals are ready, packaged in controlled atmosphere and
stored in nitrogen fluxed cupboards underground since February 2009. Test samples of the
pre-production have been operated as bolometers in hall C at LNGS. The specifications
of the crystals are met, both from the radio-purity and bolometric point of views.

Heaters. All the CUORE-0 heaters have been produced and characterized. Their
cleaning procedure is defined: organic solvent (ethanol or acetone) in PTFE container in
ultrasound bath. Cleaning and packaging will be performed within May 31st, 2010.

Thermistors. All the CUORE-0 thermistors have been produced in Berkeley with some
redundancy (120 samples) from existing neutron-irradiated Ge wafers. They have been
cleaned and packed ready for the gluing procedure. A sample of five thermistors has been
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Figure 14: Preamplifier.

Figure 15: Thomson (Bessel) antialiasing filter.

characterized down to 20 mK in Como, showing the correct behavior in terms of R-T
curves. The thermistors have a special contact structure that allows frontal bonding after
thermistor gluing, a crucial element for the planned assembly procedure.

Cu part production. The main copper pieces for the CUORE-0 crystal holders are (i)
frames which surround a set of four crystals and (ii) columns that connect vertically the
frames. All the columns have been produced in the Milano-Bicocca workshop, while the
frames have all been realized in the LNL workshop. The cable rails for the wiring in the
CUORE-0 tower have been produced too. The most delicate point is represented by the
very complex thermal shield of the tower, that, for cleaning purpose, needs to be sectioned
in several parts and must be realized by an external company, which has been carefully
selected to avoid danger of contamination during the machining process. The delivery of
the shield is foreseen for March 31st, 2010.
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Figure 16: Back-plane for the Thomson antialisaing filter.

PTFE blocks. These blocks are used to secure the crystals at the copper frame in-
troducing a weak thermal link. The preparation of these blocks is a smooth operation
managed by Milano-Bicocca and LNGS, and is proceeding according to the schedule. A
recent manpower input from Genoa has allowed to solve a manpower issue connected to
the cleaning operations.

Copper cleaning. This very delicate operation, tested in the three tower run recently
stopped, is performed in LNL according to the CUORE-0 and CUORE baselines. There
are still some not fully defined elements in the cleaning procedure, in particular in con-
nection to the protection of the most delicate frame mechanical details to avoid erosion
during the cleaning operation. However, these points will be clarified soon and the clean-
ing should be finished within April 30th, 2010.

Wiring. In spite of the large difference between the CUORE cryostat and the hall A
cryostat, the wiring structure of CUORE-0 will be kept as similar as possible to that of
CUORE. The wiring design has been completed long ago and a significant fraction of the
elements have been procured. The tower section of the wiring is responsibility of Milano-
Bicocca and is fully under control. The cryostat section is responsibility of Florence,
where some delay should be possible for manpower problem. Anyway, the completion is
foreseen for April 30th, 2010.

Assembly. From the preceding list of the CUORE-0 parts, it is clear that all the
elements will be ready for assembly or for installation in the cryostat within May 2010.
The assembly line (which is responsibility of Rome and Milano-Bicocca) and the gluing
system (which is responsibility of Como, LNGS and Livermore) cannot be ready at the
same time, but will suffer probably of 1-2 months delay, since their final definition requires
the availability of a set of pieces sufficient for an assembly test of a fraction of the tower.
This test is mandatory for a correct finalization of the set of glove boxes required for
the detector construction in controlled atmosphere. Presumably, the assembly line will
be ready in the Borexino clean room in June 2010, and the actual assembly will be
performed within August 2010.
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Tower-Cryostat interface. The same suspension used in CUORICINO and in the three-

tower test will be used in CUORE-0, with small modifications.
Final operations. These consist first in two preliminary steps: the cryostat mainte-

nance (performed by LNGS), and the installation of a special system developed in Genoa
to keep the cryostat in a rigorously vertical alignment through a computer-controlled
pneumatic method. This is crucial to avoid touches between the CUORE-0 tower and the
50 mK thermal shield. After this, CUORE-0 will be assembled, installed in the cryostat,
cooled down and optimized for data taking, which is foreseen for November 2010.

7

10.

11.

List of 2009 Publications

. S. Sangiorgio et al., The low-temperature energy calibration system for the CUORE

bolometer array, AIP Conf. Proc, Vol 1185, pp. 677-680 (2009).

. M. Martinez et al., Progress on the CUORE Cryogenic System, AIP Conf. Proc,

Vol 1185, pp. 693-696 (2009).

. V. Martinelli et al., Low Temperature Thermal Conductivity of Candidate Materials

for the Supports of CUORE, AIP Conf. Proc, Vol 1185, pp. 685-688 (2009).

. E.Andreotti et al., The low radoactivity link of the CUORE experiment, Journal of

Instrumentation 4, (2009) 1.

C.Arnaboldi et al., A progammable multichannel antialiasing filter for the CUORE
experiment, NIM A, doi:10.1016/j.nima.2009.09.023, 2009

. E. Andreotti et al., Muon-induced backgrounds in the CUORICINO experiment,

Submitted to Astroparticle Physics, e-Print: arXiv:0912.3779.

. F. Bellini et al., Monte Carlo evaluation of the external gamma, neutron and muon

induced background sources in the CUORE experiment, Accepted for pubblication
on Astroparticle Physics, e-Print: arXiv:0912.0452.

. P. Gorla for the CUORE collaboration, Search for neutrinoless double beta decay

with the CUORE experiment, AIP Conf.Proc.1182:116-119,20009.

. F. Bellini for the CUORE collaboration, Neutrinoless double beta decay search with

CUORICINO and CUORE experiments, Nucl.Phys.Proc.Suppl.188:65-67,2009.

S. Di Domizio and the CUORE collaboration, Status of CUORE and results from
CUORICINO, Nuclear Physics B - Proceedings Supplements Volume 197, Issue 1,
15 December 2009, Pages 9-14

M. Sisti, From CUORICINO to CUORE: investigating neutrino properties with dou-
ble beta decay, To be published in Journal of Physics, Conference Series (Editors:
E. Coccia, L. Pandola, N. Fornengo, R. Aloisio).

20



12. M. Pedretti on behalf of the CUORE collaboration, A ton-scale bolometric detec-
tor for the search for neutrinoless double beta decay, AIP Conference Proceedings
Volume 1185, pp. 562-564

References
[1] C. Arnaboldi et al.,NIM A 518 (2004) 775
[2] CUORE Collaboration, LNGS Annual Report 2007.
[3] CUORE Collaboration, LNGS Annual Report 2008.
[4] A. Alessandrello et al., NIM A 142, (1998) 454.
[5] E.Andreotti et al., Journal of Instrumentation 4, (2009) 1.

[6] C.Arnaboldi et al., NIM A in Press, doi:10.1016/j.nima.2009.09.023

o1



DAMA

Collaboration:

P. Belli?, R. Bernabeia’@, A. Bussolottia’*, F. Montecchia?, F. Nozzoli?, A. d’Angelob,
F. Cappellab, A. Incicchittib, A. B/[attei]:”*7 D. Prosperib, R. Cerulli®, C.J. Daid, H.L.
Hed, H.H. Kuangd, X.H. Mad, X.D. Shengd, Z.P. Yed:¢, R.G. Wangd, Y.J. Zhangd

i some detector developments, by-product results and small scale experiments:

O.P. Barmovaf R.S. Boiko®, V.B. Brudanlnh N. Buklhc1 D.M. Chernyak8, F.A.
Danevich®, S. d’Angelo?, V.Ya. Degodal, J.R. de Laeter!, A.E. DossovitskiyX, A.M.
Dubovik™, B.V. Grinyov, E.N. Galaushov1 Yu.A. Hyzhnle S.V. Ildyakov1 S.V.
Kirsanovaf, V.V. Kobychev®, O.S. Kolesnykj7 G.P. Kovtun™, V.M.
Kudovbenko-Mokina®, B.N. Kropivyansky®, M. Laubenstein®, A.L. Mikhlink, L.L.
Nagornayal*, P.G. Nagormyij S.S. Nagorny®, S.G. Nedilkoj A.S. Nikolaiko®, S. Nisi®,
D.V. Poda®, R.B. Podvujanyuk8, O.G. Polischuk- Shkulkovag AP Shcherban , V.P.
Shcherbatskle V.N. Shlegel1 D.A. Solopikhin™, Yu.G. Stenln V.I. Tretyak8, YaV
Vasﬂlevl, V.D. Virich™, Yu.Ya. Vostretsov, S.S. Yurchenkog, I.M. Vyshnevskyi®

in some studies on YT, EC/BT, EC/EC decay modes (under the joint Indo-Italian
DST-MAE project):

P.K. Raina®, A K. Singh®, P.K. Rath®, A. Shukla®

4Dip. Fisica, Univ. Roma “Tor Vergata” and INFN-Roma Tor Vergata, Roma, Italy.
bDip. Fisica, Univ. Roma “La Sapienza” and INFN-Roma, 00185 Roma, Italy.
“Laboratorio Nazionale del Gran Sasso, INFN, 67010 Assergi (Aq), Italy.
dIHEP, Chinese Academy, P.O. Box 918/3, Beijing 100039, China.
®Physics Dept, Jing Gangshan University 343009, Jiangxi, China.
FRussian Chemistry-Technological University of D.I.Mendeleev, Moscow, Russia.
8Institute for Nuclear Research, MSP 03680, Kiev, Ukraine.

' hj6int Tnstitute for Nuclear Research, 141980 Dubna, Russia.
Department of Applied Physics, Curtin University, GPO, Box U1987 Perth, Australia.
JKiev National Taras Shevchenko University, MSP 01033 Kiev, Ukraine.

K Joint stock company NeoChem, 117647 Moscow, Russia.
INikolaev Institute of Inorganic Chemistry, 630090 Novosibirsk, Russia.

53



MNational Science Center Kharkiv Institute of Physics and Technology, Kharkiv,
Ukraine.
Unstitute for Scintillation Materials, 61001 Kharkiv, Ukraine.
OIndian Institute of Technology, Kharagpur, India.

@ Spokesperson
* technical staff

Abstract

DAMA is an observatory for rare processes located deep underground at the
Gran Sasso National Laboratory of the LN.F.N. (LNGS). It develops and uses low
background scintillators. At present the main low background experimental set-
ups in operation are: i) the second generation DAMA/LIBRA set-up (sensitive
mass: =~ 250 kg highly radiopure NaI(Tl)); ii) the DAMA /LXe set-up (sensitive
mass: ~ 6.5 kg liquid Kr-free Xenon enriched either in '?%Xe or in !36Xe); iii)
the DAMA /R&D set-up (a facility dedicated to test prototypes and to perform
small scale experiments, mainly investigating double beta decay modes in various
isotopes; iv) the DAMA /Ge set-up (mainly dedicated to sample measurements and
to specific measurements on rare processes). A third generation R&D is also in
progress towards a possible 1 ton set-up, DAMA proposed in 1996. In the following
main arguments on the activity developed during 2009 are summarized.

1 DAMA/LIBRA

The highly radio-pure DAMA /Nal set-up (~ 100 kg of highly radiopure Nal(T1)) [1, 2,
3,4,5,6,7,8,9,10, 11, 12, 13, 14] has been a pioneer Dark Matter (DM) experiment of
suitable exposed mass, sensitivity and stability of the running conditions. It took data at
LNGS over seven annual cycles up to July 2002.

The main aim of DAMA /Nal was the investigation of the presence of Dark Matter
particles in the galactic halo by exploiting the DM annual modulation signature (see
refs. [3, 4, 5, 6, 15, 16, 17, 18, 19, 20, 21, 7, 8, 22, 10, 11, 12] and the 2009 publication
list). In addition, profiting from its low-background features and from the high collected
exposure, several results were also achieved both on Dark Matter particle investigations
with different approaches and on several other rare processes [13].

The DAMA /LIBRA set-up (~ 250 kg highly radiopure Nal(T1); see refs. [23, 24] and
in the 2009 publication list) represents the second generation experiment.

Both DAMA /Nal and DAMA /LIBRA have the main aim to perform a direct detection
of Dark Matter particles in the galactic halo by exploiting the model independent DM
annual modulation signature, originally suggested by [25, 26] in the mid-80’s. In fact, as
a consequence of its annual revolution around the Sun, which is moving in the Galaxy
travelling with respect to the Local Standard of Rest towards the star Vega near the
constellation of Hercules, the Earth should be crossed by a larger flux of Dark Matter
particles around ~ 2 June (when the Earth orbital velocity is summed to the one of the
solar system with respect to the Galaxy) and by a smaller one around ~ 2 December
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(when the two velocities are subtracted). Thus, this signature has a different origin
and peculiarities than the seasons on the Earth and than effects correlated with seasons
(consider e.g. the expected value of the phase as well as the other requirements listed
below).

Thus, the contribution of the signal to the counting rate in the k-th energy interval
can be written as: Sy = Sox + Sk cosw(t —to), where: 1) Sy is the constant part of the
signal; ii) Sy, is the modulation amplitude; iii) w = 2?” with period T'; iv) ¢, is the phase.

The DM annual modulation signature is very distinctive since it requires the simul-
taneous satisfaction of all the following peculiarities: the rate must contain a component
modulated according to a cosine function (1) with one year period (2) and a phase that
peaks roughly around ~ 2" June (3); this modulation must only be found in a well-
defined low energy range, where DM particle induced events can be present (4); it must
apply only to those events in which just one detector of many actually “fires” (single-hit
events), since the DM particle multi-interaction probability is negligible (5); the modula-
tion amplitude in the region of maximal sensitivity must be <7% for usually adopted halo
distributions (6), but it can be larger in case of some possible scenarios such as e.g. those
in refs. [27, 28]. Only systematic effects or side reactions able to fulfil these requirements
and to account for the whole observed modulation amplitude could mimic this signature;
thus, no other effect investigated so far in the field of rare processes offers a so stringent
and unambiguous signature.

At present status of technology the DM annual modulation is the only model inde-
pendent signature available in direct dark matter investigation that can be effectively
exploited.

DAMA /LIBRA further investigates the presence of DM particles in the galactic halo,
pointed out by the former DAMA /Nal [5, 6], by exploiting the DM annual modulation
signature and has also the aim to get improved information on the corollary quests on the
nature of the candidate particle(s) and on the related astrophysics, nuclear and particle
physics models. Moreover, second order effects are planned to be investigated (see e.g.
ref. [6, 8]), and future dedicated data takings will also allow the study of many other rare
processes (as e.g. already performed with DAMA /Nal [13, 14]) thanks to the peculiarity
of the experimental set-up.

During 2009 — after an upgrading occured on October 2008 — DAMA /LIBRA has
continued its data taking uninterruptedly. In the following, we will just briefly recall the
first results on the Dark Matter particle investigation obtained by DAMA /LIBRA over
four annual cycles (exposure: 0.53 tonxyr) and the combined analysis with the previous
data collected over 7 annual cycles by DAMA /Nal (0.29 tonxyr), corresponding to 11
annual cycles for a total exposure of 0.82 tonxyr, orders of magnitude larger than the
exposures typically collected in the field.

The data collected in the period 2007-2009, corresponding to other two annual cycles,
will be released in the first months of 2010.

1.1 The model-independent experimental result on DM

As already reported in the LNGS Annual report 2008 (see also [23, 24] and references
therein), several analyses investigating the model-independent DM annual modulation
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signature have been performed on the DAMA/LIBRA data collected over the first four
annual cycles (exposure: 0.53 tonxyr). They have further confirmed the peculiar annual
modulation of the single-hit events in the (2-6) keV ! energy region satisfying all the
many requests of the DM annual modulation signature. The cumulative exposure with
the former DAMA /Nal is 0.82 tonxyr — corresponding to 11 annual cycles — which is
orders of magnitude larger than the exposures typically collected in the field.

In fact, as required by the DM annual modulation signature: 1) the single-hit events
show a clear cosine-like modulation as expected for the DM signal; 2) the measured
period is equal to (0.998 £ 0.003) yr well compatible with the 1 yr period as expected
for the DM signal; 3) the measured phase (144 + 8) days is well compatible with the
roughly ~ 152.5 days expected for the DM signal; 4) the modulation is present only in
the low energy (2-6) keV interval and not in other higher energy regions, consistently with
expectation for the DM signal; 5) the modulation is present only in the single-hit events,
while it is absent in the multiple-hit ones as expected for the DM signal; 6) the measured
modulation amplitude in Nal(T1) of the single-hit events in the (2-6) keV energy interval
is: (0.0131 £0.0016) cpd/kg/keV (8.2 o C.L.).

As previously done for DAMA/Nal [5, 6], careful investigations on absence of any
significant systematics or side reaction effect in DAMA /LIBRA have been quantitatively
carried out and reported in details in ref. [24]. No effect able to account for the measured
modulation amplitude and simultaneously satisfy all the requirements of the signature
has been found or suggested by anyone over more than a decade.

Just as an example we recall here the case of muons, whose flux has been reported by
the MACRO experiment to have a 2% modulation with phase around mid-July [29]. In
particular, it has been shown that not only this effect would give rise in the DAMA set-ups
to a quantitatively negligible contribution [24, 5, 6], but several of the six requirements
necessary to mimic the annual modulation signature — namely e.g. the conditions of
presence of modulation just in the single-hit event rate at low energy and of the phase value
— would also fail. Moreover, even the pessimistic assumption of whatever hypothetical
(even exotic) cosmogenic product — whose decay or de-excitation or whatever else might
produce: i) only events at low energy; ii) only single-hit events; iii) no sizeable effect in
the multiple-hits counting rate — cannot give rise to any side process able to mimic the
investigated DM signature. In fact, not only this latter hypothetical process would be
quantitatively negligible [24], but in addition its phase — as it can be easily derived — would
be (much) larger than July 15th, and therefore well different from the one measured by the
DAMA experiments and expected by the DM annual modulation signature (~ June 2nd).
Recently, a LVD analysis [30] has been reported for the muon flux relatively to the period
2001-2008, which partially overlaps the DAMA /Nal running periods and completely those
of DAMA/LIBRA. A value of ~ 185 days has been measured by LVD in this period for the
muon phase to be compared with (144 4+ 8) days [24] which is the measured phase by the
DAMA /Nal and DAMA /LIBRA for the low energy peculiar single-hit rate modulation.
Thus, the latter one is > 5o far from the muon modulation phase measured at LNGS by
the large surface apparata MACRO and LVD. Similar facts also hold for the results on
muon flux variation by Borexino experiment released in early 2010 [31]. In conclusion, any

Here and after, keV means keV electron equivalent.
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possible effect from muons can be safely excluded on the basis of all the given quantitative
facts.

Recently, it was claimed [32] that some role might be played by YK; this possibility
is evidently discarded by the data, by the published analyses and also by simple consid-
erations. A dedicated discussion can be found in the 2009 publication list.

In conclusion, DAMA/LIBRA has confirmed the presence of an annual modulation
satisfying all the requirements of the DM annual modulation signature, as previously
pointed out by DAMA /Nal; in particular, the evidence for the presence of DM particles
in the galactic halo is cumulatively supported by the exposure of 0.82 ton X yr collected
over 11 annual cycles at 8.2 ¢ C.L..

The obtained model-independent evidence is compatible with a wide set of scenarios
regarding the nature of the DM candidate and related astrophysical, nuclear and particle
Physics (see e.g. ref. [5, 6, 7,9, 10, 11, 12], Appendix A of ref. [24] and in literature, for
example see [27, 33, 34, 35]); and many other possibilities are open. Further future works
are also foreseen.

It is worth noting that no other experiment exists, whose result can be directly com-
pared in a model-independent way with those by DAMA /Nal and DAMA /LIBRA. In par-
ticular, let us also point out that results obtained with different target materials and/or
different approaches cannot intrinsically be directly compared among them even when
considering the same kind of candidate and of coupling, although apparently all the pre-
sentations generally refer to cross sections on nucleon. Therefore, claims for contradictions
made by experiments insensitive to the DM annual modulation signature, using different
target materials and approaches, having well different sensitivities to various DM candi-
date and interactions, etc. have by the fact no impact even in the single arbitrary scenario
they usually consider without accounting for experimental and theoretical uncertainties,
using often crude approximation in the calculation, etc. Moreover, (see for example [5, 36]
and in the 2009 publication list), some critical points exist in those activities, claiming
for some exclusion, on important experimental aspects (energy threshold, energy scale,
multiple selection procedures, stabilities, etc.). A relevant argument is also the method-
ological robustness [37]. Finally, they generally quote the implications of the DAMA
model independent result in incorrect, partial and unupdated way.

It is also worth noting that, whenever an experiment using the same identical target
material and methodological approach would be available in future, as usual in whatever
field of Physics a serious comparison would require — in every case — e.g. a deep investiga-
tion of the radiopurity of all the part of the different set-ups, of their specific performances
in all the aspects, of the detailed procedures used by each one, of the used exposures, of
the stability parameters, etc.

Finally, as regards the indirect detection searches, let us note that also no direct
model-independent comparison can be performed between the results obtained in direct
and indirect activities, since it does not exist a biunivocal correspondence between the
observables in the two kinds of experiments. Anyhow, if possible excesses in the positron
to electron flux ratio and in the + rays flux with respect to an assumed simulation of
the hypothesized contribution, which has to be expected from standard sources, might be
interpreted in terms of Dark Matter (but huge and still unjustified boost factor and new
interaction types are required), this would be not in conflict with the effect observed by
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DAMA experiments, as also discussed in literature at some extent.

Finally, as aforementioned, the data of two other annual cycles (one before and one
after the upgrade occurred in September 2008) are at hand. The set-up is continuously
running waiting for the new upgrade foreseen in fall 2010 when all the low background
PMTs will be replaced by new ones having higher quantum efficiency. Then, a long data
taking is foreseen in the new running condition to achieve all the physical goals of the
experiment.

1.2 New search for processes violating the Pauli-Exclusion-Prin-
ciple (PEP) in Sodium and in Iodine with DAMA /LIBRA

Despite the foundation of PEP lies deep in the structure of the Quantum Field Theory,
a simple explanation is still missing. Thus, the exact validity of the PEP is still an
open question in spite of all its known successes. In fact, the general principles of the
quantum theory allow to go beyond the Bose and Fermi statistics and to also consider
generalized statistics [38, 39, 40]. Many experimental tests of the PEP validity following
the first pioneering experiments [41, 42] have been carried out so far by various approaches
searching for PEP forbidden states and transitions [43, 44, 45, 46, 47, 48, 49, 50, 51] and
in the 2009 publication list. It is worth noting that in 1980 Amado and Primakoff [52]
criticized — on the basis of the assumption that the total Hamiltonian, describing the
atoms, is completely symmetric in the electrons — the possibility of testing the Pauli
principle by searching for PEP-forbidden transitions. However, their arguments can be
evaded as demonstrated in refs. [53, 54]. In particular, since the nucleus is a fermion
system, the nuclear structure is stable in case of an exact PEP, unless channels for strong,
weak or electromagnetic decays are open. Thus, the usually considered stable nucleus
would not a priori be absolutely stable in case small violations of the PEP would exist
and some exotic transitions (normally forbidden by PEP) in a stable nucleus may occur.

The value of the average mixing probability of non-fermion statistics 62 — which quan-
tifies the possible PEP violations — can be derived considering the relation:

' =T(*Na) +T(*1)=T/6, (1)

where: i) I is the total width of the PEP violating nucleon transition; ii) I is the total
width of the corresponding PEP allowed nucleon transition in case final states are empty,
calculated for 2Na and 271 according to possible models for the momentum distribution
functions of the nucleons in the bound state.

Following previous studies [45, 49, 46], the present best limit on the investigation of
non-paulian nuclear processes in Nal(Tl) scintillators has been set in 2009 by means of
DAMA/LIBRA (see the 2009 publication list); in particular, the non-paulian emissions
of protons with E, > 10 MeV in ?*Na and in '?'I have been studied by analysing the data
collected in a devoted running period of 23.7 days, when the data taking was optimized for
the very high energy region. The process has been investigated by analysing the events in
the MeV energy region where just one detector fires (i.e. each detector has all the others
as veto). The presence of identified alphas from residual U/Th contamination have also
offered references for the energy scale [23].

58



The obtained results are discussed in details in paper in the 2009 publication list.
Here Table 1 summarizes the experimental results, obtained with the DAMA/LIBRA
detectors (24 in operation during the considered running period) by combining them in
independent groups. The expected background events are also quoted; in this energy
region the background is essentially due to very high energy muons possibly surviving the
mountain. Generally the very high energy muons give rise in DAMA /LIBRA to events, in
which several detectors fire, and thus they can be easily identified and are not competing
background in the search for the PEP violating processes. Thus, only muons, impinging
the sensitive volume of the set-up with a direction that forbids them to hit more than one
detector, can play the role of background for the processes searched for and have to be
considered. Therefore, a suitable MonteCarlo simulation has been realized on the basis of
the features of the DAMA /LIBRA set-up [23], of the vertical muon intensity distribution
and of the Gran Sasso rock overburden map of ref. [55].

Table 1: Comparison between the number of background events expected above 10 MeV
from high energy muons surviving the mountain and the number of measured events,
considering various groups (J) of detectors in the experimental set-up (5 rows by 5 columns
detectors matrix, but an external detector out of operation [23, 24]). Upper limits on the
rates (A) of non-paulian processes leading to the emission of protons with E, > 10 MeV
are also reported for the various configurations; the final combined result is given. See
text. For details see the paper in the 2009 publication list.

Group (J) of Corresponding  Expected Measured  Upper Limit on A
considered exposure (N;t) background events (n;) (90% C.L.)
detectors (nuclei x s) events (by) (s

Just the 4 detectors 3.2 x 10% 12.1 11 1.99 x 1072

at corners (I)

Just the remaining 6
detectors in the upper 4.8 x 10% 8.7 6 9.33 x 10733
and lower rows (II)

Just the 14 central 1.1 x 10% 2.2 0 2.06 x 10733
detectors (III)

Just the 9 core 7.2 x 10%2 0.057 0 3.19 x 1073
detectors (IV)
Combined analysis (I+I14111): 1.63 x 107%

From the final combined result given in Table 1: A < 1.63 x 10723 s71, the limit on the
non-paulian nuclear transition width has been derived to be: T' = T'(¥Na) + T'(*?]) =
XA < 1.1 x 1075 MeV (90% C.L.). This is an improvement of about a factor 3 with
respect to the limits previously available [48, 49]. From this value — considering the
same nuclear Physics frameworks as in ref. [49] — a cautious estimate of the average
probability, 62, which quantifies the possible PEP violations, has been derived to be:
62 < 3—4x 1075, and a lower limit on the mean life for non-paulian proton emission has
also be set: Ty, = 2 x 10% yr and 77 > 2.5 x 10 yr. These latter limits improve those
previously available [48, 49]; moreover, it is worth noting that more stringent limit (down
to 6% < 6.8 x 1079) can be derived depending on the model considered in evaluating T.
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A much larger sensitivity can be obtained in future by suitably increasing the dedicated
collected exposure, considering the high self-veto efficiency of the 9 inner core detectors
(see Table 1). In particular, less than 1 background event is expected in the 9 Nal(TI)
detectors in the inner core of DAMA /LIBRA during ~ 1000 days exposure in the 10 —
35 MeV energy interval; this can allow to explore (at 90% C.L.) probability of admixed
symmetric component at level of 42 < 1—2x 107° or down to 6% < 2.5 x 10757 depending

on the model considered in the evaluation of I'. Thus, in ~ 3 years exposure — optimized
for the MeV energy region — the sensitivity of DAMA/LIBRA to non-paulian nuclear
transitions in 2*Na and 2T can be improved of more than/about one order of magnitude
without using any simulated muon background subtraction.

1.3 PEP violating electron transitions in Iodine atom with
DAMA /LIBRA

The case of PEP violating electron transitions in atoms has also been investigated. For
this purpose, the data collected by DAMA/LIBRA in the low energy range of interest
during the first four annual cycles has been considered; the exposure is 0.53 ton x yr.
It is worth noting that in this case the available exposure is very large since the set-up
usually takes data in a condition optimized for the low energy region because of other
kinds of investigations [24].

Since the electron atomic transitions of Sodium atoms are below the experimental
energy threshold, we have analysed just the case of electron atomic transitions of Iodine
atoms. Following a PEP violating electronic transition, X-rays and Auger electrons can
be emitted due to both the transition itself and to the subsequent atomic shell rearrange-
ments; at these energies large Nal(T1) detectors — as those of DAMA /LIBRA — practically
collect all the energies (detection efficiency ~ 1). The total energy release is expected to
be at level of the ionization energy for the considered shell; however, it actually is slightly
lower (by a term A), because of the presence of the other electrons in the already filled
shells. In case of detectors with very sharp energy resolution, the precise knowledge of
the small energy shift between the PEP violating transitions and the PEP allowed ones
can be exploited in order to disentangle among them. In the present case, considering
the shielding due to the extra electron filling the final shell, the energy of PEP violating
transitions in lIodine (Z = 53) should be similar to the relative PEP allowed transitions
in Tellurium (Z = 52) and, thus, in the case of K shell: A < 1.5 keV. This value has to
be compared with the energy resolution: o ~ 3 keV at the energy of the lodine K-shell
[23], i.e. in the present case A is well below the energy resolution of the used detectors;
therefore, precise estimations by Dirac-Fock method are unnecessary. Thus, the energy
of 32 keV is considered for the K-shell PEP violating Transition in Iodine.

As shown in the dedicated paper in the 2009 publication list, no evidence for the
expected peak is present there. Thus the number of events, which can be ascribed — at
a give C.L. — to the process searched for, has been estimated to be: S = (0.038 £ 0.022)
cpd/kg, which corresponds to an upper limit of: S < 0.074 cpd/kg (90%C.L.) following
the Feldman and Cousins procedure [56]. It worth noting that slightly moving the gaussian
peak position (£1 keV) similar or more stringent values are obtained. Since 4.01 x 10%*
lodine atoms are present in one kg of Nal(Tl), the previous limit implies that lifetimes
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(7py) shorter than 4.7 x 10%° s can be excluded at 90%C.L.. It should be noted that the
Tpy is related to the lifetime (7°) of the PEP allowed transition of outer electrons into
a free K-shell when an hole is present: 7° = §27py; 62 is the probability of the admixed
symmetric component for the electron [45]. The normal electromagnetic dipole transition
to Todine K-shell is typically 70 ~ 6 x 107!7 s [42]; therefore, the limit: % < 1.28 x 10~
(90% C.L.), holds. It is worth noting that the achieved limit is one order of magnitude
more Stringent than the one by ELEGANTS V [45].

Finally, in ref. [53] superficial violations of the PEP due to the possible substructure
of electrons has been discussed in composite models of quarks and leptons. In this theory
the possible finite size of the electron, rg, is related to 62 by the relation [53]:

4 /3\5 1 Zro\*]°
[T o
3\7 ap
where ag is the Bohr radius (= 0.53 x 107® c¢m) and Z is The atomic number. Thus,

the upper limit on §? obtained above implies an upper limit on the electron size: ry <
5.7 x 107!8 cm; this value corresponds to an energy scale of F > 3.5 TeV.

1.4 Upgrades and perspectives

A first upgrade of the DAMA /LIBRA set-up was performed in September 2008. One
detector was recovered by replacing a broken PMT and a new optimization of some PMTs
and HVs was done. The transient digitizers were replaced with new ones, the U1063A
Acqiris 8-bit 1GS/s DC270 High-Speed cPCI Digitizers, having better performances, and
a new DAQ with optical read-out was installed; since October 2008 DAMA /LIBRA is
again in operation. The data of two further annual cycles are at hand. It is worth noting
that — by the fact - DAMA has already realized a ton experiment over one year of running
time.

Considering the relevance to lower the software energy threshold of the experiment, in
order to improve the performance and the sensitivity of the experiment and to allow also
deeper corollary information on the nature of the DM candidate particle(s) and on the
various related astrophysical, nuclear and particle Physics scenarios, the replacement of
all the PMTs with new ones with higher quantum efficiency has been planned and work
is in progress.

DAMA/LIBRA will also study several other rare processes as already done by the
former DAMA /Nal apparatus [13] and by itself so far (see 2009 publication list).

2 R&D-III towards DAMA /1ton

A third generation R&D effort towards a possible Nal(T1) ton set-up (we already proposed
in 1996 [14]) has been funded by IN.F.N.. This new low background Nal(T1) set-up
would act as a “general purpose” experiment allowing the further investigation of Dark
Matter particles, of other approaches for Dark Matter, and also of many other interesting
topics in underground Physics. The main design of the mechanical assembling of the
detectors, of the shield automated motions and of the calibration system has already been
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defined in the framework of a POR-~Abruzzo fellowship, considering a possible location
deep underground.

Activities have been continued in the light of overcoming the present problems regard-
ing the supplying of high quality Nal and, mainly, T1I powders. Possible purification test,
whose achievements however strongly depend on the initial radiopurity of the powders,
has been considered at some extent.

3 DAMA /LXe

We pointed out many years ago (see e.g. ref. [57]) the possible interest in using the
liquid Xenon as target-detector material for particle dark matter investigations. Since
the end of 80’s (former Xelidon experiment of the INFN) we have realized several liquid
Xenon (LXe) prototype detectors and, then, we have preliminarily put in measurement
the set-up used in the data taking of ref. [58, 59] at LNGS in the framework of the DAMA
project. This set-up (having a Cu inner vessel filled by ~ 6.5 kg - i.e. ~ 21 - of liquid
Xenon) was firstly upgraded at fall 1995 [60, 61, 62, 63, 64]. At that time it used Kr-free
Xenon enriched in '*Xe at 99.5%. Then, in 2000 the set-up was deeply modified reaching
the configuration of ref. [65] in order to alternatively handle also Kr-free Xenon enriched
in 6Xe at 68.8%. The main features of the set-up, details on the data acquisition, on
the cryogenic and vacuum systems and on the running parameters control can be found
in refs. [63, 64, 65, 66, 67]. Some other upgrades have been carried out in recent years.

Investigations on several rare processes have been carried out with time passing in
the various configurations, as well as measurements at low energies both with neutron
source and with neutron beams by using a reference detector [58, 59, 60, 61, 62, 63, 64,
65, 68, 66, 69, 70, 71, 72]. In particular, first and/or competing results have been obtained
on some approaches for Dark Matter investigations (including pulse shape analysis), on
double beta decay modes in '*°Xe and '**Xe, on possible charge non-conserving processes,
on nucleon, di-nucleon and tri-nucleon decay into invisible channels both in ?*Xe and in
136

On the contrary of the Nal(T1) case, plans for enlarging the exposed mass have never
been considered because of the technical reasons (specific of liquid noble gas detectors
and, in particular, of liquid xenon detectors), we pointed out several times in the past
(see e.g. [73]) and confirmed by the features of recent detectors (see in 2009 publication
list); moreover, the extremely expensive cost of needed Kr-free (and possibly enriched)
Xenon is an additional constraint.

After the forbiddeness of using cryogenic liquids in the LNGS underground laborato-
ries, the set-up took data just few months until December 2004; then, it has been put
in standby waiting for the restarting of the LNGS cooling water plant and of the local
water refrigeration system. We profited from this period to perform several upgrades of
the apparatus. Finally, thanks to a new chiller system and to the restoring of the use
of water plants deep underground, the DAMA /LXe set-up restarted the data taking in
December 2007, continuously during 2008 up to January 2009. Then, the Leybold period-
ical maintenance has occurred as well as an improvement of the remote computer control
and setting of the cryogenic parameters. Then, the data taking has been restarted at fall
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2009. During 2008 and 2009 DAMA /LXe was filled with Xenon enriched in ¥Xe and it
has taken data focusing in this period the high energy region.

4 DAMA/R&D

DAMA /R&D is a low-background set-up dedicated to measurements on low background
prototype scintillators and PMTs realized in various R&D works with industries. More-
over, it is regularly also used to perform relatively small scale experiments (often in
collaboration with INR-Kiev as foreseen in the agreements). This set-up has been up-
graded several times. The measurements mainly investigate 23 decay modes in various
isotopes; both the active and the passive source techniques have been exploited as well as
— sometimes — the coincidence technique.

In 2009 the activity of DAMA /R&D was mainly focused on:

1. Measurements using different ZnWOQO, crystals for a deeper investigation of the 23
decay modes in Zn and W and of the detectors performaces following different
production strategies. Part of the data have been published; other developments
are in progress.

2. Measurements with a CeCls scintillator. First preliminary measurements suggest
the CeClj scintillator as an interesting detector for several possible applications in
the search for rare processes. A data taking in DAMA /R&D has been completed
and the data analysis is in progress.

3. Measurements with a commercial BaFy crystal to obtain accurate determinations
of the decay times of some Po and Rn isotopes (in U/Th chain) and study of rare
a processes. Data analysis is in progress.

4. Measurements started with a CdWO, crystal enriched with 1°°Cd at 66% to study
2/3 processes in 1%Cd. The work on the detector creation procedures has been
completed. The data taking has been started at fall 20009.

5. Design of new measurements at LNGS with low background CAWO, crystals with
Cd enriched in *Cd as preliminary feasibility study for future measurements able
to reach a sensitivity to the 280v decay of 16Cd at level of 10%* yr.

6. Preliminary works for future measurements.

Some of the results obtained in 2009 are summarized in the following.

4.1 Search for 23 decay in Zinc and Tungsten with low-background
ZnWO, crystal scintillators

A search for 2¢ capture and £3% decay of ®Zn with the help of large low background
ZnWOQy crystal scintillators has been performed. In addition, the search for double beta
decays of Zn, 18°W, and '8¢W has been realised as a by-product of the experiment.
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Results for double positron decay (257), electron capture with positron emission (¢57),
and capture of two electrons from atomic shells (2¢) are much more modest respect to
23~ studies. The most sensitive experiments give limits on the 2¢, e8% and 28" processes
on the level of 10'" — 10! yr [74]. Reasons for this situation are: (1) lower energy releases
in 2¢, ¢ and 287 processes in comparison with those in 23~ decay, that result in lower
probabilities of the processes, as well as making background suppression difficult; (2)
usually lower natural abundances of 28" isotopes (which are typically lower than 1%
with only few exceptions). Nevertheless, studies of neutrinoless 2¢ and e decays could
help to explain the mechanism of neutrinoless 25~ decay (is it due to non-zero neutrino
mass or to the right-handed admixtures in weak interactions) [75].

The nucleus %Zn is one of the few exceptions among 24+ nuclei having big natural
isotopic abundance (see Table 2 where properties of potentially 25 active nuclides present
in zinc tungstate (ZnWO,) crystals are listed). With the mass difference between 51Zn
and %Ni nuclei being 1095.7 keV [76], double electron capture and electron capture with
emission of positron are energetically allowed.

Table 2: Potentially 2/ active nuclides present in ZnWOQO, crystals.

Transition Energy Isotopic Decay Number of nuclei
release abundance channels | in 100 g of ZnWQOy4
(keV) [76] | (%) [77] crystal

047Zn—%Ni | 1095.7(0.7) | 48.268(0.321) | 2¢, 4T | 9.28 x 10%

M7n—"Ge | 998.5(2.2) | 0.631(0.009) |23~ 1.21 x 10%

180W 180 | 144(4) 0.12(0.01) 2e 2.31 x 10%°

186W 18605 | 489.9(1.4) | 28.43(0.19) | 23~ 5.47 x 102

It should be noted that possible evidence for e3* decay of %4Zn, with Tl(?;””)aﬁ -
(1.1 £ 0.9) x 10" yr, was presented in Ref. [78]. Earlier experiments with CdZnTe
semiconductor detectors [79] and ZnWO, crystal scintillator [80] were not sensitive enough

to check this claim due to the small mass of detectors used (few grams). Experiment [81]
with two detectors (HP Ge 456 cm?® and CsI(T1) ~400 cm?®) and a 460 g Zn sample only

gave a limit on the e4* decay of 4Zn: Tl(% 267 5 13 % 10 yr. Further improvements
of sensitivity were reached at the first stage [82] of the experiment summarised here and
have already been described in the 2008 LNGS report.

The ZnWO, crystal scintillators considered here were produced from two crystal
boules; their masses are 117, 699, and 168 g, respectively. The crystal boules were grown
by the Czochralski method from ZnWO, compounds prepared from two batches of zinc
oxide provided by different producers, and from the same tungsten oxide. To estimate
the presence of naturally occurring radioactive isotopes, as well as some other elements
important for growing of the crystals, the ZnWQO, samples were measured with the help of
Inductively Coupled Plasma - Mass Spectrometry (ICP-MS, Agilent Technologies model
7500a).

The ZnWOQ, crystals were fixed inside a cavity of @47 x 59 mm in the central part
of a polystyrene light-guide 66 mm in diameter and 312 mm in length. The cavity was
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filled up with high purity silicone oil. The light-guide was optically connected on opposite
sides by optical couplant to two low radioactivity EMI19265-B53/FL 3” photomultipliers
(PMT). The light-guide was wrapped by PTFE reflection tape.

The detector has been installed deep underground in the low background DAMA /R&D
set-up. An event-by-event data acquisition system accumulates the amplitude and the
arrival time of the events. The sum of the signals from the PMTs was recorded with the
sampling frequency of 20 MS/s over a time window of 100 us by a 8 bit transient digitizer
(DC270 Acqiris).

The measurements were carried out in four runs (see Table 3 for details). First, the

Table 3: Description of low background measurements with ZnWQ, crystal scintillators.
Times of measurements (t), energy intervals of data taking (AFE), energy resolutions at
the 662 keV ~ line of ¥"Cs (FWHM), and background counting rates (BG) in different
energy intervals are specified.

Run | Crystal t AE | FWHM BG (counts/(dayxkeV xkg)
scintillator | (h) | (MeV) | (%) in energy interval (MeV)
0.2-04 | 0.8-1.0 2.0-2.9 3.0-4.0
1 | ZWO-1 |1902 | 0.01-1| 115 | L03(3) | 0.27(1)
2 | ZWO-1 | 2906 | 0.054 | 126 |1.71(2)| 0.25(1) | 0.0072(7) | 0.0003(1)
3 | zZwOo-2 [2130 ] 0.054 | 146 |1.07(1) | 0.149(3) | 0.0072(4) | 0.00031(7)
4 ZWO-2a | 3292 | 0.01-1 11.0 1.52(2) | 0.211(7)

energy interval of data taking was chosen as 0.01 — 1 MeV with the aim to search for the
neutrino accompanied double electron capture in 4Zn. In particular, the data of the Run
1 has already been analyzed and published in [82]. Then the energy interval was changed
to 0.05 — 4 MeV in order to search for other possible double beta processes in 4Zn (Run
2). After that, the large ZWO-2 crystal was installed and the experiment was carried out
in the same energy range (Run 3). Finally the ZWO-2 crystal was cleaved in two parts;
one (ZWO-2a) was used in the Run 4 with the energy interval of data taking 0.01 — 1
MeV. The energy scale and resolution of the ZnWO, detectors have been measured with
2Na, 133Ba, 1¥7Cs, 22Th and ! Am ~ sources at the beginning and end of each run. The
energy resolutions of the ZnWQy, detectors for 662 keV ~ quanta of 1*"Cs are presented
in Table 3.

The energy spectra accumulated over Runs 2 and 3 with the ZnWO, detectors in the
low background set-up are shown in Fig.1. The spectra are normalized to the mass of the
crystals and to the time of the measurements.

The time-amplitude analysis, the pulse-shape discrimination, and the Monte Carlo
simulation were applied to reconstruct the background spectra and to estimate the ra-
dioactive contamination of the ZnWOQO, detectors. We have found ZnWQO, crystal scintil-
lators extremely radiopure detectors with typical contamination at the level of uBq/kg
(**Th and ?*Ra), < 0.06 mBq/kg (*'°Po), total a activity (U/Th) 0.2-0.4 mBq/kg,
< 0.4 mBq/kg (*°K), < 0.05 mBq/kg (37Cs), < 0.4 mBq/kg (*°Sr-°Y), < 0.01 mBq/kg
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Figure 1: (Color online) Energy spectra of ZnWO, scintillators measured in the low
background set-up during Run 2 (solid line) and Run 3 (dashed line). Energies of 7 lines
are in keV.

(**7Sm), and < 3 mBq/kg (¥'Rb).

There are no clear peculiarities in the measured energy spectra of the ZnWQO, de-
tectors, which can be interpreted as double beta decay of Zinc or Tungsten isotopes.
Therefore only lower half-life limits can be set according to the formula:

limTy/, =N-n-t-In2/lim S,

where N is the number of potentially 28 unstable nuclei, 7 is the detection efficiency, ¢
is the measuring time, and lim S is the number of events of the effect searched for which
can be excluded at a given confidence level (C.L.).

We have used different combinations of the accumulated data to reach maximal sensi-
tivity to the sought double beta processes. The response functions of the ZnWQO, detectors
for the 23 processes were simulated with the help of the GEANT4 code [83]. The ini-
tial kinematics of the particles emitted in the decays was generated with the DECAY0
event generator [84]. All the half-life limits on 23 decay processes in Zinc and Tungsten
obtained in the present experiment are summarized in Table 4 where results of the most
sensitive previous experiments are given for comparison.

The obtained bounds are well below the existing theoretical predictions [86, 87]; nev-
ertheless most of the limits are near one order of magnitude higher than those established
in previous experiments. It should be stressed that in contrast to a level of sensitivity
obtained for double 3~ decay (10% — 10% years in the best experiments), only two nuclei
(*°Ca and ™Kr) among potentially 2¢, ¢3%, 287 active isotopes were investigated at the
level of ~102! yr.

Further improvements in sensitivity can be reached by increasing the mass of the
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Table 4: Half-life limits on 2/ processes in Zn and W isotopes.

Transition Decay Level Ty /5 limit (yr)
channel of daughter Present work Previous results
nucleus 90%(68%) C.L. 90%(68%) C.L.
67Zn—%Ni | Ov2e g.s. > 1.1(2.8) x 102 | > 0.7(1.0) x 10™ [80]
> 3.4(5.5) x 10 [82]
Ovept g.8. > 4.3(5.7) x 102 | > 2.8 x 10! [79]

> 2.4(3.6) x 10'® [80]

> 1.3 x 10% [81]

> 2.2(6.1) x 10%° [82]
2veft g:s. >0.70(2.1) x 10% | = (1.1 £0.9) x 10" [78]
> 4.3(8.9) x 10 [80]

> 1.3 x 10% [81]

> 2.1(7.4) x 10%° [82]

n—"Ge | 0028~ | gs. >1.8(3.0) x 10 | > 0.7(1.4) x 10 [80]
w23~ | gs. > 2.3(4.0) x 107 | > 1.3(2.1) x 10 [80]
0v28-M1 | gs. >1.0(1.4) x 10

TSOW S TS0HF | O2e g.s. > 0.86(1.2) x 10 | > 0.9(1.3) x 107 [85]
22K g.s. > 6.6(9.4) x 107 | > 0.7(0.8) x 10'7 [85]

W ST560s | 0026~ | g.s. >21(42) x 10 | > 1.1(2.1) x 10°" [85]
0028~ | 27 (1372 keV) | > 2.1(4.2) x 102 | > 1.1(2.0) x 102! [85]
0v28~M1 | gs. > 5.8(8.6) x 10 | > 1.2(1.4) x 102 [85]
W2~ | gs. >2.3(2.8) x 101 | >3.7(5.3) x 10'8 [85]
228~ | 27 (1372 keV) | > 1.8(3.6) x 102 | > 1.0(1.3) x 10 [85]

ZmWQO, detector, suppression of external background and development of ZnWOQO, scin-
tillators with lower level of radioactive contamination. High abundance of %4Zn (48.3%)
allows to build a large scale experiment without expensive isotopical enrichment. An
experiment involving ~10 tons of non-enriched crystals (9 x 10*” nuclei of 54Zn) could
reach the half-life sensitivity ~3 x 10%® yr (supposing zero background during ten years of
measurements). Such a sensitivity could contribute to our understanding of the neutrino
mass mechanism and right-handed currents in neutrinoless processes [75]. The two neu-
trino double electron capture should be surely observed: in accordance with theoretical
expectations [86, 87], T}/, for the 2v2¢ process is predicted on the level of 10%° — 10%6 yr.
Further R&D developments of high performances, high radiopurity, large mass ZnWO,
scintillators are foreseen for this and other kinds of searches for rare processes.

4.2 Investigation of double  decay of '““Cd

The '%Cd isotope is one of the best candidates for the double 3 decay because of: 1) its
natural isotopic abundance and of the possibility to achieve samples enriched up to 100%
with the present technology; 2) its rather large Qgp value (2771 keV) and of the possibility
to study the various 2%, 81 e 2¢ decay modes; 3) the favourable theoretical estimates
of the half-lives. In particular, a low background CdWO, detector with Cd enriched in
196Cd at 66% has been realised (a technical paper has been in preparation during 2009)
and at the end of 2009 the detectors has been put in measurement in the low background
DAMA/R&D set-up.
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5 Measurements with DAMA /Ge and LNGS Ge fa-
cility

Various R&D developments to improve low background set-ups and scintillators as well

as new developments for higher radiopure PMTs are regularly carried out. The related

measurements on samples are usually performed by means of the DAMA low background

Ge detector, specially realized with a low Z window. It is operative deep underground in

the low background facility of the LNGS since many years. Some selected materials are

in addition measured with high sensitivity ICP-MS and mass spectrometers.
In particular, main data taking/results during year 2009 are:

e regular measurements on samples.

e first limits on neutrinoless resonant 2¢ captures in **Ce and new limits for other 23
processes in ¥9Ce and *8Ce isotopes with a CeCls crystal.

e analysis of the measurements (named ARMONIA) with a Molybdenum sample
(mass ~ 1 kg enriched in ™Mo at 99.5%) installed in the 47 low-background HP
Ge detectors facility completed and scientific paper in preparation in order to in-
vestigate the 2023 decay of ®Mo to the first excited 07 level of ®Ru.

e new measurements with LiF(W) aiming mainly to investigate "Li solar axion and
new efforts for future measurements.

e measurements with about Ru samples to investigate the radiopurity of this material
and to preliminariyly investigate the 23 processes of “*Ru and '*“Ru.

e the properties of a lithium molybdate (Li;MoQ,) single crystal — a potential detector
in searches for rare nuclear events — have been studied.

e new measurements on various subjects for next years are in preparation.

In the following just some of the results achieved in 2009 are summarized.

5.1 Properties of a LixMoO, single crystal: a potential detector
in searches for rare events

Properties of a lithium molybdate (LisMoOy) single crystal have been studied. Its ra-
diopurity has been measured deep underground with a HP Ge detector. The crystal is
not polluted by usual radioactive contaminants (activities were found to be <20 mBq/kg
for 23U chain, <30 mBq/kg for 23*Th chain, <4 mBq/kg for 1*"Cs and <8 mBq/kg for
%0Co), excluding *°K with (170 4+ 80) mBq/kg.

The perspectives of this crystal scintillator as a possible detector for search for some
rare nuclear processes has been estimated; in particular: double beta decay of °°Mo, and
resonant capture of possible solar axions on "Li.

The data collected with the Li;MoO,4 during 1240 h has allowed to set limit on the “Li
solar axion mass of 22 keV at 90% C.L. While this value is worse than the most stringent
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limit known to-date m, < 13.9 keV, obtained with samples of LiF powder and LiF(W)
crystal by our collaboration [88], nevertheless it is better than that obtained in the first
search for the “Li solar axions m, < 32 keV [89], giving space for possible good future
perspectives. In fact, the m, limit value obtained in the present work was restricted, in
particular, by the low value of efficiency (4.4%) and this could, clearly, be improved if
LisMoOQy crystals will be used as detectors in a “source = detector” approach.

5.2 First limits on neutrinoless resonant 2¢ captures in *Ce and
new limits for other 23 processes in *Ce and **Ce isotopes

The preliminary measurements performed with a small new CeCls crystal and a low-
background HP Ge detector (244 cm?) has been used to determine the internal radioactive
contamination of this crystal. Only limits (90% C.L.) were set for activity of radioactive
nuclides in the #*?Th chain (<0.2 Bq/kg), of “°K (<1.7 Bq/kg), of °Co (<0.04 Bq/kg),
of 37Cs (<0.06 Bq/kg), and for some radioactive isotopes in the lanthanide series: »?Eu
(<0.13 Bq/kg), "*Eu (<0.06 Bq/kg), '"Lu (<0.05 Bq/kg). However, activity was ob-
served for 23U as 0.36(19) Bq/kg, U as 0.70(7) Bq/kg, '**La as 0.68(5) Bq/kg (U
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Figure 2: (Color online) Part of the CeCly experimental spectrum in the energy region
of the 2¢0v captures in ¥Ce (a) and '¥®Ce (b). The arrows show the expected energies
for the 2K0v, KLOv and 2L0v decays; their error bars reflect the uncertainty in the
knowledge of the atomic mass differences: 13 keV for 1*Ce—1%Ba and 10 keV for 1*8Ce—
138Ba. The results of the fit of some peaks are also shown as examples: (a) the 2615 keV
peak of 2°°T1 and the expected peak at 2344 keV (**Ce 2K0v); (b) the 609 keV peak of
214Bi and the expected peak at 619 keV (**¥Ce 2K0v).
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activities could be related with the plastic and copper container of the CeCl; crystal).
These results are important for further developments and applications of this new kind
of scintillator.

The search for the characteristic radiation in the energy spectrum (see Fig. 2) has
allowed to set, for the first time, half life limits for different double electron captures in
136Ce to the excited levels of 1*Ba; the obtained results are in the range of (1—6) x 101 yr.
Several other decay modes in ¥Ce and '3¥Ce isotopes have been investigated; see in the
2009 publication list. In particular, the resonant 2¢0v captures to the levels of 2392.1 keV
and 2399.9 keV of 13Ba are limited as Ty > 24X 10'® yr and Ty > 41X 10'° yr at 90%
C.L., respectively. The sensitivity is limited by the small mass of the CeCl; sample (6.9
g) and by the low natural abundance of 3®Ce isotope (0.185%); these can be improved
in future experiments. In the simplest approach, a Ce sample with mass of ~1 kg can be
measured underground with a HP Ge detector. More sophisticated scheme with use of
big CeCl; (or CeF3, or CeBrs) scintillator working in coincidence with a HPGe detector
is under consideration too (also in relation with possibility to investigate 23 processes in
other scintillators). Expected sensitivity with use of natural Ce is at least around 10® yr,
and would be better with Ce enriched in *Ce isotope.

5.3 Search for double 5 decays of “"Ru and '"“Ru by ultra-low
background HPGe spectrometry

A search for double 3 processes in *Ru and '“*Ru was realized with the help of ultra-low
background HPGe v spectrometr (468 cm?®). The measurements performed over 158 h
with a 473 g sample of ruthenium were used to set new limits on double 3 processes in
%Ru in the range of T/ ~ 107! yr, which are two-three orders of magnitude higher
than those obtained in the previous experiment [90]. Search for 23 transition of '“Ru
to the 556 keV excited level of ®“Pd was carried out at the first time giving the limit
Ty > 3.5 % 101 yr. In particular, Fig. 3 shows part of the energy spectrum considered
for the 81 transition of “Ru to the excited 27 778 keV level of “*Mo; the peak expected
with the half-life 5.8 x 10'® yr is shown there.

These preliminary measurements demonstrate availability of *Ru as a favourable nu-
clide to search for 2e, e3% and 23" processes thanks to the large energy of the decay and
the comparatively high isotopic abundance. The search for the resonant Ov K L capture to
the 2700 keV level, and the Ov2L capture to the 2713 keV level is of a particular interest.
From this point of view more accurate determination of the difference in atomic masses
of %Ru and %Mo isotopes is strongly required. Precise study of the characteristics of the
2700 and 2713 keV levels of Mo (spin, parity, decay scheme) is important too.

The experiment is in progress. Preliminary results after 158 h of measurements are
reported in 2009 publication list; obtained half-life limits are 2 — 3 orders of magnitude
higher than those in literature; at present the data collected during 2164 h are under
analysis. However, the sensitivity is mainly limited by contamination of the ruthenium
by potassium on the level of 107* g g7!. R&D to purify the material is under way in
collaboration with the Kharkiv Institute of Physics and Technology (National Academy
of Sciences of Ukraine). When reducing the potassium contamination in the presently
available 1 kg of Ru by at least one order of magnitude and increasing the exposure up
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Figure 3: (Color online) Part of energy spectra accumulated with the ruthenium sample
over 158 h in the energy region of peak expected for 3% transition of Ru to the excited
2+ 778 keV level of “*Mo. Area of the peak corresponds to the half-life 5.8 x 10'® yr
excluded at 90% C.L.

to one—two yearsxkg, the sensitivity of the experiment would be improved of at least
one-two orders of magnitude in terms of half-life.

Further improvement of sensitivity can be achieved by using enriched “*Ru isotope,
and by increasing the detection efficiency and the exposition. Specially developed multi—
crystal HPGe detectors could be applied to reach a sensitivity to double 3 processes in
%Ru on the level of 1022724 yr. It corresponds to the theoretical predictions for the two
neutrino mode of 2e and 31 processes.

54 ARMONIA

The measurements, named ARMONIA, with a Molybdenum sample (mass ~ 1 kg enriched
in 1%Mo at 99.5%) installed in the 47 low-background HP Ge detectors facility was already
completed. The aim was to investigate the 232v decay of *°Mo to the first excited 07
level of 1%°Ru by investigating the spectrum of coincidence between two HP Ge detectors
when the energy window of one of the detectors is set to the expected energy of the gamma
quanta emitted in the 232v decay to ®Ru* (540 or 591 keV; width of window 2 keV is in
accordance with the energy resolution of the HP Ge at these energies). After some very
preliminary analysis on partial statistics [91]; new results, based on a statistics of about
17000 h, have preliminarily been released in ref. [92]. The final paper with complete data
analysis is in preparation.

Moreover, taking into account the previous results of the joint research with the group
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from INR-Kiev, and the works presently in progress, a program of research has been
developed that can profit of DAMA/R&D and/or DAMA /Ge. In particular we just list
main present and future activities in the following.

Research to be completed (continued):

e Search for 23 decay of zinc and tungsten with ZnWQ, crystal scintillators.
Further developments and measurements of/with ZnWO, crystal scintillators with
aim to improve the search for 23 decay of zinc and tungsten, measurements of half-
life of YW relatively to o decay, estimation of radioactive contamination of ZnWQO,
crystal scintillators.

e Search for “Li solar axions. Completion of the data analysis of the mesurement
to search for solar axions by using new LiF samples and ultra-low-background -~y
spectrometers of the LNGS. Completion of the data analysis of the measurements
of radioactive contamination of Lil(Eu) and LiF (W) crystal scintillators by the low-
background v spectrometers of the LNGS. R&D to develop new Lil(Eu) or/and LiF
crystal scintillators to be used in DAMA/R&D or DAMA /Ge.

e Search for 23 processes in Ru and '“Ru. Continuation of the measurement
to search for 23 decay of “Ru and '““Ru by using samples of ruthenium installed
in ultra-low background HP Ge v spectrometers at the LNGS. Radio-purification of
the samples.

e Search for the 23 decay of 'Cd with the help of cadmium tungstate
crystal scintillators enriched in '°Cd. Search for 23 decay of '°Cd with
the help of cadmium tungstate crystal scintillators enriched in stable isotope °6Cd
(195CAWO,) at the level of sensitivity of theoretical predictions (T, ~ 10%" — 1022
yr for 2€2v process) with the final goal to observe the neutrino accompanied mode
of 2¢, €47, and T3 processes in °Cd. Further R&D developments for future
measurements are foreseen.

Main measurements in preparation with INR-Kiev:

e Search for double 3 decay of ''°Cd with enriched '"*CdWO, crystal scin-
tillators. Advanced preparation with INR-Kiev of a measurement in DAMA /R&D
to search for 23 decay of 1*°Cd with enriched 1°CdWOQ, crystal scintillators at the
level of sensitivity Ty/p ~ 10%* yr, comparable to the best current and planned
experiments.

e Investigation of 23 decay of '’Nd to excited levels of 1°°Sm. Investigation of
the feasibility to test the previous report on observation of 2023 decay of 1°°Nd to the
first excited 07 level of 1°°Sm by using neodymium sample of a few kg mass installed
in an ultra-low background HP Ge v spectrometers of LNGS and improvements.

e Search for 2¢ and 31 decay of YPt. First search for 2¢ (including the resonant
process) and €37 decay of Pt by using ~ 0.1 kg sample of platinum installed in
an ultra-low background HP Ge ~ spectrometer of the LNGS.
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e Search for 2¢ and ¢3" decay of '¥1Os. First search for 2¢ (including the resonant
process) and €37 decay of ¥ Os by using about 0.3 kg sample of ultra-pure osmium
installed in an ultra-low background HPGe v spectrometer of LNGS.

e R&D of radiopure BaF, crystal scintillators to search for 25 decay of
130Ba and *?Ba. R&D of radiopure BaF, crystal scintillators to search for 243
decay of °Ba and 32Ba on the level of sensitivity ~ 10*' — 10*? yr with aim to
confirm or disprove the result of a geochemical experiment.

Subsequent improvements of all these measurements are foreseen depending on the
achieved results.

6 Conclusions

In conclusion, the main activities during year 2009 can be summarized as in the following:

I. The DAMA/LIBRA set-up is regularly in data taking and other two annual cycles are at
hand. We remind that the analysis of an exposure of 0.53 tonsxyear collected during the
first four annual cycles has already confirmed the presence of DM particles in the galac-
tic halo (8.20 C.L. cumulatively with the former DAMA /Nal) by exploiting the model
independent DM annual modulation signature. Further corollary model-dependent inves-
tigations have been regularly pursued. Moreover, new limits on possible PEP violating
processes in Sodium and lodine have been published.

II. The development of new low background PMTs with higher quantum efficiency has
been started. It is planned to install them in DAMA /LIBRA at fall 2010.

ITI. The RD-III towards the possible DAMA /1ton has been carried out on various aspects.

IV. The DAMA /LXe set-up has been in maintenance and, then, again in data taking
with Kr-free Xenon enriched in 3¢Xe.

V. The DAMA/R&D set-up has been used to perform various kinds of measurements;
several data analyses have been completed and other ones are in progress. Various other
relatively small scale experiments are in preparation.

VI. The DAMA/Ge is regularly in operation and various small scale experiments have
been performed, are in progress and in preparation.
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Abstract
The GERmanium Detector Array (GERDA) experiment searches for neutrinoless
double beta decay (0v3f3) of the isotope ©Ge. The goal is to reduce the background
by about two orders of magnitude compared to existing experiments and hence to
improve the sensitivity by an order of magnitude. For this, a new shielding concept
was chosen using pure liquids (water and liquid argon). In 2009, major parts of the
hardware were finished and the cryostat was filled.

1 Introduction

The observation of neutrinoless double beta decay (0vf3f) is the most sensitive experi-
mental method to test whether the neutrino is its own antiparticle. GERDA [1], currently
under construction in Hall A of LNGS, uses the isotope “°Ge to search for this decay.
Germanium diodes made out of enriched material (=~ 86% "°Ge) will be immersed in a
65 m? cryostat filled with liquid argon. These diodes are both source and detector of the
decay. Since no neutrino is emitted, the signal is a line at the () value of the decay. The
excellent energy resolution of the detectors helps to suppress backgrounds.

Argon is radiopure! and serves to cool the detectors to their operating temperature
and to shield against the radioactivity of the cryostat and the environmental activity of
the laboratory. The cryostat is surrounded by three meters of water as additional shield
and - with the installation of photo multipliers (PMT) - as Cherenkov muon veto. A
model of the experimental setup is shown in figure 1.

Above the water tank is a clean room for diode handling and at its center a lock
for transferring the detectors to the argon atmosphere. The lock includes the mechanics
for lowering the detectors and electrical feedthroughs. The building next to the water
tank contains all the infrastructure like the electronics for operating the diodes, a water
purification plant and safety devices for the cryostat.

The GERDA collaboration was founded in 2004 and has now about 100 authors from
15 institutions located in 6 countries. In 2009, most parts of the hardware were finished
and the commissioning started with the filling of the cryostat.

2 (Goal of the experiment

So far, all experiments searching for Ovgg are background limited. A background re-
duction is a prerequisite for an improved sensitivity. Especially advantageous is a quasi
background free situation since the sensitivity on the life time T/, scales then linearly
with time and detector mass. This is the goal of GERDA.

Part of the Heidelberg-Moscow collaboration claims evidence for the observation of
Ovfp [2]. For an integrated statistics of 71.7 kg-years, a signal of 28.75+6.86 was reported
which corresponds to a half-life of "*Ge of about T} /2 = 1.2:10% years. Other experiments
which use different isotopes are so far not sensitive enough to refute or confirm this claim.
This is partially due to the fact that theoretical calculations for nuclear matrix elements
are needed to relate the life times of different isotopes.

IThe @ value of 3°Ar is far below the one of Ovf3.
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Figure 1: Model of the GERDA experiment.

In a first phase, diodes used by the previous Heidelberg-Moscow and IGEX experiments
will be deployed. These have a total mass of 17.7 kg and a background rate below
0.01 cts/(keV-kg-y) is expected, which is an order of magnitude lower than for previous
experiments.

Since the background index for Phase I is expected to be a factor of 10 lower, even
with moderate statistics of 15 kg-years, GERDA should find six events above a background
of one event in the region of interest. This allows us to scrutinize the claim with a good
confidence level.

Additional diodes made out of newly bought enriched material will be operated in a
second phase. Due to additional background suppression techniques like segmented read-
out or enhanced pulse shape analysis, the goal background is then 0.001 cts/(keV-kg-y).
For an integrated statistics of 100 kg-years, the exclusion sensitivity is about T, >
1.4 - 10% years at 90% confidence level, i.e. a factor of 10 better than for the previous
Heidelberg-Moscow and IGEX experiments.
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3 Diodes and readout

The diodes of Heidelberg-Moscow and IGEX were tested and then removed from their
original cryostat. After refurbishment by Canberra, Belgium, they were mounted in the
final low mass holder and tested for leakage current and energy resolution. Currently they
are stored underground in vacuum. The detectors made out of natural germanium from
Genius-TF are also available. The characteristics of the detectors can be found in table 1.

Table 1: Characteristics of the enriched detectors from Heidelberg-Moscow (ANG 1-5) and
IGeX (RG 1-3) and non-enriched diodes from Genius-TF (GTF 32, 42, 44). The results
are obtained in liquid argon with the diodes mounted in their low-mass holders. The
mass is the total mass of the diode, the leakage current and the spectroscopic performance
(FWHM) for the 1.332 MeV ®Co line are measured at the given high voltage. The energy
resolution ranges between 2.5 and 5.1 keV. Tests showed that better energy resolution can
be achieved by improving the HV contact via further polishing of the diode surface. This
procedure will be used for ANG 4-5 and RG 1-2 which show inferior energy resolution
despite of their low leakage current. ANG 3 will be reprocessed by Canberra before its is
deployed.

name mass voltage current resolution (FWHM)

e (V) (A (keV)
ANG 1 958 3500 235 2.6
ANG 2 2833 4000 65 2.5
ANG 3 2391 3000 200 5.1
ANG 4 2372 3000 40 4.4
ANG 5 2746 1800 60 4.0
RG1 2110 4500 65 4.4
RG 2 2166 4000 60 4.1
RG 3 2087 3500 800 3.5
GTF 32 2321 3200 20 2.5
GTF 42 2467 3000 35 3.2
GTF 44 2465 3500 95 3.0

Three detectors will be connected to form one string. About 35 cm above the highest
detector is a cuflon PCB which holds the charge sensitive amplifiers for the 3 channels.
The distance is given by the radioactivity of the PCB which is exclusively due to the
passive components.

A conventional charge sensitive amplifier for diode readout is built with discrete com-
ponents. It can not be operated in liquid argon which is a requirement of GERDA and
it has high mass which also means high radioactivity. GERDA therefore decided to build
a custom made chip (ASIC) in CMOS technology which is the ideal choice. The current
version is called PZ0. It has a good intrinsic energy resolution of 1.2 keV for a pulser sig-
nal equivalent to an energy deposition of 1 MeV in germanium and for a 33 pF capacitor
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Figure 2: The string with two diodes during the commissioning in Hall di Montaggio.

at the input. To reduce the cross talk between different channels on the same ASIC and
to improve its capability to drive a 50 Ohm 10 m long output cable, a new version was
designed in 2009.

Above the PCB is the bottom part of the so-called pogo pin matrix. The latter is
the removable part of the mechanical and electrical interface between the string and the
support and cables inside the lock. The string is assembled in a clean bench in nitrogen
atmosphere and then transferred to the lock.

In 2009, a preliminary version of the lock was built and assembled in Hall di Montaggio.
This setup allowed to operate a string with two detectors and helped to identify and fix
several problems. This commissioning lock will be used in the first start-up of GERDA.

A picture of the assembled string can be seen in figure 2. The detector performances
are shown in figure 3. The measured resolutions of full width half maximum (FWHM)
of 2.9 keV are quite satisfactory. The cross talk is about 1% between the two readout
channels and needs further study.

For detector calibration we use a ?**Th source. To reduce neutrons from (a,n) re-
actions in the ceramic package of commercial sources, GERDA has ordered a source in a
gold package. At PSI, Switzerland, the ThCl solution was converted to oxide and the
packaging and certification was done by Eckert&Ziegler, Prague. The («,n) threshold of
gold is 9.9 MeV and therefore higher than all a energies of the thorium decay chain. For
the 20 kBq source produced, a neutron rate of (0.017£0.003) n/s was measured.
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Figure 3: ®Co energy spectrum of the two detector string. The line at 1 MeV is from a
pulser and has FWHM of 2.2 keV.

4 Detectors for Phase 11

In 2006, GERDA purchased 37.5 kg of germanium enriched to about 87% in ®Ge in form
of GeOs. Since we did not find a manufacturer to grow n-type crystals, we contacted the
Institut fiir Kristallziichtung (IKZ) in Berlin. IKZ is in the process to pull high-purity
crystals suitable for detector production using the float-zone and Czochralski method.

The conversion from oxide to metal with 6N purity - the input quality for crystal grow-
ing - was successfully demonstrated in 2009 by the company PPM Pure Metal, Germany.
A yield of more than 90% was achieved simply by reducing the oxide in a hydrogen atmo-
sphere and by zone refinement, i.e. no chemistry was required to reach the required purity
and yield. No degradation of the enrichment was observed. This procedure was tested
with depleted material which was collected during the enrichment process and which was
processed chemically in the same way.

To improve the rejection power for background events from internal and external
gammas, the outer surface diode contact can be segmented and individually read out.
Gammas of a few MeV energy have a mean free path of typically one cm while about 90%
of the signal events deposit all energy within a few mm. Coincidence signals in several
segments can therefore be used to identify background.

Several 18-fold segmented n-type diodes (true coaxial detectors) have been purchased
from Canberra, Lingolsheim, and tested for their background rejection capabilities [3, 4, 5].
These detectors have been operated with stable performance over the period of 3 and 5
months in liquid argon and nitrogen, respectively.

The time variation of the diode current signal can also be used to detect energy deposits
originating from different radii, i.e. to reject photon backgrounds. The total background
rejection and signal efficiency for such a diode is given in table 2 for a ??®Th source
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Table 2: Background rejection and signal efficiency for an 18-fold segmented detector
and a BEGe detector. For the BEGe detector a pulse shape analysis based on the ratio
of maximal current over total charge in an event is used. For the segmented detector
a combination of pulse shape analysis and segment anti-coincidence cut is used. The
numbers are for a ?**Th source and the double escape peak (DEP) efficiency is typical
for the signal efficiency. The events rejected at the energy (Jsp are multiple scattering
Compton events from the 2.6 MeV line.

energy BEGe segmented detector
DEP 90% 82%
1.62 MeV ~ line  12% 19%
2.6 MeV ~ line 10% 15%
OFF: 42% 48%

Figure 4: Current pulses for two events as recorded with a BEGe detector. Left: for a sin-
gle site event. Right: for an event with multiple energy depositions which is characteristic
for background events.

spectrum. The double escape peak (DEP) of the 2.6 MeV line mimics the behaviour of
signal events.

In 2009, GERDA also exploited another diode type [6]. The thick-window Broad Energy
GErmanium detectors (BEGe) from Canberra, Belgium, are p-type diodes with cylindrical
shape and a small contact on one front face. The electric field strength is largest close
to the contact and the current signal is therefore largest when the drifting holes reach
the contact. The drift time depends on the position of the energy deposition and the
identification of several current pulse therefore indicates background from gammas. This
is shown in figure 4 for an event with a single current pulse (single site event) and an
event with multiple pulses. A cut on the maximum of the current over the total charge
can therefore select signal events. The rejection power of such a detector mounted in a
standard cryostat is summarized in table 2. We successfully operated a BEGe detector
also in a low mass holder in liquid argon without performance deterioration in energy
resolution, pulse shape discrimination and stability.

To test the feasibility not only of the detector technology but of the entire produc-
tion chain starting from the enriched material to the fabrication of the diodes, GERDA
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has ordered for both diode types detectors. We start with depleted material which was
processed by PPM. The metal was then sent to Canberra in Oak Ridge and to IKZ for
growing p-type and n-type crystals, respectively. In January 2010, we received the first
three crystals slices from Canberra which are now being processed in Belgium. At IKZ,
a small n-type crystal with an acceptable net charge carrier level of 4 x 10 /cm? was
grown with the float-zone method. The Czochralski puller turned out to be contaminated
with arsenic, i.e. impurities have been an order of magnitude too large. It was completely
electro-polished and crystals are expected to be pulled in 2010.

5 Cryostat and water tank

After the cryostat completion in 2007, the water tank was built around it and then the
GERDA building followed. In 2009, the clean room was finished and the cryogenic in-
frastructure which includes cryogenic storage tanks for argon and nitrogen, transfer lines,
control valves and safety valves, a water - argon gas heat exchanger and the connection
to the LNGS ventilation system were built. The heater is used to heat up the cold gas in
case of an emergency before discharging it to the ventilation.

The infrastructure installed inside the cryostat includes temperature sensors, two cop-
per heat exchangers for cooling of the liquid argon with liquid nitrogen and different fill
level sensors.

By Christmas 2009, the cryostat was filled with liquid argon and it is operated stably
since then. The active cooling with nitrogen avoids argon losses.

The water purification plant was finished in 2009. For filling, the water is taken from
the BOREXINO water plant and then flows through a filter with 4.5 pm pore size before it
enters the GERDA tank. We will constantly recirculate the water with a rate of 2-4 m?®/h
through the above mentioned filter and an ionic resin. The water should have a resistivity
above 17 MQ-cm at 25 °C (to keep radioactive contaminations at a low level) and a level
of Total Organic Carbon below 20 ppb (to ensure good optical properties). Above the
water level is a nitrogen gas buffer at a small overpressure (30 mbar) to avoid air entering
the water.

For the safety of LNGS it is important to drain the 600 m?® water within two hours. A
first test in 2009 showed that the installed flow regulators could not guarantee this. New
devices and tests are needed before the water tank can be filled.

6 Muon veto

The water acts not only as passive shield against gammas and neutrons but is also
equipped with PMTs to veto muons [7]. In 2009, the walls were covered with VM2000
foil which acts as reflector and wavelength shifter. Then, 66 PMTs were mounted at
the cylindrical wall, the bottom surface and below the cryostat inside its support skirt.
Figure 5 shows pictures taken inside the water tank before and after the installation.

To cover also the central part of the experiment, plastic panels of 1.5 cm thickness
will be positioned on top of the clean room and cover the central 4 m?2.
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Figure 5: Pictures taken before (top) and after the installation of the VM2000 foil and the
PMTs (middle). The bottom picture shows a 360° view of the volume below the cryostat.

89



In total, a veto efficiency above 99% is expected for those muons which deposit energy
in a diode.

7 Low-background test stand LArGe

An additional background reduction can be achieved if the energy deposited in the liquid
argon can be measured and used in anti-coincidence to the signal in the germanium
detectors. Since argon scintillates, the light can be read out with PMTs.

First tests with a small 19 kg setup showed the potential of this method [8, 9]. To test
this option in a more realistic assembly, a 1 m® copper cryostat was installed in 2009 in
the underground Germanium Detector Laboratory (GDL). The inner cryostat walls are
covered with VM2000. Nine PMTs with low internal radioactivity view the volume from
the top and a string of germanium diodes can be deployed into the center. Figure 6 shows
pictures taken during the installation of the cryostat. The cryostat is shielded with (from
inside to outside) copper, lead, steel and polyethylene. The cryostat also allows cooling
of the argon with liquid nitrogen and hence to compensate any thermal losses.

The commissioning of this setup is ongoing and a lock will be installed in 2010.
It allows to transfer the diodes into the argon atmosphere and contains all electrical
feedthroughs.

Figure 6: Integration of the low-background test stand LARGE in GDL. Left: View of
the PMT bank prior to installation inside the cryostat. Center: View from the inside
of the cryostat on the PMT bank and the reflecting wavelength shifting foil covering the
internal walls of the cryostat. Right: View on the top flange of the cryostat with the
vacuum insulated cryogenic lines and signal feed throughs.

8 Material screening

During the construction, GERDA relied heavily on several gamma screening facilities at
LNGS, the MPI for Nuclear Physics in Heidelberg, the Institute for Reference Materials
and Measurements in Geel and the Russian screening facility in Baksan (see e.g. [10]).
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All are operated by members of the collaboration. During 2009, mainly the electronics
components of the PCB have been screened.

The emanation of 2?2Rn of most materials inside the argon gas volume has been
measured. Samples were stored in a container with a clean buffer gas. After a period of
1-2 weeks, the buffer gas was extracted together with the radon atoms. Radon was then
trapped in cold charcoal filters and eventually transferred to a proportional counter where
« decays of the radon chain were detected.

The cryostat emanation has been measured at different times. For such a measurement
the entire cryostat is filled with clean nitrogen gas. After the grow-in period, part of the
gas is extracted and radon is detected as discussed before. For the empty cryostat, the
emanation was 14 + 2 mBq which is quite low for the size of the container. After the
installation of all pipes, the value increased to 55 +4 mBq. There is evidence that the
additional contributions are located in the top part of the cryostat which is in the gas
phase [11].

The behaviour of radon and its daughters in gaseous and liquid nitrogen has been
studied. Radon and its daughters - when emanated into the gas phase - prefer to stick to
cold walls rather than to dissolve into the liquid. However surfaces on high voltage (like
the diode surfaces) attract radon daughters. We have therefore installed a cylinder made
out of 30 pum thick copper foil around the position of the germanium array. This cylinder
is electrically isolated from the cryostat and can act as attractor for radon daughters.

An electrostatic radon monitor with a volume of 711 liters was built and installed in
2009. It will be connected to the exhaust gas of the cryostat and measure online the
emanation. The sensitivity is estimated to be 70 uBq.

9 Neutron capture cross sections

Neutron induced reactions are among the most dangerous background sources for OvS3f3
searches. Inelastic scattering of neutrons in excess of 4 MeV can excite levels in "%Ge
which during decay emit gammas in the vicinity of ()gz. Similarly, after neutron capture
the instable ""Ge is formed, which undergoes beta decay to ""As, followed by a second
beta emission to “"Se. Furthermore, the prompt gamma intensities in “"Ge are known for
about 15% of the total strength.

While not important in phase I, the neutron induced background will become signifi-
cant at later stages. Thus, a thorough program has been started to measure the capture
cross section on "®Ge ( and ™Ge) and the decay of (™ Ge . Included is the determination
of the prompt spectrum. The analysis is hampered by the poor knowledge of branching
ratios which keep up the systematic errors while the statistics could be strongly improved
with the new measurements at the cold neutron facility reactor FRM2 in Munich. For
details of the present results see references [12, 13].

10 Data acquisition

The analog data will be digitized by 100 MHz flash ADCs. For the muon PMTs, a
commercial VME based solution was chosen while a special NIM based hardware with PCI
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bus readout was built for the germanium diodes. Both systems have similar specifications,
e.g. both use the same clock and have a trapezoidal filter implemented in hardware for
triggering.

All hardware including a stable pulser for the germanium diodes, high voltage and low
voltage power supplies and a calibration system for the PMTs is available.

11 Simulation

The simulation of an experiment by Monte Carlo methods is mandatory from the very
beginning. For the design of GERDA, all different background contributions had to be
simulated and this process continued over the years in more detail. To ensure reliable
results, we decided to base our simulation mainly on GEANT4 which is widely used. A
framework called MaGe was developed in cooperation with the MAJORANA collaboration
[14].

The activities during 2009 include a new Monte Carlo campaign to generate a library
of background contributions from all sources for a close to final geometry. The sum of all
spectra with a proper weighting for the individual contributions is a realistic expectation
for the experiment. Vice versa, the spectrum seen in GERDA for the individual diodes is
the weighted sum from all background sources and the calculation of the weights is an
important part of the analysis. A toolkit was developed for this task.

Another activity focuses on the simulation of the current pulses. Starting from elec-
tric field calculations for a BEGe detector for a given impurity distribution, the displace-
ment current was simulated for the energy depositions calculated by MaGe. Finally, the
measured impulse response function of the electronics was used and included in the full
simulation. Figure 7 shows as an example the simulated (solid blue) and data (crosses
and dashed line) integrated current signals for an ?*! Am source. The low energy gamma
of 59.5 keV deposits all energy locally, i.e. all pulses look similar.

12 Summary

In 2009, the construction of all major hardware items was finished. To speed up the
commissioning of the final installation, a test stand was built in Hall di Montaggio. Two
diodes were operated successfully. The operation of the cryostat started by filling it with
liquid argon.

In 2010, the commissioning setup from Hall di Montaggio will transfer to the GERDA
site. It allows to operate up to 12 diodes and we expect first results on the background
level of the experiment by deploying the diodes of Heidelberg-Moscow and IGEX.
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Figure 7: Comparison between an experimental charge pulse (crosses), the average exper-
imental pulse (dashed line) and the simulated pulse (blue solid line) for a BEGe detector.
Data have been collected with a collimated ?*! Am source placed on the top surface of the
detector. The deviations of the simulated signal from the average signal are small than
the single event noise fluctuations.
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1 Introduction

The technology of the Liquid Argon Time Projection Chamber (LAr TPC), first proposed
by C. Rubbia in 1977 [1], was conceived as a tool for a completely uniform imaging with
high accuracy of massive volumes. The operational principle of the LAr TPC is based
on the fact that in highly purified LAr ionization tracks can be transported practically
undistorted by a uniform electric field over macroscopic distances. Imaging is provided
by a suitable set of electrodes (wires) placed at the end of the drift path continuously
sensing and recording the signals induced by the drifting electrons.

Non—destructive read—out of ionization electrons by charge induction allows to detect
the signal of electrons crossing subsequent wire planes with different orientation. This pro-
vides several projective views of the same event, hence allowing space point reconstruction
and precise calorimetric measurement.

A large volume detector (about 450 m? corresponding to more than 600 t of LAr),
the T600 detector, has been built and tested (Pavia 2001). Successively it has been
transported to LNGS (Hall B) and re-assembly of the cryogenics infrastructure took place
over the last past few years. Completion of the whole experimental set-up has been
achieved during 2009 and the first step of commissioning phase (namely the cryostat
evacuation by vacuum pumping) is currently under way.

Liquid Argon filling and start of operation is expected by spring 2010.

2 Activity in Hall-B (LNGS)

During 2009 an intense hardware activity has been performed aiming at the completion of
the ICARUS T600 cryogenic plant and ancillary instrumentation. This activity is briefly
summarized in the following sub-sections.

2.1 Liquefaction Plant (Stirling)

Dedicated tests showed the incorrect functioning of the LN, transfer circuit to the storage
dewars located on the top floor of the Icarus structure. It was therefore necessary a re-
shaping of the pumping system. A new design has been proposed and after realization and
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installation, it was successfully tested in June 2009. Since then this part of the cryogenic
plant is under continuous operation.

2.2 Process Control

From a careful survey of the (cryogenic) ”Process Control” system, it was identified the
need of a further hw/sw redundancy to reach full reliability. The hw instrumentation
necessary for this issue has been quickly provided. In particular, final test of the correct
alignment between the ICARUS-Air Liquide (AEI) process control system and the LNGS
supervisor system (SCADA-LNGS) is presently (end of 2009) under way.

2.3 Insulation panel replacement

During a detector survey on May 13, 2009 a damaged evacuated insulation panel was
found. Behind the grid of the north wall, the lower part of the insulation panel turned
out to be deformed. No vacuum loss was however detected.

e According to AirLiquide investigations, the accident was due to a wrong mounting
of a fraction of the honeycomb structure of the panel.

e An ad-hoc INFN committee, including ICARUS members, proposed to replace the
full honeycomb insulation panel with a new insulation material (Divinycell) which
does not require vacuum.

e The new solution implies an increase of the heat loss from 7 to 17 W/m? from the
panel surface. The overall heat load of the cryostat is however practically unaffected.

e AirLiquide agreed on the proposal and included a new monitoring system of the
stability and deformations of the vertical pannels.

Replacement of the insulation panel has been completed by Dec. 2009. Additional dis-
placement sensors have been mounted to check for deformations of the panels (data in-
cluded in the Process Control system).

In parallel, the vacuum tightness of the other insulation panels (base and lateral walls)
has been checked. Leakage He-tests have been performed, and two minor leaks have been
found and repaired. After this operation, vacuum of the insulation panels reached the
design level (2 + 4 x 1072 mbar at room temperature).

2.4 Signal feed-through flange replacement

In the first tests in over-pressure seal casualties were recorded at the flexible connection
of gas recirculation and (most important) substantial losses on the signals feed-through
flanges (these lead to the decision of complete replacement, for a total of about 100 pieces
(see next section).
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The T600 signal flanges had been designed by the ICARUS collaboration and built
and tested by an external company (DG-Technology, Parma, Italy). They are composed
of a stainless body, shaped as a CF200 flange (Conflat).

The stainless bulk has been machined to obtain 9 slots each housing a printed circuit

Figure 1: [Left] Signal feed-through flange - old type, external view. [Right] internal view.

equipped with two connectors at both ends. Each connector holds 32 signal leads and the
corresponding screens. As a whole the flange holds 576 channels. Two additional printed
circuits housed in smaller lateral slots hold 4 coaxial channels each, equipped with SMA
connectors.

Stycast epoxy glue (by Emerson & Cumming) fills the slots holding the printed circuit
in place and should provide the vacuum tightness. The flanges were tested by DG-
Technology before delivery and tested again in Pavia in 2001, before being installed on
the first T600 half module. Flange is shown in Fig.1.

Tests done with overpressure in the T600, after its installation at the LNGS, made evident
an important flange leak problem, on at least half of them. As a consequence it was decided
to replace all the flanges with new ones realized according to a design developed within
the collaboration and granted by a registered patent.

The new flanges, designed by INFN-Padova and composed of a sandwich of printed
circuit boards (PCB) strengthened by carbon fiber sheets. Inner layers hold metallized
passing-through holes, while the outer layers have metallized blind holes electrically con-
nected with the inner ones but out of axis with respect to them, to insure the vacuum
tightness. The photographs in Fig.2 show the PCB hosting the connectors and insuring
the vacuum tightness.

2.4.1 Tests of the new flanges

The complete new flange is shown in Fig.3 (external and internal sides respectively).
After connectors soldering araldite is poured on the surfaces not to improve the vacuum
tightness but to mechanically protect the soldered contacts, having adopted the SMT
(Surface Mounting Technology) technique as shown in Fig.3. Being polarized to the wire
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Figure 2: Signal feed-through flange - new type, G10 (vetronite) frame

potential unprotected contacts could accumulate dust and lose their insulation with time.
After gluing the stainless rings, flanges are tested to check their vacuum tightness. During

Figure 3: [Left] Signal feed-through flange - NEW type, external view. [Right] internal view..

the test the detected leak was required to be better than 1. x 107 mbar 1/s operating
with a vacuum of 2 x 1072 mbar.
During second half of October '09 all the old design flanges have been removed and
replaced by the new ones. The replacement required also the use of a small adapting
board and a short cable on the inner side to match the existing inner cables to the new
connectors equipping the flange: the details are shown in Fig.4.

After the complete installation of the new flanges, leak tests confirmed the vacuum
tightness of the new design flanges. Details of the replacement of the flanges on the
detector chimneys are shown in Fig.5.

2.5 Cryostats Vacuum tightness and cleaning

After signal feed-through flanges replacement, over-pressure leak test, and then, primary
vacuum tests indicated the persistence of significant losses attributable (after careful and
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Figure 4: Adapting board and cable.

Figure 5: Signal feed-through flange - NEW type: mounting on the signal chimneys.

repeated measures) to other flanges, or to the flexible recirculation circuit. It was decided
to test the seal of the flanges of closure of the manholes. Thus we noted the imperfect
closure of the latter and decided to intervene with an operation of welding. This step was
completed at the end of December.
Commissioning of the two cryostat with vacuum pumping was therefore finally started.
The displacement of the walls of the cryostats (in arbitrary units) as a function of
pressure, is illustrated in Fig.6. It is evident from the linearity of the displacement that
it was operating under elastic conditions. The evolution of the pressure in cryostats is
shown in Fig.7, as well as the partial pressures of gas extracted.
The conditions achieved are very good. The pumping will be continued until the
cooling phase will begin.
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Figure 6: Displacement of the walls (Arb. Units) of the cryostats as a function of pressure.

2.6 Detector read-out test

A campaign of tests of the read-out electronics was conducted in December 2009, injecting
test pulse signals in the decoupling boards, to measure the electronic noise, perform an
initial calibration of different channels and check the linearity of the response. Unfortu-
nately, it was not possible to create suitable low noise conditions of the system. Because
of the concurrent work to verify the operation of the cryostats, the top floor (where the
electronics is located) was not accessible and therefore it was not possible to close the
electrostatic screens of the cables from the flanges to the decoupling boards. Moreover, all
the activities related to vacuum pumping and check (pumps, UPS and other equipment
on top of the detector) introduced severe additional noise on the front-end electronics,
that deteriorated the measures. Overall, 33 electronics cabinets were acquired out of 40 of
the second half-module, varying the amplitude and duration of the injected signal. Only
10 % of these had acceptable noise conditions. The test has however allowed to verify the
operation of algorithms of automatic analysis and extraction of calibration constants.

As an example, Fig.8 [Left] shows, for the boards in a group of three consecutive
cabinets, the value of the amplitude of the signal in response to a test-pulse, while Fig.8
[Right] shows the linearity of the response of a card by changing width of the step-signal
used to inject the test pulse.

2.7 Off-line software

The current software is an evolution of what already developed and used for the data
from the Pavia test. Developments, either completed or under final validation, are:

e Root data sharing;
e Mysql data sharing, for databases handling (online and offline);

e DAta Compression decoding;
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Figure 7:  [Left] Behavior of pressure during vacuum pumping. [Right| partial pressures of
gas extracted

e Automatic search algorithms for track and vertex;

e Full 3D reconstruction;

e Automatic analysis of calibration data;

e Muon momentum determination by multiple scattering;
e LAr purity determination with crossing muon tracks;

e Light signal analysis from PMTs;

e EIM. shower reconstruction: lateral and longitudinal profile.
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Figure 8: [Left] Collection boards response in a group of three consecutive cabinets. [Right]
Linearity of the response.

3 Development of a new real time algorithm for track
finding

A new hit finding algorithm has been developed aiming at a higher efficiency signal identi-
fication with respect to the one implemented in the DAEDALUS chip, both for collection
and induction wires.

In the ICARUS detector the signal produced by ionization on a single wire, after
shaping by front end electronics, corresponds to a peak of duration 30-40 t-samples (1
t-sample equal to 400 ns) whose height is about 15 ADC counts (1 ADC count ~ 1000
electrons). The signal is immersed in noise with both low frequency components, baseline
modulation of amplitude up to 15 ADC counts, and high frequency components that look
like short peaks of about 5 t-sample duration and amplitude of 3-4 ADC counts. Due to
the baseline oscillation it is not easy to identify efficiently the signal with simple threshold
discrimination.

Therefore the signal extraction requires estimating the baseline and subtracting it. At
the same time to reduce identification of the fake hits it is required to reduce the high
frequency noise while preserving the signal amplitude as much as possible. To fulfill these
two tasks an algorithm based on double rebinning of the wire signals has been developed.
It is based on the method of sliding window , choosing a window width of 8 t-samples
(< that a typical signal duration) for short rebinning size and 128 for long rebinning (>
than the signal duration), and threshold 6 (~ one half of a mip signal).

The algorithm has been tested on the data collected in 2001 in Pavia. Efficiency in
hit finding above 99 % has been found while fake identification remain less than 1%.

Recently the algorithm has been implemented on XILINX-FPGA’s that has been used
to replace the daedalus chips on some CAEN-V789 ICARUS DAQ boards acting on 32
wires simultaneously, for real-time hit finding on single wires. The LAr-TPC test facility
at LNL (Icarino) has been equipped with these modified DAQ boards (3 in collection
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Figure 9: Vertical through-going muon event in the LNL LAr-TPC. The red contour areas are
the stretched hit found peak, while the blue contour include a majority parameter (> 8 out of
32 wires).

mode and 3 for induction for a total of 96+96 wires). Efficiency, tested with exposure to
cosmic rays, has been found in full agreements with off-line results both for collection and
induction.

Additional programmable features (time-above-threshold, peak-stretching, signal ma-
jority) have been added to the algorithm to perfect its use in terms of self triggering.
This filtering procedure can be applied also to the search for negative signal, setting a
parameter called polarity.

As an example, Figure 9 shows a typical crossing muon event. The red contour areas

are the stretched hit found peak, while the blue contour include a majority parameter (>
8 out of 32 wires).
Fig.10 [Left] and [Right] show the efficiency as a function of threshold for the collection
and induction wires respectively. Fake hits are shown in Fig.11 [Left] and [Right]. A fake
rate less than 1 % is reached with a threshold of 6 which guarantees an efficiency better
than 99 % both in induction and collection. As a further test on the algorithm quality,
a "solar neutrino trigger” has been implemented, requiring signal hit found only on the
central 32 wires and nothing on the adjacent 32 + 32. Fig.12 [Left] shows an event, Fig.12
[Right] shows the energy distribution (in the MeV threshold) of the events selected by
this trigger.

Given the excellent performance of the algorithm and the FPGA implementation well
suited for on-line signal extraction, the possibility to replace all the DAEDALUS chips
on the T600 DAQ boards is under serious investigation.
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Figure 10: [Left] Detection efficiency in the collection plane both for straight and inclined
muon tracks (black dots), compared with the off-line algorithm results (in blue). [Right]
Detection efficiency in the induction plane.
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Figure 11: [Left] Fake hits rate for the collection plane. [Right] Fake hits rate for the induction
plane.

4 Conclusions

The ICARUS T600 detector, a large-mass Liquid Argon TPC, is now completely installed
in the underground Gran Sasso Laboratory.

The commissioning phase has been finally started with the first step of the vacuum pump-
ing in the two vessels. Vacuum pumping is expected to last few months (down to the
107° mbar range), and successively the cooling step and the final LAr filling step will take
place (presumably by spring 2010).

Publications in 2009
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Abstract

The principal goal of the LUNA experiment is the measurement of thermonu-
clear fusion cross sections relevant for stellar nucleosynthesis. In the course of the
year 2009, the reaction N(p,y)!%0 was measured and a feasibility study on the
D(a,y)5Li reaction was performed. Moreover, the data analysis of the 2>Mg(p,y)?5 Al
was finished and results are going to be published. In this report, a brief description
of the future reaction to be measured, namely the proton capture on 70, is also
given.
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1 "N(p,7)"°O

The CNO cycles dominate the energy production in stars more massive than our Sun, be-
longing to second or later generation and with an appreciable abundance of CNO isotopes.
The CNO cycles are characterized by sequences of radiative capture reactions and g decay
processes. The proton capture at '°N introduces a reaction branch linking the first CNO
or CN cycle with the second CNO or NO cycles. The ratio between the reaction rate of
the ®N(p,7)*0O and the N(p,ay)'2C reactions directly determines the nucleosynthesis
of the oxygen isotopes 90, 170 and '80. The reaction rate at stellar energies is domi-
nated by two broad low-energy resonances at E, = 335 and 1028 keV and the associated
interference terms [1]. In addition, it is expected to have a strong non-resonant direct cap-
ture component which may significantly contribute to the reaction cross-section at stellar
energies. Before the LUNA measurements, the cross section was studied from E, = 150
to 2500 keV [2, 3] but at energies corresponding to the interference region between the
two resonances and for energies E, < 300 keV the uncertainty of the data is rather large
bringing to a big error on the extrapolated reaction rate. New precision experimental
data at these energies are therefore extremely important.

In a first effort, a re-analysis of the data acquired during a past measurement of the
YN (p,7)*?0 reaction with a high efficiency BGO detector was performed, exploiting the
fact that the gas target was composed of natural nitrogen (0.3% °N). The data covered
only a limited energy range (90-230 keV) and were affected by large uncertainties at low
energy [4]. This measurement was already described in the 2008 LNGS Annual Report.
Then, a systematic study using enriched °N solid targets and HPGe detectors over a
wide energy range was undertaken, in collaboration with the University of Notre Dame
(USA).This is described in subsection 1.1. Finally, the lowest energies were reached with
an high efficiency BGO detector and enriched solid targets. This is described in subsection
1.2.

1.1 Measurement of >N (p,7)!°O over a wide energy range in col-
laboration with the University of Notre Dame, USA (P. J.
LeBlanc, J. Gorres and M. Wiescher)

Three different accelerators were used during this phase, namely the 4 MV and the 1 MV
Van der Graff accelerators at the University of Notre Dame and the LUNA IT 400 kV
Cockroft Walton machine at LNGS. The first was used in the energy range from 700 to
1800 keV with low intensity, the second from 285 to 700 keV with medium intensity and the
last from 130 to 400 keV with high intensity. The energy range of each machine was chosen
in order to overlap with that of another machine. The Ti- N targets were fabricated
in Karlsruhe by reactive sputtering of Ti in a Nitrogen atmosphere enriched in N to
99.95%. Isotopical abundances were experimentally verified by comparing the yield of the
UN(p,y)150 278 keV resonance [5] from the enriched targets with that obtained using a
target produced with a natural nitrogen gas. At Notre Dame, the ~-rays were observed
using a HPGe Clover detector consisting of four HPGe crystals contained in the same
cryostat. At Gran Sasso, a single crystal, 126% HPGe detector was used. The detectors
were put at an angle of 45deg in order to minimize any possible angular distribution
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Figure 1: Astrophysical S-factor of the N(p,7)*O reaction obtained in the LUNA-
NotreDame joint experiment together with the AZURE R-matrix fit.

effect and allow the detector to be as close as possible to the reaction spot. The relative
efficiency of the detectors were measured using radioactive sources and well known proton
capture reaction, according to the procedure described in [5]. The excitation function for
the ground state transition of the reaction N(p,7)'®0O was measured from 131 to 1800
keV. An R-matrix analysis with the code AZURE [6] was performed including the two
broad 1~ resonances plus a direct capture contribution. Figure 1 shows the astrophysical
S-factor data as a function of the center of mass energy together with the R-matrix fit.
The results on the lowest energy resonance agree with those of ref [2] while those on the
highest energy one are compatible with those of ref [3].

1.2 Measurement of °’N(p,7)!°O at LUNA with solid state tar-
gets and BGO detector

Based on the experience gained with the spin-off analysis of the data acquired during the
measurement of the “N(p,7)!50 reaction [4] and in the experimental phases described
in sec. 1.1, the LUNA collaboration started an additional experiment on *N(p,)'O. In
this approach, solid state targets similar to those used for the measurements described
in sec.1.1 have been produced by reactive plasma deposition of TiN onto Ta backings
at FZ Karlsruhe, Germany, and at the Laboratori Nazionali di Legnaro (LNL), Italy.
These targets have been mounted inside the LUNA BGO detector (Figure 2) where they
have been bombarded with protons provided by the LUNA 400kV accelerator. The BGO
detector consists in six separated segments which digitized separately and stored on disk
event by event [7]. The trigger of the ADCs is given by the sum of all six elements which
must be higher than approximately 2 MeV, low enough compared to the gamma ray of
12.4 MeV emitted by the studied reaction. The data have been calibrated and summed
off line. A typical spectrum obtained with this setup is shown in Figure 3.

The use of the high efficiency BGO detector allowed to extend the energy range of the
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Figure 2: Setup used for investigating the ®N(p,7)!®O reaction with solid state targets
and a BGO detector.
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Figure 3: Typical BGO spectrum obtained during the »N(p,7)'®O experiment with a
beam energy E, = 250keV and a beam current of I = 200pA. The most relevant back-
ground lines are indicated in the spectrum.
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Figure 4: Resonance scans performed at FZD on two different Ti'°N targets bombarded
in the course of the experiment with 46 C (left) and 10 C (right). The red (green) points
indicate the scans performed before (after) irradiation at LUNA.

measurement down to 70 keV, the lowest energy data point obtained for this reaction.
This energy corresponds to the Gamow peak for N(p,7)*¢O in Novae and AGB stars.
As a consequence, after the conclusion of these measurements no extrapolation will be
any more needed for these astrophysical environments.

One major problem faced in the course of this experiment is the limited energy
range of the LUNA 400kV accelerator, as for this reaction no narrow reference reso-
nance for systematic determination of target stoichiometry and thickness is available be-
low E, = 400 keV: The resonance at E, = 335 keV has a width of 91 keV and is thus
too broad to serve this aim. For this reason, the resonance at E, = 429.57 keV with a
width of 0.1 keV is normally used for normalization. However this resonance is out of the
energy range of the LUNA 400kV accelerator.

To overcome the shortcoming, all targets have been studied with the E, = 429.57 keV
resonance before and after the measurements at LUNA using the 3MV Tandetron acceler-
ator of the Forschungszentrum Dresden (FZD). Typical results are displayed in Figure 4.
The modification of the target quality as a function of the total amount of charge accu-
mulated on a given target is clearly visible. In the course of the data analysis it turned
out that, in particular in the energy region of the 335 keV resonance, an exact knowledge
of the target profile is of paramount importance also to determine the effective reaction
energy [8, 9].

In addition, selected targets have been analyzed by Elastic Recoil Detection (ERD)
at the University of Munich in order to independently verify the target stoichiometry
assumed to be Ti/N = 1. An additional test engaging a Secondary Nuclear Mass Spec-
troscopy (SNMS) at ATOMKI (Hungary) did not provide useful information due to the
rough target backings and to the background of N caused by the residual gas in the
SNMS apparatus.

The efficiency of the setup has been determined by a Geant 4 based Monte Carlo Code.
The simulation has been tested using the reaction ''B(p,vy)!2C' which emits gamma rays
in the same energy range as the reaction »N(p,7)'®O. Simulated and measured spectra
are in good agreement giving confidence on the obtained efficiency (Figure 5).

After the conclusion of the data taking in November 2009, the data are now being
analyzed by two different groups of the collaboration and a publication of the final results
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Figure 5: Simulations (black and blue) compared with measurements (red) of the reaction
UB(p,7)'C performed to check the efficiency obtained with GEANT 4. The spectrum on
the left panel has been obtained by first constructing off-line the spectra for each element
of BGO detector and then summing them together. The spectrum on the right panel
is obtained by summing event by event the energies deposited in the six elements. The
difference between the red and the black curve is caused by different angular distributions
assumed in the simulations.

is foreseen in 2010.

2  D(a,v)’Li reaction

In its standard picture,the Big Bang nucleosynthesis occurs during the first three min-
utes of universe, with the formation of light elements such as D, 3He, *He, SLi and "L,
through the reaction chain shown in figure 6. Due to its outstanding importance in the
Big Bang Nucleosynthesis, the D(«,y)°Li reaction is part of the LUNA scientific program
approved by the LNGS Scientific Committee for the next five years [10]. Its reaction rate
determines the amount of primordial ¢ Li abundance in the universe. In spite of its impor-
tance, this reaction has not been directly measured in the region of interest. In fact, the
reaction yield of this reaction is very low, probably being a weak, non resonant electric
quadrupole transition. On the other hand, theoretical calculations differ by two orders of
magnitude, leaving a noticeable uncertainty in the calculation of primordial 5Li [11].

The direct measurement of the D(c,v)®Li reaction can be performed at the LUNA 400 &V
accelerator using an a-beam, a deuterium gas-target and a HPGe detector (135% effi-
ciency) mounted in close geometry. The intrinsic beam induced background associated to
this reaction is a side effect that has to be dealt with. In fact, the D(«a, a)d Rutherford
scattering induces the D(d,n)*He and D(d, p)t reactions (see figure 7). While the D(d, p)t
reaction is not a problem in this context, the neutrons produced by the D(d,n)*He re-
action (Ep(e.m.) = 2450 keV) induce (n,n’y) reactions in the HPGe detector and in the
surrounding materials, generating a beam-induced background in the v — ray spectrum,
and, in particular, in the energy region around 1.6 MeV, where the capture transition to
the ground state of °Li is expected. An analytical code simulation has been developed to
calculate the neutron yield in different experimental conditions [12], and a test measure-
ment has been performed in march 2009 [13]. The set-up used for the test is schematically
shown in figure 8. Inside the scattering chamber a silicon detector was installed to mea-
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Figure 6: Simplified scheme of the BBN reaction chain.

Figure 7: Schematic of the D(«, «)d Rutherford scattering of the o beam particles on the
deuterium target.

sure the protons generated in the D(d, p)t reaction. Since the cross sections for both the
D(d,p)t and D(d,n)He reactions are known, the measurement of the number of protons
detected can be related to the number of neutrons produced. The efficiency of the silicon
detector was computed with the LUNA Monte Carlo simulation code [14]. Figure 9 shows
the obtained simulated spectrum of the Silicon detector: the peak at about 3 MeV is due
to the protons of the D(d,p)t reaction (Epcm) = 3022 keV'). Outside the chamber, a
HPGe detector was placed at a distance of 9 ¢m from the beam axis to measure the back-
ground induced by the beam in the v-ray spectra. The experimental contitions during
the test were: beam energy F, = 330 keV, average current I, = 130 pA and two different
target pressures Ppeuterium = 0.5 and 1.0 mbar. Figure 10 shows the spectrum acquired
by the silicon detector at the two different pressures. The result is in good agreement
with our calculations (see figure 9). As foreseen, the production of protons (and neutrons)
is approximately proportional to the squared target density. The recorded HPGe spectra
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Figure 8: Schematic diagram of the experimental set-up used in March 2009 for the
D(av,7)5Li test.

are shown in figure 11. Various v transitions due to the interaction of neutrons with the
Germanium and the surrounding materials (Fe, Pb, Cu) can be identified as well as the
dependence of the beam-induced background on the pressure. The peak at E, = 693 keV/,
is due to the interaction of neutrons with the germanium atoms of the detector itself [15].

The test of march allowed to define the set-up for the D(«,v)®Li reaction. A new
chamber has been realized in the LNGS mechanical workshop (see figure 12. It consists
of a steel box properly shaped to host the HPGe detector at a distance of 2 ¢m from
the beam axes. Inside the chamber is inserted a tube 16 ¢m long, with a square cross
section of 222 em?. The tube strongly reduces the effective gas volume and therefore
the D(d,n)He reaction yield. Finally, two silicon detectors are faced to the gas target
volume to monitor the running conditions through the detection of protons generated in
the D(d, p)t reaction. The new chamber has been successfully tested at the end of 2009,
implementing the set-up with a lead shield and a radon box, to minimize the natural
background. The measurement of D(«,~)%Li reaction should start in the middle of 2010.
The reaction chamber can be considered a neutron source with an intensity up to few tens
of neutron/second. For this reason, an external shield of borated paraffin 10 em thick will
be mounted.

3 Study of low-energy (p,y) resonances on Magne-
sium isotopes

Observations from satellites [16] have mapped the Sky in the light of the prominent ~-ray
line at E, = 1809 keV of the f-decay of ?®Al (T, = 7 x 10° yr). The intensity of the
line corresponds to about 6 solar masses of Al in our galaxy [17]. The presence of 26Al
in the interstellar medium has been determined from the observation of 2°Mg isotopic
enrichment (extinct 2°Al) in carbonaceous meteorites [18]. While the observations from
COMPTEL and INTEGRAL provided evidence that 2°Al nucleosynthesis is still active on
a large scale, the Mg isotopic variations show that Mg must have been produced within
the last 4.6 billion years since the condensation of the solar-system. Any astrophysical
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Figure 9: Simulated proton spectrum of the D(d,p)t reaction obtained with the LUNA
Monte Carlo simulation code with a pressure of 1 mbar at E, = 330 keV .

scenario for 26 Al nucleosynthesis must be concordant with both observations.The 26Al is
produced mainly via the 2Mg(p,v)?9Al capture reaction. The most important site for the
activation of this reaction is the hydrogen-burning shell in off-main-sequence stars of any
mass [19].

Moreover, a global anticorrelation between the abundances of Mg and Al has been
observed, e.g. in Globular Cluster stars [20]. This observation is to the present knowledge
coupled to the nucleosynthesis processes involving the Mg-Al cycle occurring in the H-
burning shell of the primeval generation of AGB and massive stars. A detailed knowledge
of these processes is a fundamental step toward a general understanding of the formation
of the building blocks of our Galaxy.

The uncertainties in the present stellar models are closely related to a precise evalua-
tion of the relevant reactions of the Mg-Al cycle, e.g. 2*Mg(p,y)**Al and **Mg(p,y)*° AL
The reaction *Mg(p,7)?9Al is dominated by narrow resonances. These resonances de-
cay in complex ~v-ray cascades either to the ground state of 2Al or an isomeric state at
Ey = 228 keV. Only the ground state transition is of astrophysical relevance since the
ground state decays into the first excited state of 2Mg with the subsequent y-ray emis-
sion observed by the satellite telescopes. The strengths of these 2>Mg(p,7)?0 Al resonances
have been experimentally studied down to an energy of E = 190 keV [21]. Nevertheless,
the present uncertainty is insufficient for precise models. At LUNA resonances down to
an energy of E = 93 keV are accessible with a largely improved precision compared to
previous experiments. In particular, a disagreement between resonance strengths mea-
sured by 7-ray spectroscopy and delayed AMS (Accelerator Mass Spectrometry) detection
of the 2°Al nuclei after a proton irradiation of Mg target at the relevant energies has
been recently reported [22]. The nuclear reaction rate of 2*Mg(p,v)*Al at astrophysi-
cal energies has a contribution by a low-energy resonance at E = 214 keV. Moreover, a
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Figure 10: Experimental proton spectra of the D(d, p)t reaction recorded in the silicon
detector with F, = 330 keV and two different pressures P = 0.5 (top panel) and 1.0 mbar
(bottom panel).

strong direct capture component dominates the resonance contribution. The estimate of
the latter contribution is solely based on the experimental data from [23]. Additionally,
the E = 214 keV resonance strength carries a large systematic discrepancy between the
existing data [24].

At LUNA-400 kV new measurements of the strengths of some resonances in proton
captures on Mg isotopes were performed. The resonances were studied using Mg targets
with the well known isotopic composition of natural Mg as well as enriched 2°Mg target. In
order to reduce the systematic uncertainties arising from the detection technique, several
independent methods have been used. The absolute value of the resonance strengths
were measured with both a high resolution HPGe detector and a high efficiency 47 BGO
summing crystal. The latter setup was used also for the low-energy studies.

As an alternative method - only in case of the **Mg(p,v)?9Al resonance at E = 304
keV - an enriched Mg target was irradiated with a proton beam and after a proper
chemical treatment the number of produced 2°Al nuclei were counted by means of the
AMS (Accelerator Mass Spectrometry) technique, using the CIRCE (Center for Isotopic
Research on Cultural and Environmental Heritage) facility in Caserta, Italy.

We have completed the analysis (strengths wvy and branching ratios) for the E =
214, 304, and 326 keV resonances in the reactions 2*Mg(p,y)?*Al, ®Mg(p,y)?**Al, and
26Mg(p,y)?"Al, respectively. These new results together with selected previous work are
used to calculate updated recommended values for the resonance strengths. The full re-
sults will be published soon [25]. We stress that the new results were obtained from mea-
surements with partly independent approaches, yielding a remarkable agreement among
them. Moreover, particular attention was paid to the critical problem of target stoichiom-
etry and its variation under beam bombardment: a severe problem for Mg targets.

The *Mg(p,7)?Al resonance strength given by NACRE [1] is basically confirmed
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Figure 11: ~-ray spectra of the D(a,v)®Li reaction recorded at E, = 330 keV with a
HPGe detector. The blu curve represents a background spectrum with Ny at P = 1 mbar
in the target. The red curve corresponds to the spectrum at Pyeyterium = 0.5 mbar, while
the green one is the spectrum observed at Pyeyierium = 1 mbar.

by the present experiment. We suggest to use the NACRE rate until the results for low-
energy »Mg(p,7)? Al resonances, i.e. the resonances at E = 93 and 190 keV for which the
analysis is already far advanced, will be available. However, the uncertainty of the E = 304
keV resonance could be reduced to 4%. This is important since this resonance serves as
a normalization for the measurements at low-energies and, thus, those results will benefit
strongly from the present work. Furthermore, the primary branching ratios have been
measured with high accuracy and the ground state feeding probability could be extracted.
The additional AMS measurement based on an irradiation performed simultaneously to
a y-ray detection showed no systematic difference between both detection techniques and
is a strong evidence for the internal consistency of the present approach. The case of
2AMg(p,y)?®Al is rather complex. The present recommended w7y of the lowest resonance
in this reaction is lower by more than 10% compared to the latest published measurement
[24]. However, a strong direct capture component dominates the resonance contribution
and a reanalysis of the reaction at astrophysical energies by using an R-matrix formalism
may proof worthwhile. The reaction 26Mg(p,7)*" Al proceeds very fast at all temperatures
compared to the other Mg-Al cycle reactions and, therefore, its astrophysical implications
are negligible. Nevertheless, an apparent discrepancy in the literature [1] has been solved
and the strength of the E = 326 keV 26Mg(p,v)?" Al resonance was measured with a high
accuracy.

4 Future measurements: the study of '’O(p,v)'*F and
17 14
O(p,a)'N
The "O+p thermonuclear reaction rate is of paramount importance for understanding

hydrogen burning in a number of different stellar environments, including Red Giants,
Massive stars [26], Asymptotic Giant Branch (AGB) stars [27] in the stellar temperature

121



Figure 12: Drawing of the chamber realized at the LNGS mechanical workshop for the
D(a,7)8Li measurement, tested at the end of 2009.

range T=0.03-0.1 GK and Classical Novae [28] in the stellar temperature range T=0.1-
0.4 GK. These temperature ranges correspond to Gamow peak energy ranges of 26-140
keV and 70-370 keV, respectively. Moreover, the knowledge of the process "O(p,y)*®F,
followed by the ®F 3% decay, is related to the F production during the AGB phase.
The origin of Fluorine is a longstanding problem in nuclear astrophysics. The 7O(p,y)*F
and O(p,a)™N reactions have an impact on all these issues governing the destruction of
70O and the production of '8F [28]. As pointed out by [29], varying the "O(p,y)'®F and
7O(p,a )N reaction rates within the adopted uncertainty intervals produce a change of
the 17O and '8F isotopic abundances by more than a factor 2 in Nova nucleosynthesis.

The '8F energy level scheme is quite complex: the low resonances at ERrap="70 and
193 keV are believed to dominate the Nova energy region. The minimum energy explored
up to now in nuclear physics laboratories is well above the region of interest implying that
values used in stellar model calculations are based on extrapolations.

The first experimental phase at LUNA will focus on the study of the properties of the -
cascade and of any possible contaminant reaction (proton captures on 'B, 12C, 19F, 23Na)
with a HPGe detector. The second phase will instead use a high efficiency BGO detector to
reach the lowest energies, down to E,=90 keV. At such energy, assuming a target density
of 10" atoms/cm? and an average current of 200 pA, the counting rate is expected to be
about 30 counts/day. The targets will be produced in the LNGS chemistry laboratory
by an anodization process of thick tantalum backings in 7O enriched (70%) water. The
procedure is well established [30]: stable targets with well defined stoichiometry TasOj
are expected. Through a variation of the anodizaton voltage different thicknesses can be
obtained.

5 List of publications

“Direct measurement of the > N(p,y ) O total cross section at nova energies”,

122



D. Bemmerer, A. Caciolli, R. Bonetti, C. Broggini, F. Confortola , P. Corvisiero ,
H. Costantini , Z. Elekes, A. Formicola, Zs Fulop, G. Gervino , A. Guglielmetti., C.
Gustavino , Gy. Gyurky, M. Junker , B. Limata , M. Marta , R. Menegazzo , P.
Prati , V. Roca , C. Rolfs , C. Rossi Alvarez, E. Somorjai and O. Straniero (The
LUNA collaboration),

J. Phys. G: Nucl. Part. Phys. 36 (2009) 045202.

“Ultra-sensitive in-beam gamma-ray spectroscopy for nuclear astrophysics at LUNA”,
A. Caciolli, L. Agostino, D. Bemmerer, R. Bonetti, C. Broggini, F. Confortola,
P. Corvisiero, H. Costantini, Z. Elekes, A. Formicola, Zs. Fulop, G. Gervino, A.
Guglielmetti, C. Gustavino, Gy. Gyurky, G. Imbriani, M. Junker, M. Laubenstein,
A. Lemut, B. Limata, M. Marta, C. Mazzocchi, R. Menegazzo, P. Prati, V. Roca,
C. Rolfs, C. Rossi Alvarez, E. Somorjai, O. Straniero, F. Strieder, F. Terrasi and H.
P. Trautvetter,

Eur. Phys. J. A 39 (2009) 179.

Conference and seminar contributions

D. Bemmerer, “Nuclear Physics Underground”, invited talk at the VIII Latin Amer-
ican Symposium on Nuclear Physics and Applications, December 2009, Santiago de
Chile, Chile.

D. Bemmerer, “The "N(p,gamma)'®O reaction studied at LUNA”, poster at the
EPS European Nuclear Physics Conference 2009, March 2009, Bochum, Germany.

D. Bemmerer, “Sensitive in-beam gamma-ray spectroscopy for nuclear astrophysics
at LUNA”  poster at the international conference Nuclear Physics in Astrophysics
IV, June 2009, Frascati, Italy.

C. Broggini, “LUNA and the Sun”, invited talk at the International Conference
Nuclear Structure and Dynamics, May 2009, Dubrovnik, Croatia.

C. Broggini, “LUNA and the Sun”, invited seminar at the International School of
Nuclear Physics, 31! course, September 2009, Erice, Italy.

A. Caciolli, “Study of the N(p,7)'%0O reaction at the LUNA accelerator with a
BGO detector”, oral presentation at the international conference Nuclear Physics
in Astrophysics IV, June 2009, Frascati, Italy.

A. Caciolli, “Study of the N(p,7)'%O reaction at the LUNA accelerator with a
gas target setup”, oral presentation at the V European School of Astrophysics of
S.Tecla, September 2009, S.Tecla (CT), Italy.

H. Costantini, “Nuclear Astrophysics at the Gran Sasso Underground Laboratory,
oral presentation at the European Nuclear Physics Conference, March 2009, Bochum,
Germany.

123



- H. Costantini, “Nuclear Astrophysics at the Gran Sasso Underground Laboratory,
seminar at APC, Paris, France, February 2009.

- H. Costantini, “Nuclear Astrophysics at the Gran Sasso Underground Laboratory,
seminar at CPPM, Marseille, France, February 2009.

- Zs. Fulop, “The LUNA experiment: an overview”, talk at the VII Tours Symposium
on Nuclear Physics and Astrophysics, November 2009, Kobe, Japan.

- Zs. Fulop, “Nuclear Astrophysics at Surface Facilities”, invited talk at the Workshop
on Nuclear Astrophysics Opportunities at the Underground Laboratory in Canfranc,
February 2009, Barcelona, Spain.

- A. Guglielmetti, “Progress of LUNA, invited talk at the international conference
Nuclear Physics in Astrophysics IV, June 2009, Frascati, Italy.

- G. Imbriani, “Why to go underground to study the stars”, lecture at the V European
School of Astrophysics of S.Tecla, September 2009, Santa Tecla (CT), Italy.

- C. Mazzocchi, “Nuclear astrophysics deep underground: the case of the °N(p,y)'®O
reaction at LUNA, oral presentation at the 12¢* Int. Conf. on Nuclear Reaction
Mechanisms, June 2009, Varenna, Italy.

- C. Mazzocchi, “Nuclear astrophysics deep underground: the LUNA experiment,
seminar at the Department of Physics and Astronomy, University of Tennessee,
Knoxville-TN, USA, August 2009.

- C. Magzgzocchi, “Astrofisica nucleare in laboratori sotterranei: l’esperimento luna,
seminar at Laboratori Nazionali del Sud, Catania, Italy, July 20009.

- O. Straniero, “Nuclear reactions in stellar interiors” invited talk at the meeting
HELAS, Synergies between solar and stellar modelling, June 2009, Rome, Italy.

- F. Strieder, “Direct Measurements of the low energy resonances in 2Mg(p,v)?°Al”,
oral presentation at the EuNPC Meeting, March 2009, Bochum, Germany.

References
[1] C. Angulo et al., Nucl. Phys. A 656, 3 (1999)
[2] D.F. Hebbard, Nucl. Phys. A 15, 289 (1960)
[3] C. Rolfs and W. Rodney, Nucl. Phys. A 235,450 (1974)
[4] D. Bemmerer et al., J. Phys. G 36, 045202 (2009)
[5] G. Imbriani et al, Eur. Phys. J. A 25 (2005) 455
[6] R.E. Azuma et al., submitted to PRC, 2010.

124



[7] A.Ordine et al., IEEE Transaction in Nuclear Science 45 No.3, 873 ( 1998)

[8] C.Rolfs and W.S.Rodney, Cauldrons in the Cosmos (University of Chicago Press,
1988)

9] A. Lemut, Eur. Phys. J. A36, 233 (2008)
[10] XXVII Meeting of the Gran Sasso Scientific Committee (April 18-19, 2007).
[11] P. D. Serpico et al., JCAP 0412 (2004) 010 [arXiv:astro-ph/0408076].
[12] P. Corvisiero, C. Gustavino and A. Lemut: Report on the D(«,v)%Li at LUNA.

[13] P. Corvisiero and C. Gustavino: D(«,7)°Li measurement at LUNA: results of the
test performed in March 2009 for the 2010 experiment, July 24th, 2009.

[14] C. Arpesella et al., Nucl. Instr. and Meth in Phys. Res. A360 (1995) 607.

[15] G. F. Knoll, Radiation Detection and Measurement (Third Edition), (Wiley, New
York, 2000).

[16] C. Winkler, T.C. Courvoisier, G. Di Cocco et al., A&A, 411 (2003) L1.
[17] R. Diehl et al., Nature 439 (2006) 45.

[18] G.J. Wasserburg, in Protostars and planet II, edited by D.C. Black and M.S.
Matthews (Universirty of Arizona Press, Tucson, 1985), p.703.

[19] O. Straniero, R. Gallino, S. Cristallo, Nucl. Phys. A 777 (2006) 311.
[20] E. Carretta et al., Astron. Astroph. 505 (2009) 139.

[21] C. Hiadis et al., Nucl. Phy. A 512 (1990) 509.

[22] A. Arazi et al., Phys. Rev. C 74 (2006) 025802.

[23] H.-P. Trautvetter and C. Rolfs, Nucl. Phys. A 242 (1975) 519.
[24] D.C. Powell et al., Nucl. Phys. A 660 (1999) 349.

[25] The LUNA collaboration, Phys. Rev. C (in preparation, 2010).
[26] R.D. Hoffman et al., Astrophys. J. 549, 1085 (2001)

[27] A. 1. Boothroyd et al., Astrophys. J. 430, L77 (1994)

28] A. Coc et al., Astron. Astrophys. 357, 561 (2000)

[29] C. Hliadis et al., Astrophys. J. Suppl. Ser. 134, 151 (2001)

[30] D. Phillips et al., Nucl. Instr. and Meth. A 135, 389 (1976)

125



2009 LVD STATUS REPORT

The LVD Collaboration

N.Yu.Agafonova?, M.Aglietta'*, E.D.Alyea’, P.Antonioli’, G.Badino'*, G.Bari!,
M.Basile!, V.S.Berezinsky?, M.Bertaina!4, R.Bertoni'*, V.V.Boyarkin®, A. Bonardi'4,
G.Bruni!, G.Bruno®, G.Cara Romeo!, A.Chiavassa'®, J.A.Chinellato?, L.Cifarelli',
F.Cindolo!, A.Contin', V.L.Dadykin®, E.A. Dobrynina®, L.G.Dos Santos®, R.I.Enikeev?,
W.Fulgione'*, P.Galeotti'*, M.Garbini', P.L.Ghia®>'*, P.Giusti', F.Gomez'*, F.Grianti?,
G.Jacobucci!, E.Kemp?, E.V.Korolkova®, V.B.Korchaguin?, V.V.Kuznetsov?,
M.Luvisetto!, A.A.Machado®, A.S.Malgin®, H.Menghetti', N.Mengotti Silva3,

A Molinario'4, C.Morello'*, R.Nania!, K.Okei'?, L.Periale'*, R.Persiani!, A.Pesci!,
P.Picchi'4, I.A.Pless®, A.Porta'*, A.Romero'*, V.G.Ryasny®, O.G.Ryazhskaya®,
O.Saavedra!?, K.Saitoh!3, G.Sartorelli!, M.Selvi!, N.Taborgna®, N.Takahashi'?,
V.P.Talochkin?, G.C.Trinchero'*, S.Tsujil!, A.Turtelli®, P.Vallania'4, S.Vernetto!*,
C.Vigorito'*, L.Votano*, R.Weinstein®, M.Widgoff?, V.F.Yakushev?, G.T.Zatsepin?,
A Zichichi'*

University of Bologna and INFN-Bologna, Italy
2Brown University, Providence, USA
3 University of Campinas, Campinas, Brazil
4 INFN-LNF, Frascati, Italy
> INFN-LNGS, Assergi, Italy
6 University of Houston, Houston, USA
" Indiana University, Bloomington, USA
8 Massachusetts Institute of Technology, Cambridge, USA
9 Institute for Nuclear Research, Russian Academy of Sciences, Moscow, Russia
10" Okayama University, Okayama, Japan
" Kawasaki Medical School, Kurashiki, Japan
12 Hirosaki University, Hirosaki, Japan
13 Ashikaga Institute of Technology, Ashikaga, Japan
4 JFSI-INAF, Torino; University of Torino and INFN-Torino, Italy

*Spokesperson of the LVD experiment

127



Abstract

The Large Volume Detector (LVD) in the INFN Gran Sasso National Laboratory
(LNGS), Italy, is a v observatory mainly designed to study neutrinos from core
collapse supernovae. The experiment has been monitoring the Galaxy since June
1992, under increasing larger configurations: in January 2001 it has reached its final
active mass M = 1 kt. No burst candidate has been found over 5618 days of live-
time, the resulting 90% c.l. upper limit to the rate of gravitational stellar collapses
in the Galaxy (D < 20 kpc) is 0.15 y~ 1.

Since July 2005 LVD participates to the Supernovae Early Warning System
(SNEWS), the network of SN neutrino observatories whose main goal is to provide
the astronomical community with a prompt alert for the next galactic core collapse
supernova explosion.

Since 2006 LVD acts as a far beam monitor for the Cern Neutrinos to Gran Sasso
(CNGS) project, the high energy, wide band v, beam, set up at Cern and sent
towards the LNGS.

The study of the seasonal modulation of the cosmic muon flux during 2001-2008

has been completed. An annual modulation with average amplitude 1.5% and max-
imum intensity in July has been found, in agreement with previous measurements
at LNGS.
The low threshold channel of the LVD electronics, dedicated to the detection of
gammas from (n,p) capture, is continuously monitored to keep under control the
detector performance during long periods allowing to measure the environmental
conditions. The analysis of these data during 1997-2009 shows the existence of
a seasonal modulation with the maximum occurring at the end of August due to
changes of the radon concentration in the experimental hall.

1 The LVD experiment

The Large Volume Detector (LVD), located in the hall A of the INFN Gran Sasso National
Laboratory, Italy, consists of 1000 tons of liquid scintillator arranged in a modular geom-
etry. The major purpose of LVD is the search for neutrinos from Gravitational Stellar
Collapses (GSC) in our Galaxy [1].

The detector consists of an array of 840 scintillator counters, 1.5 m? each. The whole
array is divided in three identical "towers” with independent power supply, trigger and
data acquisition. In turn, each tower consists of 35 "modules” hosting a cluster of 8
counters. Each counter is viewed from the top by three photomultipliers (PMTs).

The main neutrino reaction in LVD! is 7,p — e™n, which gives two detectable signals:
the prompt one, due to the e*, followed by the signal from the (n,p) capture (E, = 2.2
MeV) with a mean delay of ~ 185 us.

The trigger logic is optimized for the detection of both products of the inverse beta decay
and is based on the three-fold coincidence of the PMTs of a single counter. Each PMT
is discriminated at two different thresholds resulting in two possible levels of coincidence
between a counter’s PMTs: H and L, corresponding to £ ~ 4 MeV and &, ~ 500 KeV.

ILVD is also sensitive to (;)i +e” %(lj)i + e~ scattering; (v, + 7.) c.c. interactions and (;)i n.c.
interactions with carbon.
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The iron support structure of the
detector can also act as a target for
neutrinos and antineutrinos. The
products of the interaction can exit
iron and be detected in the lig-
uid scintillator.  The amount of
neutrino-iron interactions can be as
high as about 20% of the total num-
ber of interactions.

The signal observable in LVD, in
different reactions and due to differ-
ent kinds of neutrinos, besides pro-
viding astrophysical informations

on the nature of the collapse, is sen- Figure 1: On-line trigger efficiency versus dis-

siti.ve t.o intrinsic'u prope:Fties, a5 tance (lower scale) and percentage of SN1987A
OSCIHE_LUOH Of: THASSIVE neutrlr'los a‘nd signal at 10 kpc (upper scale) for Eq.=7-10MeV
can give an important contribution (light green and dark blue lines, respectively) and

to '(ieﬁne some of the ne}ltr.ino oscil- yr— 900 (dotted) and 1000t (continuous) for LVD
lation properties still missing. stand alone.

We have studied [2] how neutrino oscillations affect the signal detected by LVD and
also evaluated the impact on the signal of the astrophysical parameters of the supernova
explosion mechanism, such as the total energy emitted in neutrinos, the star distance, the
neutrino—sphere temperatures and the partition of the energy among the neutrino flavors.
However, being aware of the fact that the astrophysical parameters of the supernova
mechanism are up to now not well defined, to compute the detector sensitivity expressed
in terms of source distance or emitted neutrino flux we adopted the following conservative
values for the astrophysical parameters [3], [4]: average 7, energy (E; )=14 MeV; total
radiated energy E, = 2.4-10° erg and average non-electron neutrino energy 10% higher
than 7, [5].

Concerning neutrino oscillations we

conservatively considered normal

mass hierarchy. Taking into ac-

count Poisson fluctuations in the

cluster multiplicity, we derived the

trigger efficiency shown in figure 1

as a function of the distance (lower

scale) for LVD working stand-alone

(the trigger efficiency, as a function

of neutrino luminosity in terms

of percentage of SN1987A one is

shown in the upper scale). The

trigger efficiency for LVD working

in the SNEWS network [6] is shown P g P —
in figure 2 [7]. igure 2: Same as figure 1 for LVD in the

SNEWS.
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2 LVD: experimental activity

2.1 Supernova physics
2.1.1 Monitoring the Galaxy

LVD has been taking data since June 1992 with increasing mass configurations (sensitive
mass being always greater than 300 t), enough to monitor the whole Galaxy (D < 20
kpc)?. In figure 3 we show the sensitive mass of the experiment during the period 2001-
2009. The LVD duty cycle, in the same period, was greater than 99.5%.

The search for v burst candidates is
performed by studying the tempo-
ral sequence of triggers and looking
for clusters. Preliminary cuts are
applied to reject muons and events
with an energy release lower than 7
MeV or higher than 100 MeV. The
off-line neutrino burst candidate se-
lection, widely discussed in [9], con-
sists of the analysis of each cluster
of triggers of duration up to 200 sec-

onds. Figure 3: LVD sensitive mass during 2001-2009.

For each cluster, with multiplicity m and duration At, the imitation frequency Fj,, is
calculated as a function of the background rate. After this pure statistical selection a
complete analysis of each detected cluster with Fj,, < 1 y~! is performed, to test its
consistency with a v burst through the study of the topological distribution of pulses
inside the detector. Additional information will come from the study of: a) the energy
spectrum of the events in the cluster; b) the time distribution of the events in the cluster
and c¢) the time distribution of delayed low energy pulses.

No candidates have been found since 1992, see detail in table 1. Since the LVD
sensitivity is higher than expected from GSC models (even if the source is at a distance of
20 kpc and for soft neutrino energy spectra), the resulting 90% c.l. upper limit to the rate
of gravitational stellar collapses in the Galaxy (D < 20 kpc) is 0.15 y~! ( to be compared
with the result obtained by SuperKamiokande of 0.32 y=! (D < 100 kpc)[10].

2.1.2 The Supernova On-line Monitor and SNEWS

Since the first, and unique, observation of v’s from gravitational stellar collapse was guided
by the optical observation and since the optical observation of a stellar collapse in our
Galaxy has a 20% probability, the detector capabilities of identifying a v burst in the
absence of an ”external trigger” must be carefully demonstrated. In the presence of an
electromagnetic counterpart, on the other hand, the prompt identification of the neutrino

2The results of this search have been periodically updated and published in the ICRC and Neutrino
Conference Proceedings, since 1993 till 2009. [8].
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Table 1: LVD run.

| Run | start end | days [ up (%) | mass (t) |
1 6-6-1992 | 5-31-1993 | 285 60 310
2 8-4-1993 | 3-11-1995 | 397 74 390
3 | 3-11-1995 | 4-30-1997 | 627 90 400
4 | 4-30-1997 | 3-15-1999 | 685 94 415
5 | 3-16-1999 | 12-11-2000 | 592 95 580
6 | 12-12-2000 | 3-24-2003 | 821 98 842
7 | 3-25-2003 | 2-4-2005 | 666 | > 99 881
8 2-4-2005 | 5-31-2007 | 846 | > 99 936
9 | 5-31-2007 | 4-30-2009 | 669 | > 99 967
| Y | 6-6-1992 | 4-30-2009 | 5618 | 94 | |

signal could alert the worldwide network of observatories allowing study of all aspects of
the rare event from its onset.

The SNEWS (SuperNova Early Warning System) [6] project is an international collabo-
ration including several experiments sensitive to a core-collapse supernova neutrino signal
in the Galaxy and neighbourhood. Its goal is to provide the astronomical community with
a prompt and confident alert of the occurrence of a Galactic supernova event, generated
by the coincidence of two or more active detectors. In July 2005, after a few years of
tuning, the charter members of SNEWS (i.e., LVD, Super-K and SNO?) together with
the newly joined Amanda/IceCube, started the effective operation of the network, which
means that the alert is really sent to the list subscribers, in the case of an at least two-fold
coincidence (see http://snews.bnl.gov to get your own SN alert !).

Since 2001 a fast and reliable on-line v-burst monitor has been implemented, the algo-
rithm is based on the search for clusters of triggers within a fixed time window, At=20
s. The candidate is simply characterized by its multiplicity m, i.e. the number of pulses
detected in At. All the other characteristics of the cluster are left to a subsequent inde-
pendent analysis. The search for burst candidates is performed, on-line, simultaneously
for two values of the energy cut: E.;, = 7 MeV (fyx = 0.2 Hz) and E.,;, = 10 MeV
(for = 0.03 Hz). The chosen imitation frequencies, F;,,, below which the detected cluster
will be an on-line candidate supernova event, is 1 per 100 year working stand-alone while
it is relaxed to 1 per month working in coincidence with other detectors (SNEWS), and
1 per day for monitoring task. The corresponding detection efficiency are shown in figure
1 and 2, details are discussed in [7].

2.2 CNGS beam monitor

The Cern Neutrinos to Gran Sasso (CNGS) project is a high energy, wide band v, beam
set up at Cern and sent towards the LNGS. Its main goal is the observation of the v

3At present the SNO experiment is stopped and decommissioned.
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appearance, through neutrino flavour oscillation. As shown in [11], due to its large area
and active mass, LVD can act as a beam monitor, detecting the interaction of neutrinos
inside the detector and the muons generated by the v interaction in the rock upstream
the detector. The monitor capabilities have been confirmed during the first CNGS run in
August 2006 [12], fall 2007 and 2008 [13].

2.2.1 MC simulation of the expected events
The CNGS events in LVD can be subdivided into two main categories:

e v, charged current (CC) interactions in the rock upstream the LNGS; they produce
a muon that can reach LVD and be detected,

e v, CC and neutral current (NC) interactions in the material (liquid scintillator and
iron of the support structure) of LVD.

A full Montecarlo simulation has been developed including the generation of the neu-
trino interaction products, the propagation of the muon in the Gran Sasso rock and the
response of the LVD detector. The details of the simulation are described in [11]. The
resulting number of expected events, at the nominal intensity 4.5 10 p.o.t./y is 33400/y,
equivalent to 7.422 10716 events per p.o.t. (considering 200 effective days per year it
corresponds to ~ 165 CNGS events per day): 78% are muons from the rock, 17% are CC
interactions in the detector and 5% are NC.

2.2.2 CNGS detected events

The LVD events are filtered using a very loose selection cut: we require to have at least
one scintillation counter with an energy release larger that 100 MeV. The resulting rate
is quite stable, with an average value of about 0.13 Hz, and it is mainly due to cosmic
muon events.

Among this sample the selection cri-
teria is based on the coincidence of
the LVD event time with the beam
spill time written in the DB: we
search for the CNGS events in the
interval [—15,+25] us around the
start time of the beam spill. An
example of this distribution, corre-
sponding to the data collected dur- %
ing 2008, is shown in figure 4: it re- s abs g TR~ 345800
flects the 10.5 pus width of the beam event time - beam spill time (ns)
spill.In figure 5 we show the com-
parison between the expected and
detected event rate per each day of
data acquisition in 2009.
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Figure 4: Distribution of the detection time of the
CNGS events, with respect to the initial time of
the beam spill.
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Figure 5: Number of events per day: observed (black circles) and expected (blue line).

The background, estimated considering: the 0.13 Hz rate of events among which the
CNGS events are searched for, the time window around the beam spill time, 40 us wide,
and the number of useful spills in the DB, is practically negligible.

3 Other Topics

During 2009 we have completed the following studies:

3.1 Analysis of the seasonal modulation of the cosmic muon flux

It is well known that the flux of cosmic muons underground is related to the temperature of
the Earth atmosphere (the higher the temperature, the higher the muon flux underground)
because the change in the air density implies a variation in the decay and interaction
rate of the parent mesons. Typically, in the boreal hemisphere, the muon flux reach the
maximum in July and the minimum in January. This effect has been previously measured
by various experiments deep underground: MACRO [14], AMANDA [15] and MINOS [16],
however their data cover respectively 4, 1 and 3 years. In this work we have analyzed the
whole available data set with the detector in its final configuration, starting in January
2001 and ending in December 2008. The LVD geometrical acceptance (averaged over the
cosmic muon arrival directions in the LNGS) is A = (298 4 3) m?, the number of detected
muons per day is of the order of ~ 8000 (~ 0.1 Hz). The total number of muons in the
full data is about 21.5 millions. The muon intensity measured day by day since 2001 till
2008 is shown in figure 6. A modulation is clearly visible; fitting the distribution with the
following function:

IF =18 + 61" cos (35 - (t —ty))
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Figure 6: Muon intensity along the 8 years of data acquisition. Fach bin corresponds to
one day, starting from 1st January, 2001 to 31st December, 2008. The error bars are the
statistical uncertainty. The solid red curve is the result of a cosinusoidal fit to the data.
The vertical dashed lines separate each solar year.

we obtain an average intensity I}’ = (3.31 + 0.03) 107* (m? s)™! and a period T = (367
+ 15) days, i. e., compatible with one year.

The amplitude of the modulation

01" and the phase tq are better eval-

uated projecting and averaging the

results of the eight years of analysis

into one single year, as shown in fig-

ure 7. We obtain, fitting again with

fixed period T = 1 year, 61" = (5.0

+0.2) 107% (m? s)™!, corresponding

to 1.5%. The phase is to = (185 +

15) days, corresponding to a max-

imum intensity at the beginning of

July and the minimum at the begin-

ning of January.

These results have been presented

at the last International Cosmic

Ray Conference [26]. The analysis

of the direct correlation of the daily

muon intensity in LVD with the at- Figure 7: Superposition of the mean daily inten-
mosphere temperature, to calculate sity for the averaged total data set 2001-2008 into
the temperature coefficient, is ongo- 07€ year.
ing and will be published in a sepa-

rate work.
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3.2 Long-term study of low energy counting rate

Neutrinos interact in scintillator mainly trough inverse beta decay (IBD) reaction: v.p —
etn. In LVD signals coming from each pmt are discriminated at two different thresholds
(L and H), corresponding to the energies £, ~ 0.5MeV and &y ~ 4MeV. The H three-
fold coincidence of the PMTs of any counter represents the scintillator trigger condition
and enable the L coincidence channel that allows the detection of the signal due to np,d
gamma capture, whose time delay is 18545 us.

The single counter rate at the low energy threshold (LTCR) is measured by a system of
840 scalers enabled, every 10 min for 10 s, by a dedicated trigger, designed for monitoring
purpose.

The rate per counter is around 50
Hz, and it is mainly due to gam-
mas from rock radioactivity and de- =
cays of radon products. To study 3160
the long-term behavior of the low- 5
energy counting rate we consider . 120
scaler data between 1997 and 2009. o 100} l
We limit the analysis to counters

that shows a stable behavior versus ol ... Lol
time. The definition of stability is bl ol

LD

R

40 P " T 1 (i)
based on the counting rate devia- ol
tion from its average. The LTCR 1997 1999 2001 2003 2005 2007 2009
time series obtained averaging the years

contribution of a subset of selected

counters is shown in figure 8. The Figure 8: Awverage LTCR collected in the period

selection is updated every two years 1997-2009.

and the subset is never smaller than

50 tanks. <100

Each peak of fig. 8 shows a well < gof A
structured shape if observed in de- ‘g 80: / \\

tail. An example is reported in fig. 8 o / \

9 where the behavior of the count- § 60} / \
ing rate (black-thick line) in 5 days £ 50 S N AN
in 2008 is shown, together with data & “°f

recorded by an alpha radon-meter 30

(green-light line) located just inside ig 1

the LVD experiment.In this partic- - , ,

ular case the increase observed is
due to a scheduled switch off of the
ventilation system. The LTCR and
radon-meter series are clearly cor-
related as we have already demon-
strated in [19].

0 ‘ ‘ ‘ ‘ ‘
13/07/08 14/07/08 15/07/08 16/07/08 17/07/08 18/07/08

Figure 9: Average LTCR (black-thick line) since
July 13" to 18", 2008, compared with the radon-
meter data (green-light line).
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As highlighted by other authors [20], the radon concentration in the laboratory strongly
depends on the conditions of the ventilation system. The change in the average counting
rate visible in fig. 8, just before the beginning of the 2004, is related to modifications of
the ventilation system. Mean value and weekly behavior of LTCR are influenced by these
change as shown in figure 10 and 11.

The visible pattern is well explained by the anti-correlation between pressure and
radon emanation from rock in caves [21]: in the LVD hall the pressure changes due to
the opening/closing of the main entrance door in correlation with the start/end of human
working activity. The opposite behavior between fig. 10 and 11 is due to an inversion of
the pressure gradient between inside and outside the hall A.
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Figure 10: Awverage counting rate on a weekly time-base during: 2001-2002.
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Figure 11: Average counting rate on a weekly time-base during: 2004-2005.
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Figure 12: Average counting rate on a weekly time-base currently up to april 2009.
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Indeed, during 2004-2005, the
ventilation system was configured
to maintain hall A de-pressurized
assuring air re-circulation between
the experimental halls and then
ejecting outside the laboratory hot
air through an extractor located on
the northern side of the hall A [22].
From fig. 12 we can argue that at
present the environmental condi-
tions of the Hall A are returned to
their original conditions.

To study long-term modulations in
the counting rate, we limit our-
selves to the period up to begin-
ning of 2003, when the counting rate
was more homogeneous. The anal-
ysis is carried out applying Discrete
Fourier Transform (DFT) algorithm
and the obtained power spectrum
shows evidence of a seasonal vari-
ation.

To better visualize the modulation
we plot in figure 13 the yearly rate
averaged over 6 years. The seasonal
modulation shows the maximum at
day 241432, corresponding to the
end of August. The phase of this
modulation is consistent with the
one found by the analysis of data
from the radon-meter located inside
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Figure 13: Yearly LTCR averaged over 6 years
(1997-2002) and fitted with the function k + A -
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Figure 14: Yearly Rn concentration (B) averaged
over 6 years (1997-2002) and fitted with the func-

LVD, see figure 14. The details of tion k+ A - sin(%2(z + ¢)).

this analysis are discussed in [23].

4 R&D

During the last years we have investigated possible upgrades of the detector. In particular

we studied:

- the possibility to improve the detector capability in distinguish different neutrino inter-
actions by adding Gd to the liquid scintillator;

- the performance of the LVD detector as a powerful active shielding and veto with respect
to an internal region that we call 'Core Facility’.
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4.1 Gd doped scintillator

Doping the liquid scintillator with a small (~ 0.15% in weight) quantity of Gd definitely
improves the performance of the LVD tank in the neutron detection, because Gd has a
huge cross section for n-capture due, essentially, to the two isotopes *>Gd and '°"Gd;
in particular the mean n-capture time results highly shortened. It can be seen that, for
the quoted Gd concentration, the mean n-capture time results 7, < 23us, 8 times shorter
than the one obtained with undoped liquid scintillator. These results have been obtained
by a set of experiments described in [24].

On the other hand, the maximum achievable n-capture detection efficiency, that in the
standard LVD tank, operated with the present electronics, is 60%, becomes 1,=79.0+1.5%.
Moreover n-captures on Gd generate a gamma cascade up to about 8 MeV to be compared
with 2.23 MeV of gamma quanta from (n,p) captures. Accordingly, doping with Gd the
LVD liquid scintillator, we could increase the signal to noise ratio of a factor of several
hundreds maintaining the present neutron capture detection efficiency, simply increasing
the energy threshold for neutron detection and shortening the time window for the coin-
cidence.

However Gd doped liquid scintillators showed, in the past, a degradation of the light
transmittance that makes necessary a survey over numerous doped counters.

4.2 The LVD Core Facility

It is well known that the muon-induced fast neutrons limit the possibility of searches
for rare events, like neutrinoless double beta decay or WIMP dark matter interactions.
Underground laboratories provide the overburden necessary to reduce this background,
by attenuating cosmic-ray muons and their progenies. If the depth of the underground
laboratory is not enough to reach the necessary background reduction, the fast neutron
flux can be shielded and/or actively vetoed.

An inner region inside the LVD structure ("LVD Core Facility”) has been identified with
a volume of about 30 m?: its realization causes a negligible impact on LVD operation
and sensitive mass. The LVD Core Facility could be effectively exploited by a compact
experiment for the search of rare events, such as double beta decay or dark matter [25].

We have evaluated the shielding power of LVD working both as an active veto for muons
that generate high energy neutrons, and as a passive shield and moderator for the low
energy gamma and neutron background. From the results of a dedicated simulation [26]
it appears that, with LVD behaving as a muon veto, the flux of high energy un-vetoed
neutrons at the surface of the core facility is reduced by a factor 50, that is equivalent
to the muon-induced neutron flux at the equivalent vertical depth of 6 km w.e (i.e. the
Sudbury mine).

Concerning low energy gamma and neutron background, a set of measurements have been
performed inside and outside the LVD structure showing that the radioactive contamina-
tion, in the core facility, is reduced by more than a factor of 10, see figure 15 [27].
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Abstract

The OPERA neutrino detector at the underground Gran Sasso Laboratory
(LNGS) was designed to perform the first detection of neutrino oscillations in ap-
pearance mode through the study of v, — v, oscillations. The apparatus consists
of a lead /emulsion-film target complemented by electronic detectors. It is placed in
the high-energy long-baseline CERN to LNGS beam (CNGS) 730 km away from the
neutrino source. Runs with CNGS neutrinos were successfully conducted in 2007
and 2008 for a total luminosity of 1.864 x 10 p.o.t. (proton on target). In 2009
a new CNGS run has been conducted, from the end of May till November 237%.
The total collected luminosity in 2009 has been of 3.522 x 10 p.o.t. After a brief
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description of the beam and of the experimental apparatus we report on the first
data and related analysis results.

1 Introduction

The solution of the long-standing solar and atmospheric neutrino puzzles has come from
the hypothesis of neutrino oscillations. This implies that neutrinos have non vanishing
and non-degenerate mass eigenstates, and that their flavor eigenstates involved in weak
interaction processes are a superposition of the mass eigenstates.

Several experiments carried on in the last decades with solar and reactor neutrinos, as
well as with atmospheric and accelerator neutrinos, contributed to build-up our present
understanding of neutrino mixing. Atmospheric neutrino oscillations have been studied
mainly by the Kamiokande, MACRO, Super-Kamiokande and SOUDAN2 experiments.
Long baseline experiments with accelerator neutrinos (K2K and MINOS) confirmed the
oscillation scenario first pointed out by the Super-Kamiokande experiment supporting the
v, — v, oscillation channel for atmospheric neutrinos, while the CHOOZ and Palo Verde
reactor experiments excluded the v, — v, channel as the dominant one.

However, the direct appearance of a different neutrino flavor is still an important open
issue. This is the main goal of the OPERA experiment [1, 2] that uses the long baseline
(L=730 km) CNGS neutrino beam from CERN to LNGS. The challenge of the experiment
is to measure the appearance of v, from v, oscillations in an almost pure muon-neutrino
beam. This requires the detection of the short-lived 7 lepton (¢ = 87.11 um) produced
in the charged-current interaction of a v,. This sets two conflicting requirements: a large
target mass needed to have sufficient statistics and an extremely high accuracy detector
technique to observe the short-lived 7 lepton.

The 7 is identified by the detection of its characteristic decay topologies either in one
prong (electron, muon or hadron) or in three prongs. The 7 track is measured with a
large-mass active target made of 1 mm thick lead plates (target mass and absorber mate-
rial) inter-spaced with thin nuclear emulsion films (high-accuracy tracking devices). This
detector is historically called Emulsion Cloud Chamber (ECC). Among past applications
it was successfully used in the DONUT experiment for the first direct observation of the
Ur.

The OPERA detector [2] is made of two identical Super Modules (SM) each consisting
of a target section of about 625 tons made of lead /emulsion-film ECC modules (hereafter
called "bricks”), of a scintillator tracker detector (TT) needed to trigger the read-out and
pre-localize neutrino interactions within the target, and of a muon spectrometer (Figure
1). A single SM has longitudinal dimensions of about 10 m. The detector is equipped
with an automatic machine (the Brick Manipulator System, BMS) that allows the on-
line removal of bricks from the detector. Ancillary facilities exist for the handling, the
development and the scanning of the emulsion films. The film scanning is performed with
two independent types of scanning microscopes: the European Scanning Sytem (ESS) in
Europe and the S-UTS in Japan.

A target brick consists of 56 lead plates of 1 mm thickness interleaved with 57 emulsion
films [4]. The plate material is a lead alloy with a small calcium content to improve its
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Figure 1: Fish-eye view of the OPERA detector. The upper horizontal lines indicate the
position of the two identical supermodules (SM1 and SM2). The ”target area” is made of
walls filled with ECC bricks interleaved with planes of plastic scintillators (TT). Arrows
also show the position of the VETO planes, the drift tubes (PT), the RPC with diagonal
strips (XPC), the magnets and the RPC installed between the magnet iron slabs. The
Brick Manipulator System (BMS) is also visible. See [2] for more details.
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mechanical properties [5]. The transverse dimensions of a brick are 12.8 x 10.2 cm?
and the thickness along the beam direction is 7.9 cm (about 10 radiation lengths). The
construction of more than 150,000 bricks for the neutrino target has been accomplished
by an automatic machine, the Brick Assembly Machine (BAM) operating underground in
order to minimize the number of background tracks from cosmic-rays and environmental
radiation. The BAM was delivered at LNGS in July 2006 and made operational in
September 2006. The production lasted from March 2007 to June 2008 with an average
rate of 650 assembled bricks/day. In this period, the brick production at the BAM was
based on two shifts/day of 8 hours each, 5 working days a week. Each shift involved 7
operators plus 1 site manager. At the end of mass production the BAM had assembled
146621 bricks (June 2008). A few thousand more have been produced at the beginning of
2009 after the delivery of the remaining lead, delayed by an accident which occurred at
lead producing factory (JL Goslar, Germany) in June 2008. The bricks have been inserted
in the detector target by BMS and housed in a light support structure placed between
consecutive TT walls. The support structure has been designed with the requirement
of minimizing the material along the neutrino beam direction in order to reduce to the
0.1% level the number of interactions in regions not instrumented with emulsion films or
scintillators.

In order to reduce the emulsion scanning load the use of Changeable Sheets (CS) [6],
successfully applied in the CHORUS experiment, was extended to OPERA. Tightly
packed doublets of emulsion films are attached to the downstream face of each brick and
can be removed without opening the brick. Charged particles from a neutrino interaction
in the brick cross the CS and produce a trigger in the T'T scintillators. Following this
trigger the brick is extracted and the CS developed and analyzed in the scanning facilities
at LNGS and in Nagoya. The information of the CS is used for a precise prediction of
the position of the tracks in the most downstream films of the brick, hence guiding the
so-called scan-back vertex finding procedure.

The brick, CS and TT layout [6] is schematically shown in Figure 2.

A charged-current event, as reconstructed in the emulsion films, is shown in the bottom
panel of Figure 3. In this case the detected event dimensions are of the order of a few
millimeters, to be compared with the > 10 m scale of the whole event reconstructed with
the electronic detectors (top panel of Figure 3).

First data were collected by the OPERA detector in 2006 with the electronic detectors
alone, in 2007 with reduced target and in 2008 and 2009 with the full target installed
(around 150000 bricks).

2 Real time detection of CNGS Beam

The CNGS neutrino beam was designed and optimized for the study of v, — v, os-
cillations in appearance mode, by maximizing the number of charged current (CC) v,
interactions at the LNGS site. For a detailed description of the CNGS beam we refer to
[2].

After the beam commissioning run in 2006, the CNGS run started on September 2007
at rather low intensity. The first event inside the OPERA target was observed on October
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Figure 2: Schematic view of two bricks with their Changeable Sheet and target tracker
planes.

3¢, Unfortunately, due to a fault of the CNGS facility, the physics run lasted only a few
days. During this run 0.082 x 10! p.o.t were accumulated with a mean value of 1.8 x 103
protons per extraction: this represented 3.6 effective nominal days of run. With such an
integrated intensity about 32 neutrino interactions in the bricks and about 3 events in the
scintillators of the target tracker were expected. This has to be compared with the 38 on
time events collected as originating in the target region (bricks plus target tracker).

A longer run took place in 2008 [3] when 1.782 x 10 protons were delivered on the
CNGS target. OPERA collected about 10100 events on time with the arrival of the beam
at the Gran Sasso and among them around 1700 interactions in the bricks. The other
events originate outside the target region (spectrometer, OPERA supporting structures,
rock surrounding the cavern, hall structures). The scanning of these events is almost
completed and the status of the measurements is shown in TABLE 1.

In 2009 the CNGS beam started on May the 30th and lasted until November the
23rd. The beam intensity per extraction is shown in Figure 4 and was normally higher
than 2 x 10'® POT /extraction. The holes in the intensity distribution are due to machine
development periods and to some minor accidents which occurred in the linac/PS/SPS
accelerator complex. The 2009 CNGS integrated proton on target intensity as a function
of time is shown in Figure 5. The final integrated intensity was 3.522 x 10 p.o.t. The
total number of events recorded in time with the CNGS spill was 21428, of which 3693
are tagged as internal events. The scanning of these events is going on and the situation
at the end of January 2010 in shown in TABLE II.

During the 2007, 2008 and 2009 CNGS runs, all electronic detectors were operational.
The trigger rate was ~ 15 Hz and the live time of the Data Acquisition system exceeded
99%. The selection of the beam related events is based upon a time stamp, thanks to the
time synchronization accuracy between the CERN beam GPS tagging and the OPERA
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Figure 3: Top panel: on line display of an event seen by the OPERA electronic detectors
(side and top views): a v, interacts in one of the first bricks of the first supermodule (SM)
yielding hadrons and a muon which is seen in both SMs and whose momentum is measured
by the magnets of the two SMs. Bottom panel: the vertex of the same event observed
in the emulsion films (side, top and front views). Note the two v — eTe™ vertices: the
opening angle between them is about 300 mrad. By measuring the energy of the ¥’s one
obtains a reconstructed invariant mass of 110 £ 30 MeV consistent with the 7° mass.
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Figure 4: Beam intensity per extraction as a function of time for the 2009 CNGS
run (June-November). The intensity/extraction was normally higher than 2 x 103
p.o.t./extraction; the holes correspond to CNGS stop periods.

X

Figure 5: Integrated protons on target intensity as a function of time for the 2009 CNGS
run (June-November). The final integrated intesity obtained was 3.522 x 109 p.o.t.
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Run 2008 status
Omu Imu All
Events predicted by electronic detector 401 1288 1689
Found CS 261 (65%) | 1025 80%) | 1286 (76%)
Neutrino interactions in the bricks 152 788 940
Located in dead material 5 30 35
Interaction in the upstream brick 8 32 40

Table 1: Event location in the bricks for the 2008 Run (emulsion scanning almost com-

pleted)
Run 2009 status

Omu | Imu | All
Events predicted by electronic detector | 745 | 1932 | 2677
CS scanned 575 | 1583 | 2158
Found CS 287 | 968 | 1255
Neutrino interactions in the bricks 55 | 294 | 349
Located in dead material 1 10 11
Interaction in the upstream brick 3 31 34

Table 2: Event location in the bricks for the 2009 Run (emulsion scanning still in progress)

timing system which is about 100 ns.

The interactions in the material surrounding the OPERA target were analyzed and
used for the monitoring of the CNGS beam and of the OPERA detector.

The classification algorithm was implemented to provide very high efficiency in the
selection of neutrino interactions inside the OPERA target both for CC and NC events,
to the expense of a slightly low purity in the rejection of neutrino interactions in the
external material.

The beam direction estimated by the averaged angle is found to be tilted vertically by
(3.5 £0.2)° in agreement with the value of 3.3° expected from geodesy.

3 Event Identification: from ECC Extraction to Kine-
matical Reconstruction

In the following the breakdowns of the different steps which are carried out to analyze
the neutrino interaction events are described: from the identification of the ”fired” brick
up to the detailed kinematical analysis of the vertex in the emulsion films.

Once a trigger in the electronic detectors is selected to be compatible with an inter-
action inside the brick, the following procedure, named ” Brick Handling”, is applied:

1. the whole electronic detector data are processed by the reconstruction program and

the most probable brick, inside which the neutrino interaction may have occurred,
is selected;
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Figure 6: Left: Two of the six chains of the film development facility at the LNGS external
laboratory. Right: The European CS Scanning Station at LNGS.

2. the brick is removed from the detector by the BMS and exposed to X-rays for
film-to-film alignment. There are two independent X-ray exposures: the first one
ensures a common reference system to the CS films doublet and the brick (frontal
exposure); the second produces thick lateral marks on the brick edges used for
internal alignment and film numbering;

3. after first X-ray exposures the CS doublet is detached from the brick and developed
underground while the brick is stored underground in a box with 5 cm thick iron
shielding to reduce the radioactivity background.

4. if the CS scanning is successful in locating tracks compatible with those recon-
structed in the electronic detectors, the brick is brought to the surface laboratory
and exposed to cosmic-rays for about 24 hours inside a pit. The pit has been built
to select high-energy particles in order to provide straight tracks in the bricks for a
refined (sub-micrometric) film-to-film alignment;

5. the brick emulsion films are then developed in the OPERA developing laboratory
at LNGS (Figure 6) and dispatched to the various scanning laboratories. Half of
the removed bricks are sent to Japan for emulsion measurement, the other half is
measured in the European laboratories. The CS of the European bricks are all
measured at the LNGS Scanning Station (Figure 6) for event confirmation and
localization.

The overall efficiency for the selection of bricks with neutrino interactions inwards
depends of the convolution of several effects and measurements. We address here the
issues on the two most important ones, the Changeable Sheet measurement and the Brick
Finding. For the time being preliminary results have been obtained from the analysis of
the first samples of events in 2007, 2008 and 2009 runs.

The ability in selecting the ”fired” brick is the convolution of several effects and mea-
surements. Here we discuss the two most important ones, the Brick Finding procedure
and the Changeable Sheet measurement, for which preliminary results have been obtained
from the analysis of partial samples of already scanned events.

152



The tracking efficiency of single emulsion films can be measured by exposure to high-
energy pion beams [7]. However, the measurement of the CS doublet efficiency in situ,
in the OPERA detector, is by far more challenging, given the coarse resolution in the
extrapolation of tracks from the electronic detectors to the CS.

At the present, we are studying the CS tracking efficiency by two independent ap-
proaches: (a) all tracks produced in already located neutrino vertices are followed down-
stream and searched for in the corresponding CS doublet; (b) muon tracks reconstructed
by the electronic detectors and found in the CS are normalized to the total number of CC
events where at least one track (not necessarily the muon) is found in the CS. The two
methods yield a preliminary efficiency for finding a track in both films of the CS doublet
which is compatible with the conservative expectation of ~ 90% on a single film.

The brick finding algorithm exploits the tracking capabilities of the OPERA electronic
detectors and, by combining this information with the output of a Neural Network for
the selection of the most probable wall where the interaction occurred, provides a list of
bricks with the associated probability that the interaction occurred therein. A preliminary
estimate of the brick finding efficiency, limited to the extraction of the most probable brick,
is compatible with the Monte Carlo estimate of ~ 70% computed for a standard mixture
of CC and NC events. A higher efficiency can be obtained by extracting also bricks ranked
with lower probabilities.

All tracks measured in the CS are sought for in the most downstream films of the
brick and followed back until they are not found in three consecutive films. The stop is
considered as the signature of a primary or secondary vertex. The vertex is then confirmed
by scanning a volume with a transverse size of 1 cm? for 11 films in total, upstream and
downstream of the stopping point. Preliminary results on the vertex location efficiency
as measured with the data are in agreement with the Monte Carlo expectations of ~ 90%
and ~ 80% for CC and NC events, respectively.

Typical NC and CC events are shown in Figures 7 and 8, respectively.

In the subsample of located neutrino interactions charm and tau decay topologies
were searched for. This search is systematically going on. Up to now 19 charm decay
candidates have been found, but a systematic analysis of the possible decay topologies is
still going on in the measured sample of 2008 and 2009 events.

4 Conclusions

The 2007, 2008 and 2009 CNGS successful runs constitute an important milestone for
the OPERA experiment at LNGS. First neutrino interaction events with lead/emulsion
bricks have been collected and these events allowed to check the complete analysis chain
starting from the trigger to the neutrino vertex location in the emulsions and then to the
topological and kinematical characterization of the event.

The major achievements can be summarized as follows:

e all electronic detectors performed excellently allowing the precise localization of the
brick hit by the neutrino;
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Figure 7: Online display of one NC event seen by the OPERA electronic detectors. The
emulsion reconstruction is shown in the bottom panels: top view (bottom left), side view

(bottom center), front view (bottom right).
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Figure 8: Online display of one CC event seen by the OPERA electronic detectors. The
emulsion reconstruction is shown in the bottom panels: top view (bottom left), side view

(bottom center), front view (bottom right).
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the electronic detector event reconstruction was tuned to the brick finding procedure,
operated for the first time with real neutrino events. Identification of the brick where
the interaction occurred has been done by using real data providing satisfactory
results;

all experimental activities that go from brick removal upon identification to the X
and cosmic-ray exposures, brick disassembly and emulsion development, have been
successfully accomplished. So far a rate of more than 100 brick per week can be
routinely handled;

the interface emulsion (CS) scanning was performed with the expected efficiencies.
In particular, the track finding efficiency in a CS doublet was measured in OPERA
and is in agreement with test beam results;

the vertex location was successfully attempted for both CC and NC, although a
quantitative estimate of the efficiency is still under evaluation;

the topological and kinematical analyses of the vertices were successfully exploited
and led to an unambiguous interpretation of neutrino interactions. In particular,
in the reported analyzed event sample, 19 events with charm-like topologies were
found. This shows that the experiment is capable of detecting events with short
living particles produced at the neutrino interaction vertex, with topologies very
similar to 7 production.
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THEORY GROUP

The research is organized in the six working groups: FA51, GS51, CT51, PD51,
PI12, PI21, that are generically denoted as IS (from “Iniziative Specifiche”). Tt
concerns as main areas: astroparticle physics (mainly FA51), phenomenology of
Planck scale physics (GS51), supernova neutrinos (CT51), cosmology, large scale
structures and dark matter (PD51), computer simulations of gauge theories (P112),
particle physics phenomenology (mainly P121). There is a tradition of collaboration
between the LNGS theory group and several experimental groups. In this report,
we describe the activities of the theory group in 2009.

Members of the group: R. Aloisio, Z. Berezhiani, V. Berezinsky, D. Boncioli, G. Di Carlo,
A. Gazizov, A.F. Grillo, E. Luzio, A. Maiezza, F. Nesti, G. Pagliaroli, P. Panci, L. Pilo,
N. Rossi, F.L. Villante, F. Vissani.

Updated information and further info at: http://theory.lngs.infn.it/index.html .

— QCD at Finite Temperature and Density (PI12) _

Member: Giuseppe Di Carlo, who works in collaboration with Vicente Azcoiti, Eduardo
Follana e Alejandro Vaquero from Departamento de Fisica Teorica - Universidad de
Zaragoza.

Scientific work

Our main interest is the study of lattice theories with sign problem, in particular Lattice
QCD at non-zero baryon density; we are currently working on an improved monomer-
dymer algorithm that we hope to extend outside the strong coupling regime. This is only
a member of a class of possible new geometric algorithms for simulating fermion models.
Another field of interest are non abelian gauge theories with theta term in the action.

Our activity during 2009 mainly regarded the study of models presenting the so-called
sign problem. We are trying to extend the old monomer-dymer algorithm ideas (up to
now applied only in the infinite strong coupling limit, 5 = 0) to simulate the system for
larger beta. The work on the new geometric algorithm is reported in ref. [2].

Apart from this, we have reconsidered an old problem on realization of discrete sym-
metries in lattice QCD, using an approach that some of us introduced few years ago. In
this line we have analysed the structure of the Aoki Vacua in Lattice QCD with Wilson
fermions; a paper on the subject has been published in Phys. Rev. D in early 2009 [1]
and the results have also been presented to the annual Lattice Conference (Proceedings
in ref. [3]).

157



Publications in journals, proceedings and preprints

[1] “QCD with two flavors of Wilson fermions: The QCD vacuum, the Aoki vacuum,
and other vacua”
V. Azcoiti, G. Di Carlo, A. Vaquero
Phys. Rev. D79 (2009) 014509

2] “Geometric Algorithm for Abelian-Gauge Models”
V. Azcoiti, G. Di Carlo, E. Follana, A. Vaquero
JHEP 0908:008,2009

[3] “Understanding the Aoki phase”
V. Azcoiti, G. Di Carlo, E. Follana, A. Vaquero
arXiv:0910.0947 to be published in PoS(Lattice "09)

_ Particle Physics Phenomenology (PI21)

Members: Z. Berezhiani, F. Nesti, P. Panci, L. Pilo, N. Rossi, F. Villante.

Scientific work

One research line was dedicated to the particle interaction/mixing phenomena between
the ordinary particles and the particles of the hypothetical gauges sectors that could
give rise to the dark matter of the Universe. We further studied the neutron-mirror
neutron oscillation features in the background of the magnetic fields and analyzed the
consequences of experimental data on the search of these oscillations [1]. We also studied
the cosmological bounds on the photon-mirror photon kinetic mixing that translates into
the bound on the electric charges of the mirror species [2].

Another line of the research was devoted to the following topics: large distance mod-
ifications of gravity (also known as massive gravity) that can change our views on the
problem of dark matter and dark energy [3, 4, 5]. In particular, we studied the massive
phase of gravity realized by coupling the metric of the general relativity to additional twin
metric related to the twin (mirror) matter, in conditions the Lorentz symmetry breaking.
We have shown that this gives rise to the Yukawa type modification of the gravity at
large distances and we studied the implications of the mirror twin gravity for the galactic
rotational curves [3, 4]. We also studied he stability of the massive gravity theories in
curved space, proving a viable window of stability in a universe with very small curvature
as is ours [5]. The extensions of the gauge group of gravity, that allow the unification with
the other interactions, and proved that a realistic fermion content can be accomodated in
a unifying group, were studied in [6, 7].
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Conferences, seminars and other activities

Int. ENTApP Dark matter Workshop, CERN, Geneve, Feb. 2009 (talks of Z. Berezhi-
ani and F. Nesti), Int. Workshop “Hot Topics in Modern Cosmology” SW3, Cargese,
France, April 2009 (talks of Z. Berezhiani, F. Nesti and N. Rossi); CERN Theory In-
stitite ”SM and BSM physics at the LHC”, Aug. 2009, (seminar of Z. Berezhiani); Int.
Workshop ”Searching for New Physics at the LHC” | Sept. 2009, Galileo Galilei Institute
for Theoretical Physics, Florence, Italy (seminar of Z. Berezhiani); Int. Conf. ”Cosmo
2009”,CERN Geneve, Sept. 2009 (F. Nesti and L. Pilo participants); 3rd UniverseNet
School Particle Astrophysics and Cosmology, Barcelona, Spain, Sept. 2009 (talks of P.
Panci and N. Rossi); Invited seminars at the Univ. of Helsinki, at the EPFL Lausanne
and at the ICTP Triest (Z. Berezhiani) and at Oslo Univ. (F. Nesti).

Z. Berezhiani was one of the organizers of the Int. Workshop “Hot Topics in Modern
Cosmology” SW3, Cargese, France, April 20009.
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e-Print: arXiv:0902.0146 [astro-ph.CO)]

[5] D. Blas, D. Comell, F. Nesti, L. Pilo.
Lorentz Breaking Massive Gravity in Curved Space.
Phys. Rev. D 80, 044025 (2009).

[6] F. Nesti.
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Eur. Phys. J. C 59, 723-729 (2009).

[7] F. Nesti, R. Percacci.
Chirality in unified theories of gravity.
e-Print: arXiv:0909.4537

[8] M. Cirelli, P. Panci.
Inverse Compton constraints on the Dark Matter e4e- excesses.
Nucl. Phys. B821, 399-416 (2009).
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[9] M. Cirelli, F. Tocco, P. Panci.
Constraints on Dark Matter annihilations from reionization and heating of the inter-

galactic gas.
JCAP 0910, 009 (2009).

[10] M. Cirelli, P. Panci, P.D. Serpico.
Diffuse gamma ray constraints on annihilating or decaying Dark Matter after Fermi.
e-Print: arXiv:0912.0663

[11] F. L. Villante and F. Vissani.
Cosmic Rays And Neutrinos From Supernova Remnants From VHE Gamma Ray
Data.
Nucl. Phys. Proc. Suppl. 188 (2009) 261.

Supernova Neutrinos (CT51)

Members in 2009: G. Pagliaroli, F.L. Villante, F. Vissani. They worked in collaboration
with F. Rossi-Torres (PhD student at UNICAMP) long term visitor at LNGS; P. Lipari
(Rome University); F. Aharonian (High Energy Astrophysics Theory Group, Heidelberg
and Dublin Institute for Advanced Studies) and member of HESS experiment; A. lanni
of Borexino; A. Drago (Ferrara U.); W. Fulgione (Turin U.) and other members of the
LVD team; E. Coccia and other members of VIRGO team.

Scientific work

This research group aims at exploring the scientific potential of supernova neutrino ob-
servations.

We proposed a new model to parameterize the electron antineutrino emission from
supernova in [1]. We used it to argue that SN1987A provides a 2.5 o evidence for an
initial, very luminous phase of emission lasting about 0.5 seconds, which corresponds
quite closely to the expectations of the standard neutrino emission (also termed neutrino
assisted, delayed, or Bethe and Wilson scenario).

A quite broad survey of SN1987A data, arguing for the fact that they do not contradict
the standard neutrino emission, is presented in [2], where we also discuss the impact of
SN1987A data on the search of relic supernova neutrinos.

We wrote a note [3] to clarify the likelihood that should be adopted in supernova
neutrino analyses, correcting in this way one of the most authoritative previous analysis
of SN1987A neutrino, due to Loredo and Lamb.

Finally, we outlined a method to profit of the data collected by supernova neutrino
telescopes for the search of a burst of gravity waves [4].

For a general review and more details of this part of the research activity, see the PhD
thesis of Giulia Pagliaroli [5].
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Another activity regards the more general field of neutrino astronomy. This is docu-
mented in the review works [6, 7, 8]. It can be noted that in the appendix of [6] a new
approach to the study of the rate of galactic supernovae is proposed.

Conferences, seminars and other activities

F. Vissani gave a series of lectures on “Neutrinos” at the IC'TP Summer School on particle
physics in the era of LHC.

He also gave invited talks at the national meeting Incontri di Fisica delle Alte En-
ergie, Bari (Sugli obiettivi della astronomia neutrinica, Apr. 2009); at the Int. conference
The sun, the stars, the universe and general relativity, (rst Galileo-Xu Guangqi meeting),
Shanghai, China (Potential of neutrino detectors as monitors of gravitational core col-
lapses, Oct. 2009). Giulia Pagliaroli gave invited talks at NPAIV 2009, Rome, June 2009
and at TAUP 2009, Rome, July 2009.

F. Vissani presented the results of this activity at the VESF Council Meeting, Osser-
vatorio di Monte Porzio Catone (Neutrinos from supernovae as trigger for GW search,
Apr. 2009); at the Commissione Scientifica Nazionale II, INFN, Rome, to contribute to
the discussion on perspects of neutrino astronomy (A candidate for observations: RX
J1713.7-3946, Sep. 2009); and discussed the potential of neutrino detectors as monitors
of gravitational core collapses in seminars given at the ICTP, Trieste and at the IJS,
Ljubljana (Slovenia).

F. V. became the referent person of the Italian Physics Society (SIF) at LNGS and
coordinator for LNGS of the Virgo-EGO Science Forum (VESF) since April 2009.

Publications in journals, proceedings and preprints

[1] “Improved analysis of SN1987A antineutrino events”
G. Pagliaroli, F. Vissani, M. L. Costantini and A. Ianni
Astropart. Phys. 31, 163 (2009)

2] “Features of Kamiokande-II, IMB and Baksan observations and their in-
terpretation in a two-component model for the signal”
G. Pagliaroli and F. Vissani
Astron. Lett. 35, 1 (2009)

[3] “The likelihood for supernova neutrino analyses”
A. Tanni, G. Pagliaroli, A. Strumia, F. R. Torres, F. L. Villante and F. Vissani
Phys. Rev. D 80, 043007 (2009)

[4] “Neutrinos from Supernovae as a Trigger for Gravitational Wave Search”
G. Pagliaroli, F. Vissani, E. Coccia and W. Fulgione
Phys. Rev. Lett. 103, 031102 (2009)

[5] “Analysis of supernova neutrinos: astrophysics, particle physics and im-
plications for gravitational wave search”
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G. Pagliaroli
PhD thesis, L’Aquila University, defended with success on April 2009.

[6] “On the Goals of Neutrino Astronomy”
F. Vissani, G. Pagliaroli and F. L. Villante
I1 Nuovo Cimento C 32, 351 (2009)

[7] “Neutrini dallo Spazio (discutendo gli obiettivi di una nuova astronomia)”
G. Pagliaroli, F. L. Villante and F. Vissani
I1 Nuovo Saggiatore 25, no.3-4, 1 (2009)

8] “Cosmic Rays And Neutrinos From Supernova Remnants From Vhe
Gamma Ray Data”
F. L. Villante and F. Vissani
Nucl. Phys. Proc. Suppl. 188, 261 (2009)

Astroparticle Physics (FA51)

The Astroparticle group of LNGS in 2009 included R.Aloisio, V.Berezinsky, A.Gazizov
and visitors V.Dokuchaev (Institute for Nuclear Research, Moscow), Yu.Eroshenko (Insti-
tute for Nuclear Research, Moscow), B.Hnatyk (Lviv University, Ukraine), S.Grigorieva
(Institute for Nuclear Research, Moscow). The group worked in close collaboration with
P.Blasi (Arcetri Observatory, Firenze), A.Vilenkin (Tufts University, USA), M.Kachelriess
(NUST, Trondheim, Norway), S.Ostapchenko (Karslrue, Germany) and others.

Scientific work

The main field of the work is astroparticle physics, including ultra high energy cosmic rays,
and high energy neutrino and cosmology. From the works of 2009 one may be explicitly
mentioned: R. Aloisio, V. Berezinsky, A. Gazizov, Superluminal problem indiffusion of
relativistic particles and its phenomenological solution, Astrophys. J. 693, 1275, (2009).

The problem of appearance of superluminal signal in non-relativistic diffusion equa-
tion, e.g. in thermal conductivity, viscous motion of gases etc. is known for about 100
years. In this work it is studied and phenomenologically solved for diffusion of cosmic
rays. The phenomenological solution of this problem is found with the help of the gen-
eralized Juettner propagator, originally proposed for relativization of the Maxwellian gas
distribution. The solution obtained is very general for diffusion of particles. The applica-
tions are considered for ultra-high energy cosmic rays, where the superluminal problems
are shown to be eliminated.
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Conferences, seminars and other activities

R.Aloisio works as the scientific secretary of the LNGS scientific committee and as the
organizer of LNGS seminar.

V.Berezinsky works as a member of Int. Advisory board of JEM-EUSO.

R.Alosio presented invited talk at Int. Conference “Searching for the origin of Cosmic
Rays” in Trondheim, Norway, 15 - 18 June, 2009.

V. Berezinsky presented the invited talks at Int. Conferences “Searching for the origin
of Cosmic Rays” in Trondheim, Norway, 15 - 18 June, 2009. “Callenges in Theoretical
Cosmology” in Talloires (France), 2 - 5 September 2009, 13th Chalogne Cosmology Col-
loquium in Torino, 21 - 24 October 2009, XCV Italian Phys. Soc. Congress in Bari Sept.
28 - Oct 4 and at EUSO meeting in Paris 12 - 14 May, 2009

A. Gazizov presented invited talk at Int. Conferences “Searching for the origin of
Cosmic Rays” in Trondheim, Norway, 15 - 18 June, 20009.

Publications in journals, proceedings and preprints

[1] R. Aloisio, V. Berezinsky, A.Gazizov
Superluminal problem in diffusion of relativistic particles and its phenomenological
solution.
Astrophys.J. 693, 1275-1282, 2009

[2] V.Berezinsky, K.Olum, E.Sabancilar, A. Vilenkin
UHE neutrinos from superconducting cosmic strings.
Phys. Rev. D80:023014, 2009.

[3] V. Berezinsky
Ultra High Energy Cosmic Ray Protons: Signatures and Observations
Nucl. Phys. B (Proc. Suppl.) 188, 227-232, 2009.

[4] R. Aloisio, V. Berezinsky, A.Gazizov
Ultra High Energy Cosmic Rays: The disappointing model
arXiv:0907.5194

Cosmology and Dark Matter (PD51)

Members: Z. Berezhiani, F. Nesti, P. Panci, L. Pilo, N. Rossi, F.L. Villante and F. Vissani.
They worked in collaboration with D.Comelli (INFN-Ferrara), M. Cirelli (CERN and
CNRS), A. Drago (University of Ferrara), R. Percacci (SISSA), D. Blas (IPT, Lausanne),
P. Salucci (SISSA)
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Scientific work

The research activity has been focused on the following topics:

i) Modifications of gravity. We have studied models of gravity modification at large dis-
tances and their impact on dark energy and dark matter. We have discussed, in particular,
the general features of massive gravity around a cosmological backgrounds. We have also
studied the stability of these theories in curved space, proving a viable window of stability
in a universe with very small curvature. We have, finally, considered the deviation from
a universal gravitational law at large scale in the context of the “multigravity” theories
where “Lorentz invariance” is broken.

i) Direct and Indirect dark matter search. We have discussed some astrophysical implica-
tions of the dark matter interpretation of the PAMELA e+ /e- excess. We have discussed
the limits on the dark matter properties that can be obtained by indirect dark matter
searches. We have analyzed the possibility that ”mirror matter” can provide a relevant
component of the dark matter of our universe in view of the recent DAMA /Lybra results.

Conferences, seminars and other activities

International ENTApP Dark matter Workshop, CERN, February 2009 (talk di F. Nesti)
International Workshop on Hot topics in cosmology SW3, Cargese, France, April-May
2009 (talks di Z. Berezhiani, N.Rossi, F. Nesti) International Conference on Topics in As-
troparticle and Underground Physics TAUP, Rome, Italy, July 2009 (talk of F.L. Villante).
F Nesti presented the talk “Exact black hole solutions in massive gravity” at Lausanne U.

F. L. Villante gave an invited lecture about Neutrino in Physics and Astrophysics at
2009 2D-IDAPP meeting, Varenna, Italy, June 2009. P. Panci and N. Rossi partecipated
to the 3rd UniverseNet School Particle Astrophysics and Cosmology, Barcellona (Spain),
September-October, 2009. Z. Berezhiani gave talks at Int. ENTApP Dark matter Work-
shop, CERN, Geneve, Feb. 2009; CERN Theory Institute “SM and BSM physics at the
LHC”, Aug. 2009; Int. Workshop “Searching for New Physics at the LHC”, Sept. 2009,
Galileo Galilei Institute for Theoretical Physics, Florence, Italy; and presented invited
seminars at the Univ. of Helsinki, at the EPFL Lausanne, at the ICTP, Triest.

F. L. Villante and F. Vissani were members of the Organizing Commitee of the Inter-
nation Workshop on Weak Interaction and Neutrinos WINQ09, Perugia, Italy, September
2009.

Publications in journals, proceedings and preprints

[1] Z. Berezhiani, F. Nesti, L. Pilo and N. Rossi, “Gravity Modification with Yukawa-
type Potential: Dark Matter and Mirror Gravity”, JHEP 0907 (2009) 083

2] D. Blas, D. Comelli, F. Nesti and L. Pilo, “Lorentz Breaking Massive Gravity in
Curved Space”, Phys. Rev. D 80 (2009) 044025

[3] F. Nesti, R. Percacci, “Chirality in unified theories of gravity” Phys. Rev. D 81 (2010)
025010

164



[4] “The dark matter density at the suns location” P. Salucci, F. Nesti, Submitted.
[5] F. Nesti, ”Standard Model and Gravity from Spinors”, Eur.Phys.J. C59 (2009) 723.

[6] Z. Berezhiani and A. Lepidi, “Cosmological bounds on the 'millicharges’ of mirror
particles,” Phys. Lett. B 681 (2009) 276

[7] M. Cirelli, P. Panci, P.D. Serpico “Diffuse gamma ray constraints on annihilating or
decaying Dark Matter after Fermi”

[8] M. Cirelli, F. Iocco, P. Panci, “Constraints on Dark Matter annihilations from reion-
ization and heating of the intergalactic gas.” JCAP 0910 (2009) 009

[9] M. Cirelli, P. Panci, “Inverse Compton constraints on the Dark Matter e+e- ex-
cesses.”, Nucl.Phys.B 821 (2009) 399

[10] Z. Berezhiani, L. Pilo and N. Rossi. “Mirror Matter, Mirror Gravity and Galactic
Rotational Curves” arXiv:0902.0146 [astro-ph.CO]

[11] F. L. Villante and F. Vissani, “Cosmic Rays And Neutrinos From Supernova Rem-
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1 WArP-100 detector Technical Commissioning

The activity of the WArP Collaboration in 2009 has been almost entirely dedicated to the
commissioning, tests and related actions on the WArP-100 1t detector. This activity is
here briefly summarized. Construction and assembly of the WArP-100 detector have been
completed by December 2008 and immediately after deployed into the cryostat, positioned
in Hall-B at LNGS inside the Lead & Polyethylene external shield for gamma and neutron
background suppression.

Phase-1
Phase-1 of the Detector Commissioning was started on Dec. 22nd with the vacuum

pumping of the cryostat internal volume, combined with a number of cycles of inert gas
flushing (N3 at room temperature) for the reduction of the residual HoO content of the
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internal materials. This phase lasted about five months (from Dec. 23rd to May 5th,
2009).

Initially, leak search, localization and repairs required about one month and succes-
sively vacuum pumping lasted up until the design residual pressure was reached as mea-
sured by the pressure probes located in various points of the cryostat.

During this period external cabling of the PMTs and of the slow-control sensors (LAr
levels, T, P, ) has been completed. A full test of the PMT signal and HV mapping has
been then performed and validated. The assembly of the lateral walls of the Lead shield
was also completed and the installation of the most external n-shield well advanced In

this Phase-1 of the Commissioning the composition of the residual gas has been continu-
ously monitored by mass spectrometry. Air components (from residual leaks) and water
(from material outgassing) have been identified and monitored during their progressive
decrease (e.g HyO outgassing rate: 6 x 107° mbar 1t/sec). The vacuum pumping period
was assumed as completed when the residual pressure reached the design value in the
range 2 + 6 x 107% mbar (end of March, 2009).

Phase-2

Phase 2 of the Commissioning procedure (inner detector Cooling and LAr Filling) was
started on May Hth, the first day of resuming into normal operation at LNGS underground
after the suspension of activity due to the earthquake (during the month of April, vacuum
pumping indeed continued without interruptions)

The Cooling phase lasted less than 3 days via low-quality LAr forced recirculation in
the piping system inserted in the vacuum jacket of the cryostat, in thermal contact with
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the internal wall. This produced ensured a smooth cooling down of the materials inside
the cryostat to less than 200 K (in the innermost element of the detector), thus stopping
the water outgassing (as seen by the drop of the HyO partial pressure). The ultimate
residual pressure just below 1 x 1075 mbar was then reached.

The following step with the LAr filling lasted four more days. Good-quality LAr
(equivalent to 5.5 grade) at a speed of about 300 lt/hr was conveyed inside the cryostat
through a dedicated vacuum insulated filling line from a movable LAr storage. The line
included a large two-stages filter (Oxygen reactant for Oy removal and molecular sieves
for HoO trapping). During the first day of the Filling Phase all the inner components
(internal Polyethylene shield and detector) were cooled down to LAr temperature and
successively the LAr level inside the cryostat has grown up to the detector operation
design level (full immersion of the active veto detector).

On May 13th, the WArP-100 detector Technical Commissioning was successfully com-
pleted.

2 WArP-100 detector Technical Run

A technical run of the WArP 1001t detector started with the activation of the various
components of the detector and of the cryogenic system (May-July, 2009):

e GAr recirculation (liquefaction and purification) activated, allowing direct measure-
ment of the actual total heat load of the system (estimated at a level of 1 kW, in
agreement with design value).
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e GAr/LAr precise level configuration for the two-phase 1001t inner detector success-
fully established (gas Argon pocket generated and maintained by resistive heaters
inside the bell-shaped immersed cryostat).

e PMT activation with voltage bias at nominal value with slow HV ramp and indi-
vidual test:

— 37/37 PMTs of the inner detector correctly functional (1 slightly noisy)

— 298/302 PMTs of the veto system correctly functional (2 PMT: faulty connec-
tion at the feed-through, 2 PMT: broken printed circuit of the resistor divider)

e DAQ & Trigger for 1001t detector, after initial debugging phase, in run with pro-
gressive tuning and optimization of the performance.

e Off-line event reconstruction successfully tested and used for first data analysis.

e HV system for the Inner Detector (connection from external power supply to inner
detector cathode): while ramping up the HV a major discharge occurred inside the
cryostat along the connection line and this broke the HV injection system. This
unforeseen event prevented to establish the EF in the LAr volume of the 100 It
detector, necessary for operation in two-phase configuration.

Due to the HV problem, after repeated attempts to rescue the HV connection, the Run was
stopped on August 13th and the cryostat emptied to proceed to the HV feed-through/cable
replacement. During these three months several data taking runs (limited to recording
signals from the 37 PMTs of the inner 1001t detector) were collected outside the periods
of interventions on the HV system with the chamber in null Electric Field configuration.
Most of these runs were dedicated to achieve lowest possible Electronic Noise configu-
ration and to define Single Electron Response (SER) of the individual PMTs (and to
monitor SER stability in time). Finally a limited number of data acquisition runs, in best
configuration and steady state, have been collected to measure the Light Yield and the
Time Constants of Light Signal, characterizing the 100 1t detector performance during
this technical run.

2.1 Data Analysis from the Technical Run

Single Electron Response: for each PMT the SER distribution has been evaluated.
This has been done by searching for isolated peaks in each collected PMT waveform
(sampled at 1GHz). The area under the detected peaks, which is proportional to the
charge collected by the PMT, was evaluated after having subtracted a running baseline?.

2In order to evaluate the local baseline the algorithm requires that in a 50 ns window (baseline window)
starting at 25 ns after the peak no other peaks are observed. If a second peak is found it is merged with
the previous one, the baseline window is set at 25 ns from the second peak and the check is performed
again. This algorithm results in a distribution of areas that represent multiple photoelectrons together
with the single photoelectron line.
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The SER spectrum of each PMT is hence fitted by the sum of an exponential function
(describing the dark counts distributions) and the sum of four Gaussian functions with
a fixed ratio of the means in order to reproduce the peaks associated to 1, 2, 3 and 4
photoelectrons. The mean value of the first gaussian is taken as the SER value of the
PMT. A typical SER spectrum is shown in the figure below.

Light Yield: data from selected acquisition runs have been (individually) analysed to
obtain estimates of the Light Yield. For example, results from Run #3229 are reported
here. Collected events are mostly from beta decay of 3?Ar (Trigger logic: majority 8
PMT with at least 1 phe each). For each event, the individual PMT recorded waveform
is first running-baseline subtracted and then integrated in a 7 us window from the onset
(two slightly different integration methods have been employed in the analysis code).
The single PMT integrated signals are normalized using the corresponding SER values
and then summed (over 36 out of the 37 PMT of the 1001t detector)® up to form a sum
integrated signal. The amplitude of the sum integrated signal, proportional to the total
number of detected photoelectrons, is the primary scintillation signal value, indicated as
S1 (in phel units).

The S1 experimental distribution, after having removed the saturated events, is shown in
the figure below (in linear scale and log scale). A fit function was defined by best fitting
of the expected spectrum obtained by full simulation of thel00 1t detector in presence
of the internal 3*Ar contamination with GEANT4-based Monte Carlo code (8-th degree
polynomial in the energy region 100-650 keV). The free parameters of the fit include the
Light Yield. The fit result (red line) is also shown in the figure. The obtained Light Yield

30ne PMT, though functional, was excluded from the sum because the SER peak determination was
unstable due to higher noise level.
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1S:
Y3909 = 1.630 £ 0.002phel /keV (1)

where only the statistical error is reported. (A slightly lower value Y3999 = 1. 568 has been
obtained with the other waveform integration methods implemented in the off-line code).
The stability in time of the Light Yield value has been controlled by comparison with
equivalent results obtained from the analysis of other two data samples acquired during
this technical run. A higher LY value (in the range around 2.5 hel /keV) was expected from
simulations and available data on intrinsic parameters of the optical system (wavelength
shifter, reflector layer and PMT efficiency.) The lack of LY has been investigated and at
present ascribed ~ 15720 % to apparent reduction of ETL 3PMTs performance and ~
15720 % to sub?optimal performance of wavelength shifter (TPB film deposit on reflector
foils).

LAr purity measurement through scintillation light decay time: indication
about purity level of the liquid has been obtained by analysis of the scintillation (average)
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signal shape. In particular the long decay time constant 7 of the LAr scintillation
light emission is subject to decrease due to quenching processes in two-body collision of
impurities with the Ar} excimer states.

Averaged signal from a data sample has been evaluated and the signal shape fitted to
obtain the characteristic time constants of the exponential scintillation light emission (as
shown in the figure).

The long decay time constant obtained from the fit was:

Tr ~ 1.3 £ 0.1us (2)

This is in agreement with the intrinsic 7 value of LAr, indicating that a satisfactory
level of purity of the liquid was achieved at the filling time and maintained by the GAr
recirculation system over the technical run period.

3 Projected sensitivity to WIMP search

Considering the measured Light Yield of 1.63 phel/keVee (at null field), the sensitivity
to WIMP search has been projected (according to the standard adopted recipe), yielding
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744 745

for 1 yr running a limit of 10°* c¢m? (a factor 2 lower than design sensitivity of 5 x 10
cm?). However, this is (still) about 10 times better than present (2009) best published
limit.

4 Present status and Conclusions

The technical run was stopped on August 13th and the cryostat slowly emptied to proceed
to the HV feed-through/cable replacement. Warming up to room temperature (avoiding
air /humidity back diffusion into the cryostat) lasted about one month and then the top
flange of the cryostat has been opened and the detector moved back into the WArP clean
room in Hall B.

Inspection of the HV system confirmed the presence of a crack along the HV cable insu-
lation, connecting the HV feedthrough (internal side) to the detector cathode, where the
discharge occurred in the gas phase volume just above the liquid argon surface level.
The HV cable insulation (H.D. PolyEthylene) mechanically cracked at LAr temperature
due to internal stresses introduced by a thermal treatment of the HV cable.

A limited portion of the veto detector has been dismounted to allow removal of the HV
cable.

A new HV cable and feed-through design has been drawn and realized. It has already
been successfully tested at LAr temperature with 100 kV supply in several cycles.

The faulty PMT connections (4 PMTs) have been fixed.

Investigations are also actively on going to identify the origin of the lack of light yield
(compared to expectations) experienced during the technical run. In particular, atten-
tion is being paid to possible variations of the quality of the TPB film deposit on the
reflector foils covering the internal surfaces of the 100 1t detector. Tests of the optical
system (reflector and TPB coating) have been performed as well in view of a detector
remounting.
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Start of the WArP 100 1t detector new commissioning is foreseen by January 2010.
About two months of vacuum pumping are required. After LAr filling (March), back to op-
eration is expected in April 2010. After common detector issues (detector/electronics/DAQ
debugging, analysis optimization,background studies, etc.), an extended calibration run
with gamma and neutron sources is foreseen, just before starting a long duration Physics
run.

In parallel, a run with the 2.3 liters prototype with Depleted Argon in Hall B at LNGS
is included in the WArP program for 2010. The prototype will make use of a new type of
High QE PMT developed to work at LAr temperature to reach the highest light yield.
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Abstract

The XENON100 experiment aims to detect cold dark matter particles via their
elastic collisions with xenon nuclei. During 2009 the commissioning phase of the
detector has been completed and calibration runs have been carried out, prior to he
start of data taking which occurred in January, 2010. We briefly review the status
of the project.
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1 Introduction

XENON100 is a two-phase liquid/gas time projection chamber (TPC) aiming to directly
detect dark matter by observing nuclear recoils from WIMPs scattering off xenon nuclei.
As its predecessor XENON10, which has established some of the best limits on WIMP-
nucleon interactions so far [2], the experiment is located in the interferometer tunnel
of LNGS. It has about 10 times more target mass than XENON10, and the gamma
background was improved by 2 orders of magnitude by optimizing the detector design
and careful selection of all detector materials.

A liquid xenon (LXe) two-phase TPC is a powerful tool for rare event searches since
it combines excellent self-shielding capabilities with 3D event position reconstruction and
signal to background discrimination, based on the simultaneous detection of the scintil-
lation light (S1) and the charge signal (S2) of an interaction.

Even though the experiment itself was not affected at all by the earthquake in April, we
had to reduce the number of permanent people on site due to a lack of housing and general
infrastructure. However, the progress of XENON100 is not affected by this measure.

The commissioning of XENON100 has been completed in 2009. The detector has been
filled with 170kg of ultra pure Xenon, through a distillation column to remove 85-Kr. The
detector is now (early 2010) in data taking and will accumulate data for a dark matter
search throughout the year. With a raw exposure of 6000 kg-days, free of background
events, XENON100 will reach o ~ 2 x 107 c¢m? at 100 GeV, more than a factor of 20
better than current limits [2, 1].

2 The XENON100 Detector

The XENON100 detector uses the same principle of operation and many design features
successfully tested in the XENON10 prototype. A detailed description of Xenon 10 and its
performances can be found in [3]. Here we only recall a few characteristics of the detector.
XENONT100 is a position-sensitive XeTPC, with the sensitive LXe volume viewed by two
arrays of photomultiplier tubes (PMTs), to detect simultaneously the primary scintillation
signal (S1) and the ionization signal via the proportional scintillation mechanism (S2).
The sensitive target can be “fiducialized” to keep only the inner core free of background.
In addition, the high ionization density of nuclear recoils in LXe leads to an enhancement
in S1 and reduction in S2, compared to electronic interactions. The S2/S1 ratio therefore
discriminates WIMP nuclear recoils from v and 8 backgrounds with an efficiency of 99.5—
99.9%, as demonstrated with XENON10 [2].

A schematic drawing of the XENON100 detector and a photo are shown in Fig.1
(right). The active volume contains 65 kg of LXe and is instrumented with 178 PMTs in
two arrays, 98 in the gas and 80 in the liquid. All PMTs are Hamamatsu R8520-06-Al
17 square, optimized for Xe 178 nm light and selected for low radioactivity. The quantum
efficiency (QE) of these tubes was also improved from ~ 24% to ~ 35%. The active target
is enclosed in a PTFE cylinder of 15 ¢m radius and 30 cm height. This PTFE cylinder
reflects scintillation light with high efficiency [6], and optically separates the LXe target
from the surrounding LXe which is necessary to separate the TPC with its electric field
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Figure 1: Drawing and a photo of the XENON100 TPC.

from the walls of the vessel. 64 PMTs turn this outer LXe volume into an active LXe,
with a total mass of 105 kg, including LXe layers above the top and below the bottom
PMT arrays. The cooling system is based on a 170 W pulse tube refrigerator (PTR),
originally developed for the MEG experiment [5]. The PTR is used to liquefy Xe and to
maintain the liquid temperature during operation.

3 Xe Gas Handling, Purification and Kr Removal
System

The XENON100 detector requires a total of 170 kg of Xe to fill the target and the active
veto. The gas is stored in four aluminum cylinders connected by high pressure valves,
that can be cooled with LN, during recovery from the detector.

To reduce electronegative impurities in commercial Xe well below 1 part per billion
(ppb) Oz equivalent that is required for long electron lifetime and long VUV photons
absorption length, we are using the system developed for XENON10, based on continuous
Xe gas circulation with purification through a high temperature metal getter (SAES). The
~2 ms electron lifetime demonstrated with XENON10 data [3] correspond to four meters
drift length, much longer than the 30 cm maximum drift in XENON100.

LXe, as a condensed noble gas, is readily purifiable for most radioactive impurities.
The one notable exception is 8Kr, present in commercial Xe gas at the ppm level. Beta
decays of ¥Kr (687 keV end point, 10.76 years of half life) presents a serious background
for a dark matter search. The gas used in XENON100 was processed by the Spectra Gases
Company to reduce the Kr concentration to ~5 ppb, using their cryogenic distillation
plant. This level has been achieved in XENONT10 [3] with gas also processed by the same
company, and verified by positive identification of the beta-gamma coincidences with
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Figure 2: Picture of the Kr distillation column in commissioning.

1.46 us time difference from decays Kr(8) —%"Rb(y) —%Rb at a 0.454% branching
ratio. During the first background run with XENON100, we identified these ”delayed-
coincidence” events and inferred a Kr/Xe level of 7 ppb, consistent with the value of
Spectra Gases.

In order to reduce the ¥Kr level to <50 ppt, required by the XENON100 sensitivity
goal (50 ppt of ®*Kr contribute a rate of 1072 evts/kg/keV/day), we have purchased
a cryogenic distillation column made by Taiyo-Nippon Sanso. The column has been
commissioned at LNGS and has been used to purify the XENON100 gas. It is 3 m tall
and is designed to deliver a factor of 1000 reduction in Kr at a purification speed of
0.6 kg/hour.

4 Activity in 2009

Year 2009 has been characterized by an intense activity aimed at the final commissioning
of the detector, which, at the end of the year, started the final set of calibration runs.

4.1 Light and Charge Signals

During early Spring 2009, we realized that we had some gas permeation through a seal
of the cryostat. After the exchange of the seal under Ny atmosphere, the detector was
prepared for filling by baking and by recirculation of warm xenon gas though the detector
and the getter. The analysis of the residual gas showed that the gas permeation into the
detector had been reduced by 2 orders of magnitude. The decrease of the water content
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Figure 3: Example of a XENON100 event with almost maximum drift time: The interaction happened
close to the cathode. One time sample corresponds to 10 ns. The narrow pulse at 720 is the prompt S1
scintillation light, the broader peak at 16600 is the charge signal (S2).

in the xenon gas was monitored with a dedicated device (TigerOptics HALO). The final
value was about 1 ppb, the sensitivity of the device. In August 2008 a recirculation
through the distillation column has been performed, lasting approximately 20 days.

Whereas the previous runs showed an increase in light yield during the first weeks
after detector filling until a maximum value was reached, we now observe the maximum
light yield basically immediately. Furthermore, with the improved leak-tightness of the
detector and the improved outgassing, we also observe charges from interactions in the
LXe that are drifted across the TPC and get extracted into the gas phase. The loss of
ionization electrons with drift length, described by the electron lifetime as we measure the
drift length in microseconds, is directly related to the number of remaining electronegative
impurities in the LXe. The lifetime increases with continuous Xe purification and we are
able to detect S2 signals from all parts of the TPC (cf. Fig. 3). The highest value reached
so far is 240 us.

Position Reconstruction; Position Dependence of Light Signal The calibration
data have been used to fully exploit the 3D interaction position reconstruction capabilities
of the TPC: The z-coordinate is given by the drift time (since the drift velocity for a given
drift field is a constant number), and the xy-position is derived from the hit pattern on the
top PMT array, located in the gas volume. We have developed 3 different reconstruction
techniques, based on neural networks, support vector machines, and y?-minimization, that
are continuously tested, compared, and improved. A test of the reconstruction quality
with a strongly collimated point source gives a measured uncertainty of £3 mm in the
reconstructed position, where the error is dominated by the positioning of the source.
The position information for every event also permits to measure the position de-
pendence of the light yield (that is directly correlated to the light collection efficiency,
LCE), and to calculate the average light yield of the detector: From the analysis of a high
statistics 137Cs data set, we obtain an energy corrected average of 4.5 PE/keV at 122 keV
(zero field). This is 80% of the XENONI10 light yield as expected from detector design.
The z-dependence of the light yield agrees with the Monte Carlo simulations of the LCE
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Figure 4: Prelim. scintillation light (S1) spec-
trum of '37Cs corrected for position dependent
light collection efficiencies. An active veto cut has
been applied.

Figure 5: Preliminary charge (S2) spectrum of
137Cs corrected for the finite electron lifetime. An
active veto cut has been applied.

(cf. Fig. 6).

With light and charge signal at hand many other analyses are possible since all position
dependent corrections can be applied (cf. Figs 4, 5). Work on the energy resolution for S1,
S2 signals, and the combined energy scale are in progress. The same holds for calibrations
of the gamma and neutron bands as a prerequisite for the discrimination between electron-
and nuclear recoils based on their different S2/S1 ratios.

5 Purification from ®Kr

Xenon itself has no long-lived radioactive isotope, however, commercially available xenon
gas always contains some krypton at the ppm-ppb level. About 107! of this is the
radioactive isotope *’Kr (Tj,, = 10.76 a). In order to reach the full design sensitivity
of XENON100, the Kr concentration in Xe has to be about 50 ppt, leading to less than
1 event from 8°Kr in the WIMP search region within 180 days.

Since both elements are noble gases, Kr cannot be separated chemically from Xe.
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Therefore we have procured a dedicated Kr-distillation column to decrease the Kr con-
centration. A first test run in September 2008 has proven that the column works. A second
purification run to reach the required Kr-level was performed in July/August 2009. The
data has been analyzed using a delayed coincidence decay channel with 0.434% branching
ratio, and a preliminary confidence interval of 15 to 550 ppt for the Kr concentration has
been obtained. At these low concentrations, a large amount of data are necessary for the
analysis and more statistics is needed in order to improve the limit. Since there are also
events from other sources that show a similar pattern, the delayed coincident analysis
might reach its limit at some point, so that the background spectrum at low energies will
have to be used to give the final limit. A new method based on trace analysis of trapped
Kr atoms has been proposed by the Columbia group and funded by NSF, but will take
some time to develop.

6 R&D for Calibration at low Energies

The excellent self shielding capability of LXe has the drawback that the target volume of
XENON100 cannot be calibrated with low energetic gamma rays from the outside: their
mean free path is simply too short and all photons are stopped in the LXe veto layer.
However, the whole detector volume has to be calibrated in the region of interest for the
Dark Matter search at low energies. In XENON10, neutron activated xenon with two
metastable isotopes with half-lifes around 10 days was added to the detector for a volume
calibration. The drawback of this method is the fairly long half life of the activated
nuclei, the possible creation of other radioactive isotopes, and the rather high energy of
the gamma lines (164 keV and 236 keV).

Two small prototype two-phase TPCs have been developed in Zurich and Columbia
to investigate 83mKr for energy calibration. 83mKr is introduced into the liquid xenon
detectors through the gas system and it provides a uniform calibration source. At the
same time it has two transitions at the energies: 32.1keV and 9.4keV being the second in
the dark matter region of interest. Both lines are separated by only 154ns which makes
the identification easy even for a detector that is not design for low background. The
short half-life of 83mKr only 1.83 hours allows for a short turnaround time following dark
matter measurement.

Data from the successful implementation of this source in the Zurich test prototype
have been published [4]. They provide new information on the scintillation light emission
for low energy events as well as the dependence of the light yield on an applied electric
drift field. As the applied field is increased, more and more electrons leave the interaction
point, suppressing the recombination process that contributes photons to the scintillation
signal.

83mKr is a decay product of a 83Rb source which emit gamma rays mainly at 520keV.
In this setup, a possible contamination of the liquid xenon with rubidium has been studied
and no contamination has been found. This measurement provides an upper limit on the
level of 83Rb contamination introduced to the system of < 120uBq/h exposure. In the
context of the next generation of LXe dark matter direct detection searches, this upper
limit translates to a maximum introduced background far below the intrinsic backgrounds.
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7 List of Publications during 2009
e Constraints on inelastic dark matter from XENON10. By XENON10 Collabora-
tion (J. Angle et al.). Oct 2009. (Received Dec 1, 2009). 8pp. Published in
Phys.Rev.D80:115005,2009. e-Print: arXiv:0910.3698 [astro-ph.CO]
e Aprile et al. Design and Performance of the XENON10 Dark Matter Experiment.
arXiv (2010) vol. astro-ph.IM
e Aprile et. al "New Measurement of the Relative Scintillation Efficiency of Xenon
Nuclear Recoils Below 10 keV”, Phys. Rev. C 79, 045807 (2009)
e E. Aprile & L. Baudis, "Liquid Noble gases” in Particle Dark Matter, Edited by
Gianfranco Bertone, Cambridge University Press, 2009
e E. Aprile and S. Profumo, “Dark Matter and Particle Physics”, Focus Issue for New
Journal of Physics, 2009
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Abstract

The possible sources analyzed up to now for the neutron flux background at the
Gran Sasso National Laboratory are the natural radioactivity in the rock, the con-
crete, as well as the induced part coming from interaction of cosmic ray muons with
the rock or the detector material itself. Water was considered only as moderator in
concrete, due to its variable concentration and its radioactivity as additional source
for neutron flux modulation. Therefore, the water-rock interaction and its spatial-
temporal variation induced by hydrological pattern of the Gran Sasso aquifer are
taken into account [1]. Monitoring of chemical and physical groundwater parame-
ters has been carried out worldwide in seismogenic areas with the aim to test possi-
ble correlations between their spatial and temporal variations and strain processes.
Uranium groundwater anomalies were observed during the preparation phases of
the recent L’Aquila earthquake of 6! April 2009 in the cataclastic rocks near the
overthrust fault crossing the deep underground Gran Sasso National Laboratory.
The obtained results suggest that uranium may be used as a potential strain indi-
cator of geodynamical processes occurring before the seismic swarm and the main
earthquake shock [2].
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1 Introduction

The neutron flux background plays a key-role in several research activities for Neutrino
Physics and Dark Matter detection in underground environment. The neutron sources
considered at deep underground are («, n) reactions on light elements (e.g., Li, F, Na,
etc.), spontaneous fission, mainly of ¥U [3], and those induced by cosmic ray muons. The
Gran Sasso National Laboratory - National Institute of Nuclear Physics (LNGS-INFN) is
located inside the largest aquifer of central Italy. The natural radioactivity in rock and
materials used for the internal structures of the LNGS-INFN has been studied in detail [4]
[5], and the specific activities of natural radionuclides are known with high accuracy for
the characterization of neutron background at the LNGS-INFN [5]. Moreover, numerical
simulations [3] and neutron flux measurements were carried out inside the LNGS-INFN
[5] [6] [7] [8] [9] [10] [11]. Nevertheless, the contribution of the natural radioactivity in the
ground water and its spatial-temporal variations induced by the water-rock interaction
and the hydrological properties of the Gran Sasso aquifer have never been considered.
The measurements of the neutron flux made during the years at the LNGS-INFN re-
vealed differences of orders of magnitude [3], but it is difficult to correlate them with the
aquifer properties at that time. Within the framework of the INFN scientific program
ERMES (Environmental Radioactivity Monitoring for Earth Sciences) environmental ra-
dioactivity measurements were performed inside the LNGS-INFN: particularly, radon [12]
[13], radiocarbon [14], and tritium [15]. These measurements have shown the existence of
different chemical-physical and fluid dynamical characteristics in the ground water. The
measurements of the neutron flux [5] [6] [7] [8] [9] [10] [11] and the numerical simulations
[3] have been performed in time intervals not exceeding the temporal and spatial varia-
tions of environmental radioactivity detected by ERMES. The results of the ground water
radioactivity monitoring show temporal modulations induced by ground water variations
due to percolation effect related to snow melting, and spike-like events due to rainfall
and/or diffusive processes through the structural discontinuities [16]. Therefore, this
work is a preliminary study focusing on the importance of ground water radioactivity as
additional source for neutron flux variation. The ability to predict earthquakes has been
of great interest for the Earth Sciences and the society. Radon has been suggested as one
of possible precursors, and its groundwater anomalies associated with earthquakes and
water-rock interactions were detected in several seismogenic areas worldwide indicating
possible transport of radon through microfractures or the crustal gas fluxes along active
faults [12] [13] [17] [18] [19] [20] [21] [22] [23] [24] [25]. The physical processes associ-
ated with radon groundwater anomalies are based on changes of radon emanation rates
occurring due to strain signal near the earthquake’s nucleation point. In the geological
environment the radon concentration depends on the isotopic abundance of its parents
(#38U and ?*Ra), and on their geochemical patterns with reference to environmental redox
and pH characteristics. The geodynamical processes induced by earthquakes can modify
radon migration patterns in groundwater as a potential strain meter probe. However,
the activity of radon in fractured lithologies is difficult to predict and the measurement
of radon concentration does not uniquely constrain the rock deformation or the chemical
inhomogeneity [26], as well as its relationship with the transient crustal strain signals from
"aseismic’ fault slip near the earthquake’s nucleation point [27]. Moreover, non-tectonic
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factors related to variations of chemical and physical groundwater parameters may be of
importance [2] [28], requiring proper geological, hydrological and hydrogeological settings
[29], so only the variations induced by stress-strain processes should be considered in eval-
uations. Important issues are the stability and reliability of the monitoring system which
should be checked continuously during the measurement time [12] or the development of
new detectors independent of environmental noise parameters such as temperature, acid
concentrations, humidity, and air pressure [30]. The LNGS-INFN is located inside the
largest aquifer of central Italy, within the limestones formation of the upturned syncline,
near the main overthrust fault. This separates water masses belonging to two distinct
creeks: the first one, where the main laboratories are excavated, flows in well drained cre-
taceous formations, while the latter is within not drained and poorly permeable dolomitic
formations [11].

2 Discussion

The high peaks in the uranium concentration [1] were induced prevalently by geodynam-
ical processes through the fault and hydrological pattern due to the high permeability of
the cretaceous limestone forming of the Gran Sasso massif. The water-rock interaction
and ground water geochemistry modulate these variations. The thorium concentration
could not be determined and gave only upper detection limits. This can be understood
as thorium compounds are generally very poorly soluble in water. These studies have
emphasized a complex structure of the aquifer due to geological and structural disconti-
nuities, induced by the distensive tectonic phase that characterizes the Gran Sasso area.
The presence of semi-permeable and impermeable structures near these discontinuities
produces hydrostatic gradients as well as different hydrologic and geochemical properties
in the various compartments of the aquifer. In particular, the main overthrust fault is
separating water masses belonging to two distinct creeks [1] [13]: the first one in which
are embedded the main laboratories, flows in well-drained cretaceous formations, while
the latter is lying within not-drained and poorly permeable dolomitic formations. The
area under investigation was from November 2008 to December 2009 marked by a seis-
mic swarm with the main shock occurring at 01:33 UT on April 6, 2009 (Mw=6.3),
located about 18 km far from LNGS-INFN. In the period 2002-2007 the local seismic-
ity was widespread in the NW sector of the epicentral area of the L’Aquila earthquake
with depths ranging from 10 to 20 km and magnitudes from 0.8 to 3.5. The L’Aquila
sequence started in November 2008 close to the main event of 6 April, 2009. The depths
were between 8 - 12 km and the magnitudes were up to 4.1 (less of 2,000 events). After
6" April, 2009 the seismicity continued, migrating to the North and SE sectors with 2
aftershocks of Mw=>5.2 and Mw=5.4 [2]. Uranium groundwater monitoring was carried
out from June 2008 with the aim to better define the radon groundwater transport pro-
cesses through the overthrust fault [2] [12] [13], as well as to check its contribution to the
neutron background at the LNGS-INFN [1]. The uranium groundwater results obtained
between June 2008 and December 2009 showed two different water groups, which were
also supported by stable isotope (62H,6'%0), *C and *H analyses [2] [31]. This indicates
that the uranium groundwater changes strongly depend on the position of monitoring

187



stations and the overthrust fault [2]. The observed uranium variations [2] were pointing
out a seasonal trend of the water table in the Gran Sasso aquifer due to its recharge
modulated by percolation effect related to snow melting during summer period, and some
spike-like anomalies not related to hydrological and geochemical patterns. These uranium
anomalies in groundwater were detected until beginning of March, 2009 about one month
before the L’Aquila earthquake of 6* April, 2009. However, during the main shock and
aftershocks the variations in the uranium content were small. Groundwater pH and Eh
do not support the observed uranium anomalies. The flow rate observed at the Traforo
spring located in the tunnel close to the monitoring area, which collected percolation
water from the LNGS-INFN and the highway tunnel, showed a seasonal trend due to
snow melting during summer period. This trend was modified, however, from November
2008 with starting of the seismic swarm located about 20 km far from the spring, and
drastically during the main shock on 6" April, 2009 with a jump-like anomaly of about
120 1/s. This behavior emphasized hydrological links between the Gran Sasso aquifer
and seismic activities before, during and after the main shock [2]. A correlation between
the shear strain in cataclastic rocks and the uranium content of groundwater was inves-
tigated, suggesting a progressive increase in uranium enrichment with deformation [32].
This behaviour was detected in thermal waters and environments characterized by ura-
nium concentrations of rocks of several parts per million. The Gran Sasso karst aquifer,
however, does not have similar characteristics, and the uranium content of the rock is
very low [3] [4]. The fluids are crucial for the mechanics of faults [33], as they play both
passive and active role during deformations. Variations in the fluids flux was observed
during seismic sequences, likely associated with variations in the state of stress of the
crust. Moreover fluids (CO3) can increase pore pressure, and thus trigger a fault rupture
along asperities [34]. The crustal rupture may follow the fault-valve behaviour [33], with
cyclic changes in the transit, accumulation and release of fluids. As fluids decrease the
friction on the fault plane, their variation in time could control the episodic activity of
faults.

3 Conclusion

The characterization of the neutron flux background at the LNGS-INFN was done until
now considering as possible sources: (a) the radioactivity in the rock and the concrete,
and (b) the induced radioactivity from cosmic ray muons interaction with rock or detec-
tor itself. Water was considered only as neutron moderator, due to its presence in the
concrete. Therefore, only an expected steady-state neutron background was evaluated.
Nevertheless, the radioactivity in the ground water showed spatial-temporal variations at
the LNGS-INFN; for a better characterization of neutron flux background new piece of
information should be considered. In particular, the fluid dynamics properties in frac-
tured porous rock play an important role to define the uranium pattern in the ground
water [1]. The uranium groundwater anomalies observed before the seismic swarm and
the main shock, which occurred on 6* April, 2009 in L’Aquila, were probably associated
with geodynamical processes occurring before the earthquake, which triggered diffusion
processes through the overthrust fault. The observed uranium anomalies cannot be re-
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lated with geochemical and/or hydrological variations of the Gran Sasso aquifer. This
would indicate that more attention should be devoted to the pre-earthquake studies of
geodynamical processes, especially on characteristics of fluids, filling the fractures before
the main shock. Uranium in groundwater can be used therefore as a potential indicator of
pre-earthquake processes as it may be associated with geodynamics of preparation phases
of earthquakes [2].
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Abstract

Since several years two geodetic extensometers are working at LNGS. Both in-
struments are unequal-arm Michelson interferometers, using a 90-m long measure-
ment arm and a <40-cm long reference arm, and sharing the same stabilized HeNe
laser source. Nominal sensitivity is ~ 107!? and, in the present configuration,
recording rate is 600Hz ([1]). The two interferometers are monitoring extension
along two orthogonal directions, striking N66E (BC interferometer) and N24W (BA
interferometer). During 2009 the activity has been mainly devoted to the analysis
of the data produced by the interferometers before and after the occurrence of the
April 6! earthquake. We have already obtained definitive results related to the slow
slip propagation occurred on the earthquake causative fault in the hours immedi-
ately after the main shock, and afterslip on a stationary region of the same fault
occurred in the first few days after the event ([2]). Preliminary results from the
analysis of pre-seismic data, in search of precursors of the earthquake, give unprece-
dentedly tight limits on the size and strength of a possible preparatory zone and on
the amount of released pre-seismic moment. Data related to the post-seismic phase
are still under investigation.

1 The April 6 2009 L’Aquila earthquake: The first
few days following the event

During the April 6" 2009 LAquila earthquake the interferometers never lost optical align-
ment (Figure 1) and have produced unusually clean recordings of postseismic strain (Fig-
ure 2). Unfortunately, low-pass filters in the electronics made the interferometers blind
during major shaking preventing the recording of coseismic offsets during the main shock
and major aftershocks, thus any coseismic offset has been removed from the plots.

From Figure 2 it is clear that after 1.5 days postseismic strain on the two strainmeters
is monotonic and quite similar. In contrast, the initial (several hour long) transient is quite
different for BA and BC: in the case of BA fast initial compression is followed by extension
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Figure 1: Lissajous figures given by the two outputs of interferometer BA (600 samples
per second) (A) during 2000 s immediately before the earthquake, (B) 58 s throughout
major shaking, (C) 880 s immediately after it, and (D) for the whole period A to C.

Figure 2: Low-passed (cut-off frequency = 0.25 Hz) re-sampled (1 s) strain data recorded
by the two interferometers (labeled as BA and BC) after removal of Earth tides and
environmental (air pressure and temperature) effects. Extension is positive. About 80 s
starting from the main shock ("blind” time for the interferometers, see text) are missing.
Any coseismic offset has been removed. Blue insets, enlargement of the signals inside the
arrowed lines. Uncut remnant oscillations originate the seeming slight uptick in the insets.
Note the very different (between the two interferometers) initial post-seismic transient and
the monotonic similar behavior after about 1.5 days from the main shock.
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after about 15 minutes, while BC shortens monotonically. Such features suggest that the
initial phase (hours) is dominated by a different phenomenon or a different phase of the
same phenomenon with respect to the longer term (days) deformation. After modeling
pore-pressure transients and viscous relaxation in a layered (poro-elastic and visco-elastic
respectively) half-space, using different source models, we find that neither process can
account, for the recorded signals, because predicted deformation is much smaller and
slower than observed for any reasonable choice of the Earth model parameters. Thus, we
conclude that deformation after about 1.5 days is probably attributable to afterslip on
a stationary region of the fault plane, but the non-monotonic behaviour of eg, excludes
the possibility that such a mechanism is the dominant one during the hours immediately
following the earthquake. We test for consistency with our measurements the strain arising
from aseismic slip on a plane containing the source fault (Figure 3).

42°30' o

42°24'

42°18'

13°18' 13°24' 13°30' 13°36'

Figure 3: Map of the epicentral region of the 6 April 2009 LAquila earthquake with
the fault geometry and slip distribution from the work by [11]. Green solid circle (B),
location of the two interferometers; green solid lines (BA and BC), directions of the
interferometers. Red star, earthquake epicenter ([4]); yellow thick solid line close to the
fault trace, approximate location of surface ground fractures. White ellipse, probable
source region of the afterslip occurred in the first days following the earthquake. The
white black-contoured arrows exemplify the class of minimum-misfit slow slip diffusion
paths over the fault plane.

Figure 4 shows the expected amplitude and sign of deformation at both interferometers
due to very small subfaults located in different positions on the fault plane, using a simple
homogeneous half-space approximation. All areas of the fault rupture that had significant
slip (see Figure 3 and [11]) cause negative BC deformation (contraction), while the fault
plane is divided by a nodal line for deformation as recorded by BA (Figure 4). We
consequently model the initial phase of the recorded signals by means of a slow 1D slip
propagation from the fault region giving BA contraction and negative egc—ep4 toward the
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Figure 4: Strain (in units of 107%) generated at the interferometers by a small rectangular
source (M = 2.5 x 10'® N m, same focal mechanism as the main shock) located in different
positions on the fault plane. Star, earthquake hypocenter.

fault region giving BA extension. We consider two propagation mechanisms along straight
paths: a constant propagation velocity, and a diffusive process. For both mechanisms the
along-path linear density of the seismic moment is optimized with respect to the observed
signals at the interferometers. Because of the model simplicity, we test the consistency
of different (starting point, length, direction) paths against observations (35000 seconds
in duration) by means of a gridding technique instead of searching for the optimal (from
the misfit point of view) model. The diffusive model is fully consistent with observations,
while the constant propagation velocity model is unable to fit timing or shape of the
minimum observed in BA (Figure 5).

The linear density of the seismic moment decreases roughly linearly with distance
along the path (like the steady-state solution of 1D diffusive processes) and the seismic
moment increases with time following a quasi-exponential law (Figures 6 and 7).

The cumulative seismic moment is 2.5 x 10'” N m, i.e., about 10% of the main shock
seismic moment ([4]). Similar computations performed using other fault models give
analogous results. Intriguingly, the shallower part of the propagation path is close to
mapped cm-wide surface ground fractures, with lengths of about 5 km during the days
following the main shock. The fault area at the end of the propagation path is the only one
where epc ~ 2€ep4 (see Figure 4 and the white ellipse in Figure 3) and is thus a potential
source area for later afterslip. Our results are consistent with published slip models from
geodetic data, derived from InSAR images acquired a few days after the main shock (see
e. g. Figure 3). Indeed, our interpretation of our strainmeter data appears to explain
the discrepancy between the slip distribution derived from InSAR data and even if we
cannot completely exclude other possibilities for interpreting the recorded postseismic
deformation, our model and observed data are fully consistent.
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Figure 5: Initial (35000 seconds) smoothed detrended postseismic transient recorded at
the two interferometers (red solid lines) after removal of Earth tides and environmental
effects. Blue dashed lines, predicted strain history for the best constant propagation-
velocity model. Green dashed lines, predicted strain history for the best diffusive model.
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Figure 6: Linear density of the seismic moment released along the path by the slow slip
diffusive process following the 2009/04/06 L’Aquila earthquake. Total seismic moment
amounts to about 2.5 x 10" N m, i. e. 10% of the main shock seismic moment. The
quasi-linear decrease with distance along the path strongly resembles the asymptotic
steady-state temperature profile in the case of heat diffusion across a slab.
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Figure 7: Retrieved seismic moment history for the slow slip diffusive process following
the 2009/04/06 L’Aquila earthquake.

Slip propagation similar to heat diffusion has been suggested ([5]; [8]) to explain the
observed scaling law between amplitude and duration of slow earthquakes, but our results
give its first observational evidence.

2 April 6" 2009 L’Aquila earthquake: Clues on pre-
seismic phenomena

As regards the 2009 L’Aquila earthquake, claimed earthquake precursors and preparation-
phase-related phenomena include radon anomalies ([7]), radio anomalies ([3]), and ura-
nium groundwater anomalies ([10]).

The analysis of pre-seismic deformation data, briefly described in what follows, gives
tight limits on the amount of released pre-seismic slip and on the size and strength of a
possible preparation zone. Numerical results given here are to be considered preliminary
and subject to possible changes.

We do not observe strain changes greater than 2 x 107 during two days before the
event, 2 x 10719 during one hour before the event, 5 x 107! during one minute before the
event, and 2 x 10~!2 during two seconds before the event. Moreover, prerupture nucleation
slip in the hypocentral region is constrained to have a moment less than (conservative
estimate) 2 x 10 Nm during two days before the event, 2 x 10'* during one hour before
the event, 1 x 10'* Nm during one minute before the event, and 2 x 10'2 Nm during two
seconds before the event, to be compared with the earthquake seismic moment (about
3.5 x 10" Nm; [4]).

Since radon and groundwater anomalies are usually related to earthquake models
where at a certain preparation stage a region with many cracks is formed, we have tested
the model by [6], after adapting the formulas to an extensional tectonic environment. In [6]
the appearance of an inclusion affect the deformation field caused by the regional tectonic
stress. We have computed the expected preseismic deformation at the strainmeter site and
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its surroundings, for an extensional tectonic strain o ~ 100 MPa and a 10% decrease of
the shear modulus inside the soft inclusion. Predicted deformation is orders of magnitude
greater than observational threshold, and no anomalous behaviour has been envisaged.
Changes in earth tidal response were rst suggested by [9]) as a possible means for
earthquake prediction. Also recently, strain tidal changes up to 20% in amplitude have
been reported several tens of kms from the epicenter of magnitude-6 earthquakes ([12]).
Signal-to-noise ratio of the Gran Sasso strainmeters in the tidal band is very high, thus we
have determined the tidal response for the two years prior to L’Aquila earthquake (M, ~
6.3; epicentral distance about 20 km). No change in tidal response is apparent in the data
before the earthquake, within 1% in amplitude and 1° in phase (for BA interferometer).
A detailed analysis is the subject of a manuscript in preparation.

3 April 6'" 2009 L’Aquila earthquake: Work in progress
on post-seismic phenomena

The deformative phenomenon following the April 6 2009 event has continued for a
long time, and we are still working on the interpretation of the data produced by the
interferometers. Besides the post-seismic deformation induced by the earthquake itself,
our signals have also the signature of the hydrological changes occurred in the Gran Sasso
area. Both contributions deserve attention: the former would shed more light on the
event and on the depth-dependent viscoelastic structure of the Earth’s ductile regions, the
latter would draw some features of the complex Gran Sasso aquifer. In fact, an earthquake
occurring in an (idealized) elastic region of the upper crust is followed by relaxation of
the underlying viscoelastic regions (post-seismic deformation). Moreover, earthquakes
affect the direction, quantity, and rate of surface and subsurface water flow, and variety
of mechanisms have been proposed to explain hydrological responses to earthquakes. The
joint study of hydrological and deformation data collected before and after the 2009
L’Aquila earthquake would give new insights into these processes, both as regards the
transient coseismic response and the sustained postseismic one.

These analyses are inserted in an already active co-operation with R. Adinolfi Falcone,
A. Falgiani, M. Petitta, and M. Tallini, aimed to study possible correlations between strain
data and local hydrology (spring discharge in the Gran Sasso area, hydrochemical and
isotope data of groundwater collected within LNGS, fracture network in the Gran Sasso
massif).
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Abstract

A set of instruments has been planned to detect in the near-Earth space TLEs
and TGFs phenomena associated with thunderstorms as well as X /v rays from sun
and cosmic rays and fluxes of high-energy particles from the inner radiation belt.
The instrumental set includes optical and UV photometers and video cameras as
well as X /v and particle detectors. Such instruments are planned to be installed
on board a LEO satellite or the ISS in order to study the large energy transfer
from the troposphere to the atmosphere, ionosphere and magnetosphere regions
and the temporal stability of the Van Allen radiation belts. Also geomagnetic
cavity perturbations produced by sun and cosmic rays can be investigated by these
instruments. During the year 2009 also three patents were produced by the TELLUS
team.

1 The Tellus experiment

Aim of the experiment is to detect tropospheric TLEs, lightnings and TGFs, to con-
tribute to the understanding of TLEs interaction mechanisms with TGFs, to study the
large energy transfer (~ 250 MW + 1GW per event) produced by TLEs and TGFs from
the troposphere to the atmosphere/ionosphere/magnetosphere and investigate the tem-
poral stability of the Van Allen radiation belts. At this purpose specific instruments have
been planned to be installed on board a LEO satellite and/or the International Space
Station (ISS). The processes storm in the upper atmosphere generates intense luminous
phenomena called TLEs (Transient Luminous Events). Observations of TLE have shown
the existence of an intense dynamics of impulsive transfers of energy between the at-
mosphere and ionosphere. The most commonly observed from the ground are the "red
sprites” (Stratospheric/mesospheric Perturbations Resulting from Intense Thunderstorm
Electrification), a manifestation of electrical breakdown in the mesosphere. A graphic
representation of the main TLEs phenomena is reported in figure 1 with a few details
concerning Red Sprite characteristics. References are reported in the reference list.
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Figure 1: [a] Main tropospheric TLEs phenomena; [b] First imagine of a red sprite event
detected by NASA in 1994 during the night between July 3 and 4; [c] Colored imagine of
a sprite event over an intense lightning occurred in Africa at an altitude of 80-90 km; [d]
Characteristic spatial dimensions of a red sprite event.
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Above the storm formations intense emission of X/~ rays are observed. They are the
so-called Terrestrial Gamma ray Flashes (TGF). The first detection of TGF above areas
with thunderstorm has also provided the evidence of the flow of relativistic electrons in
the upper atmosphere. A TGFs geographic distribution is given in figure 2. Adding
information can be found in the publications reported in the reference list.

2 Intruments

For detecting TLEs and Lightnings two blocks of optical-UV instruments have been con-
sidered, one of which is nadir pointing and the other one limb oriented. Each block is
constituted by 2 video cameras and 4 photometers with filters adapted to mainly detect
red sprites, blue jets and lightnings, respectively. The main characteristics and a pictorial
view of these instruments are reported in table 1 and figure 3 respectively.

Figure 2: Geographical distribution of TGF events.

Two instrumental units have been designed to detect TGFs, one of which is nadir
pointing and the other one tangent to the satellite orbit. Each unit (figure 4) consists of
two different instruments combined and assembled together: an X/~ ray detector and a
charged particle detector. The X/ ray detector measures tropospheric X/~ emissions
(studying the characteristics and sources of TGFs and their correlations with TLESs)
and detect X/~ rays from sun and cosmic rays, thus investigating the effects of these
radiations to the magnetospheric cavity. The charged particle detector may detect fluxes
of high-energy charged particles from the inner radiation belt, which gives information
about particle precipitation mechanisms and sources as well as stability of the Van Allen
radiation belts.
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Tablel. Characteristics of video cameras and photometers planned to detect TLEs
and lightnings.

Figure 3: Photometers and video cameras layout (left) and optical design (right).

3 Conclusions.

Optical-UV instruments (photometers and video cameras), as well as an X /v ray detector
and a charged particle detector have been considered and planned to be installed on board
a LEO satellite and/or the ISS to investigate tropospheric TLEs, lightnings and TGFs.
Aim of the experiment is to contribute to the understanding of TLEs interaction mecha-
nisms with TGFs, study the large energy transfer produced by TLEs and TGFs from the
troposphere to the atmosphere/ionosphere/magnetosphere region of the near-Earth space
and investigate the temporal stability of the Van Allen radiation belts. Also perturba-
tions produced by sun and cosmic rays to the geomagnetic cavity will be considered in
the study. The activity carried out in 2009 by the TELLUS team includes three patents.
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Figure 4: Structure and characteristics of a TGF instrumental unit.
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Abstract

This report describes a geophysical instrument installed in the underground
physics laboratories of Gran Sasso (LNGS-INFN), located in the seismic zone of
central Apennines, Italy. This instrument is aimed to monitor seismic radiation
with very high sensitivity; it is a small aperture seismic array composed by 19 three-
components short period seismometers (Lennartz 3D-LITE, 1 Hz) and 1 broad-band
Guralp GMC-40 T seismometer.

1 Introduction

The physics of earthquakes is based on the measurements of radiated seismic waves and
ground displacement associated with this phenomena. The inertial pendulum is the olde-
st and most diffused instrument used to measure the main features of seismic waves. The
advantages of this instrument are the simplicity of the theory, the high sensitivity, the
robust design and the simple calibration methods, in spite of the quite reduced frequency
band and linearity (Wielandt, 1983). Other instruments based on different physical princi-
ples, such as strainmeters and gyroscopes, are only partially used by seismologists (Benioff,
1935; Farrell, 1969; Aki and Richards, 1980). Networks of short period seismometers are
as far the most diffused system to monitor local and regional seismicity (Lee and Ste-
wart, 1981). Broad-band instruments make up a powerful system to study the details
of seismic sources and also to study large earthquakes at global scale (Lee and Wallace,
1995). Strainmeters and tiltmeters (Agnew, 1986) are used to study the lower frequencies
radiated from seismic sources and allow to detect slow earthquakes and strain steps (i.e.
anelastic deformations around seismic sources). Moreover arrays of seismometers and
accelerometers are used to study the Earth structure at global, regional and local scale
(Green, 1965; Kedrov and Ovtchinnikov, 1990; Mikkeltveit, 1985), earthquake source
process (Spudich and Oppenheimer, 1986; Goldstein and Archuleta, 1991), nuclear un-
derground explosions (Bolt, 1976; Chouet, 1996) and, more recently, for the analysis of
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complex signals associated to the volcanic activity (see f.i. Goldstein and Chouet, 1994;
Chouet et al., 1997; Almendros et al., 1991). The main advantage of the seismic arrays
consists in their ability to detect small signals through multichannel waveform stacking
(Capon, 1969). The seismicity of the area is associated with the mainly distensive tec-
tonics affecting the Apennines since the late Pliocene (D’Agostino et al., 2001; Galadini
et al., 2003). Historical events include the 1915, Ms=6.8 Fucino earthquake, which caused
about 32000 casualties; recent studies (Amoruso et al., 1998) have modelled this event in
terms of a normal fault striking along the Apennine direction (NNW-SSE). In addition,
swarms of low-to moderate-size earthquakes occur quite frequently, such as those of 1992,
1994, 1996 (De Luca et al., 2000), and 2006 (this study). The most recent activity is do-
minated by the Mw=6.3 earthquake which, on April 6th, 2009, stroke the city of L’ Aquila
and surroundings, causing more than 300 casualties. This catastrophic event was part of
an energetic seismic sequence which began as of early January, 2009 (Chiarabba et al.,
2009). This relevant rate of seismicity, joint to the low-noise conditions and site response
associated to the underground setting, make the Gran Sasso underground laboratories an
ideal site for high-resolution seismic observations (De Luca et al., 1998).

2 The Underground Seismic Array

A seismic array is a set of seismographs distributed over an area of the Earth’s surface at
spacing narrow enough so that the signal waveform may be correlated between adjacent
seismometers (Aki and Richards, 1980).

Figure 1: Map of the Underground Seismic Array. The notation (n,m) shows the line number (n) and
the station number (m).

The design of the UnderSeis hardware and software components began on the late
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90’s; over the following years, major upgrades were developed under a technological effort
jointly carried out by engineers from the University of Granada (Spain), University of
L’Aquila (now the team moved to the University of Salerno), and INGV - Osservatorio
Vesuviano. The array become fully operative since May, 2002. In its present configuration,
it consists of 19 elements, each equipped with a Lennartz 3D-LITE, 1 Hz, 3-component
seismometers and 1 broad-band Guralp GMC-40 T seismometer. The average sensor
spacing is on the order of 90 m, and the largest distance among sensors is about 400
m. Seismic signals are digitized locally at each individual seismometer with a dynamic
range of 24 bits and sampling frequency of 100 Hz. Data synchronization is achieved via
a Master Oscillator which transmit the UTC synchronized pulses from an atomic clock to
the different ADC boards. The synchronized data packets are then sent via serial cable
connection to a set of five nodal PCs, which are in turn connected via an Ethernet network
to a central data server and an on-line processor (Scarpa et al., 2004).

3 Data analysis and results

Our data span the 2005-2008 time interval, and are associated with the same seismogenic
region which caused the destructive Mw=6.3 earthquake of April 6th, 2009. The seismic
sequence including the destructive April 6th, 2009 event is still ongoing, likely including
several tens of thousands of detections. While the analysis of this massive data set is left
for future studies, in this paper we describe the activity of the UnderSeis array during the
2.5 year long period (July, 2005 - December, 2008) preceding the onset of the sequence. In
particular, we focus on the array performances in terms of detection capabilities-catalogue
completeness. A distance-dependent, catalogue-completeness relationship is found which
is well fitted by a generic attenuation function. We then describe the seismicity recorded
during the analysed time interval, and discuss the obtained locations with reference to
the structural setting and recent seismicity of the region. These locations exhibit a si-
gnificant discrepancy with respect to those obtained by the National Centralized Seismic
Network (RSNC). The systematic pattern of backazimuth differences between the two set
of locations is attributed to a combination of (a) the intrinsic error of the multichannel
directional measurements associated with the array geometry, and (b) the presence of
marked, lateral velocity anomalies inducing significant ray bending and multipathing.

3.1 Catalogue completeness and detection capabilities

During the analysed time interval, UnderSeis detected more than 1600 earthquakes. For
this data set, Figure 2 illustrates the temporal distribution of the daily number of events,
the stress release and the magnitude. The average detection rate is on the order of
1-2 events/day, with peaks of up to 50 events/day in association with two swarms on
February and August, 2006 (Fig. 2a). Magnitudes are generally lower than 3 (Fig.
2b). The catalogue completeness and detection capabilities are estimated by plotting the
magnitude as a function of epicentral distance (Fig. 3). The lower envelope of the scatter
plot may be taken as a distance-varying detection threshold of the array. This envelope
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is well fitted by a simple relationship of the form:

where M,,;, is the minimum magnitude which can be observed at the epicentral distance
A, and b is a constant taking the value of 2.75. In order to compare the detection capa-
bilities of the array with those of INGV’s RSNC, we computed the number of earthquakes
detected by the two systems as a function of the distance from the array. The results,
reported in Figure 4, indicate that UnderSeis detection performances are better than, or
comparable to those of the RSNC up to epicentral ranges on the order of 25 km.
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Figure 2: (a) Time series of the daily number of events and stress release for 1688 earthquakes recorded
by UnderSeis during the August 2005-December 2008 time interval. (b) Temporal evolution of the
duration Magnitudes.

3.2 Spatial distribution of the recent regional seismicity

Events selected by the automatic procedure are then subjected to the refined multichannel
analysis as described in previous report (The 2006 Annual report). For each slowness
estimate, we consider an error bound given by the range of slownesses associated with
those region of the spectrum which power is greater than 95% of the peak power. For
each event, we iterate the location procedure using all these slownesses, and by randomly
varying the estimated S — P time differences according to a Gaussian distribution with
20 = 0.1s. In this manner, each event has associated a cloud of points which are taken
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as samples of the 95% confidence region of the probability density function for epicentral
location.

Figure 3: Magnitude of UnderSeis detections as a function of epicentral distance. The solid line indicates
the empirical relationship relating distance to minimum detectable magnitude.

Figure 4: Number of earthquakes reported by the UnderSeis and INGV-RSNC catalogues (bold and
dashed lines, respectively) as a function of distance from the array.

We then stacked all the probability maps associated with individual locations, and
eventually calculated the earthquake density (Number of Earthquakes for unit area) for
a 50 x 50 km square region centered at the array site (Fig. 5). The array seismicity
distribution is substantially different from that of the RSNC catalog. In particular, one
of the most prominent feature of the UnderSeis location map is a peak of earthquake
location very close to the hypocenter of the April 6th, 2009 mainshock (Fig. 5a). This
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peak, associated with epicenters from the two 2006 swarms, is substantially absent in the
RSNC location map, where the 2006 epicenters are shifted some 15 — 20km to the NW.

Figure 5: (a) Earthquake Density obtained from stacking individual maps of location probability. The
triangle marks the array site; the star indicates the epicenter of the April 6th, 2009, My = 6.3 destructive
event. (b) The same as in (a), but using data from the RSNC catalogue. The colour scale is clipped to
the maximum value of the map in (a).

Using a subset of about 700 events for which we found an unambiguos corrispon-
dence of origin times between UnderSeis and RSNC locations, we compared the array
backazimuths retrieved from slowness analysis with those expected on the basis of RSNC
locations. The disagreement between the two data sets assumes both positive and nega-
tive values depending on the expected azimuth (Fig. 6). Over the N — N50°FE angular
range, Backazimuths (measured clockwise from the North) from multichannel analysis
are greater than those associated with RSNC locations. These epicenters correspond
to the cluster located some 15km NE of the array (Fig. 5a), which is not present in
the RSNC location map (Fig. 5b). The opposite occurs for backazimuths in the range
NIO°W — N40°W, for which the measured backazimuths are lower than those predicted
on the base of the RSNC locations (Fig. 6). These data correspond to the aforementioned
2006 earthquakes, which RSNC epicenters are shifted NW with respect to those measured
by UnderSeis. Such anomalies can be attributed to one or a combination of the following
2 factors: (1) uncertainties of either RSNC or UnderSeis locations, and (2) a propagation
effects due to lateral variations of velocity. To better constrain these two hypothesis,
we examined in detail the largest (My = 2.85) shock of the February 2006 swarm. We
measured the slownesses associated with the first few cycles of the P-wave using a plane-
wave-fitting of the interchannel delay times estimated via interpolated cross-correlation.
Although very time-consuming, this procedure is not based on a grid-search procedure,
thus allowing for slowness estimates which are more precise than those derived from MU-
SIC. The very first P-wave arrival (from seconds 0.15 to 0.4 in Fig. 7) incides steeply at
the array, as shown by the low values of the ray parameters. Consequently, Backazimuth
values are markedly unstable, thus making difficult any reliable directional estimate. The
subsequent, largest amplitude pulse exhibits a shallower incidence, and it has well defined

210



directional properties clustered around 220°, thus pointing some 25° southward of the
revised RSNC location (Fig. 8).
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Figure 6: UnderSeis Backazimuths (measured clockwise from N) from multichannel analysis compared
to those expected on the base of RSNC catalog.

The P-wave particle motion trajectory for the same time interval (black line in Fig. 8)
is polarised along the propagation direction, thus confirming the slowness measurements.
RSNC locations have formal errors on the order of 1 — 3km, which could account for
azimuthal discrepancies of at most a few degrees. Such uncertainties, however, do not
account for errors associated with the 1-D travel-time predictions routinely adopted by
RSNC. A velocity tomographic image obtained from local seismicity and receiver func-
tion analysis (Claudio Chiarabba, personal communication), indicates that the shallowest
10km of the study region exhibit marked velocity heterogeneities, depicting variations on
the order of 15% —20% with respect to an average P-wave velocity of 6.5km/s. Therefore,
travel time predictions at RSNC stations may have errors of up to 0.5 — 0.8s. Once these
errors are included in a probabilistic location procedure, epicentral uncertainties may be-
come as large as +5km, corresponding to an array-backazimuth difference on the order of
13°. This value is still lower than the observed ~ 25° discrepancy, indicating that RSNC
location errors alone are not sufficient to explain the observed azimuthal anomalies. Ove-
rall, these observations suggest that the reported azimuthal discrepancies are likely due
to a combination of both poor resolution of the array and complex wave propagation. In
fact, although the direction-of-arrival of the very first P-wave onset couldn’t be retrieved
precisely due to its steep incidence angle, it is likely consistent with the region spanned by
the RSNC location error bounds. Most of the energy of the P-wave train, however, travels
along a different, shallower trajectory: since slowness analysis is selectively sensitive to
the largest amplitude oscillations, our backazimuth estimates are biased toward this latter
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direction of propagation.
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Figure 7: Top: vertical-component recording from the My = 2.85 earthquake occurred on February
19, 2006. Time at the beginning of the record is 03:43:36 UT. Bottom: backazimuths estimated from
a plane-wave fitting procedure. We obtained delay times from the maximum of the crosscorrelation
function calculated over a 0.2s-long window sliding by 1 sample along the 110 Hz band-pass-filtered array
recordings.

This is suggestive of a focusing effect, where wavefronts interact constructively along
directions which are different from the source-to-receiver one. Such complicate effect
could be attributed to either a strong, near-source scatterer, or channeling of waves along
a velocity discontinuity.

4 Conclusions

The UnderSeis three-component seismic array provides a powerful monitoring device for
delineating a consistent picture of the seismic activity along the Central Apennines, one
of the areas depicting the highest seismogenetic potential of Italy. The underground lo-
cation allows a good detection threshold, which is better than, or comparable to that of
the RSNC up to epicentral distances of 25 — 30km. Moreover, the continuous recording of
multichannel, low-noise seismograms might help revealing the possible existence of other
signals of tectonic origin, as those related to slow earthquakes already reported for the
same area by Crescentini et al. (1999), or deep tremor episodes as reported in the last years
for several seismic active regions in the world (see Obara K., 2002; Rogers and Dragert,
2003; La Rocca et al., 2005; Nadeau and Dolenc, 2005). The observed azimuthal discre-
pancies between RSNC and array locations may be attributed to a combination of scarce
array resolution and velocity heterogeneities affecting both travel-time and ray geometry
predictions. In addition, focusing of energy in the late P-wave wavetrain contributes to
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significantly bias directional estimates.

Figure 8: RSNC location compared to propagation and polarisation azimuths for the event shown in
Figure 7. The white dot is the catalog location. The gray dot is the location recalculated using revised
phase pickings from the closest RSNC stations (black labelled triangles). The underlying color map
is the marginal probability density function for hypocenter location with respect to the two horizontal
coordinates. For the location, we calculated travel times using an homogeneous half-space with Vp =
5.5km/s, and a Vp/Vg ratio of 1.8. The rose diagram represents the direction-of-arrival derived from
slowness measurements (Fig. 7); the black line is the particle motion trajectory projected over the
horizontal plane.

Future efforts will thus be aimed at improving UnderSeis resolving capabilities by
increasing its temporal sampling rate, and including S-wave directional data into the lo-
cation procedure. Hopefully, this will help mitigating the effects of the reduced array
aperture once compared to the dominant wavelength of the incoming signals. This study
further confirms the importance of local structure in locating earthquakes at local dis-
tances using array data, as already evidenced by previous works (e.g., Lin and Roecker,
1996; Xu et al., 1996; Saccorotti et al., 2001). In fact, since the ray trajectory is sensitive
to the gradient of the velocity field, lateral discontinuities affect more severely the geome-
try of the ray than its associated travel time. The enormous number of events recorded
by both the RSNC and UnderSeis since the beginning of the 2009 sequence is providing
a large travel-time databases, which will hopefully permit detailed tomographic imaging
of the subsurface structure. These efforts will improve the precision and reliability of ray
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paths and travel time predictions, thus permitting accurate estimates of microseismicity
locations from either large-aperture network or array data.
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Abstract

The Pierre Auger Project is an international Collaboration involving over 400
scientists from 17 countries, with the objective of studying the highest energy cosmic
rays. Recent results from the Collaboration as well as further developments in the
detector are presented in this report.

1 Introduction

Ultra-high energy cosmic rays are of intrinsic interest as their origin and nature are
unknown. It is quite unclear where and how particles as energetic as ~ 10% eV are
accelerated. Over 40 years ago it was pointed out that if the highest energy particles are
protons then a fall in the flux above an energy of about x 10 eV is expected because
of energy losses by the protons as they propagate from distant sources through the CMB
radiation. At the highest energies the key process is photo-pion production in which the
proton loses part of its energy in each creation of a A resonance. This is the Greisen-
Zatsepin-Kuzmin (GZK) effect. It follows that at 102° eV any proton observed must have
come from within about 50 Mpc and on this distance scale the deflections by intervening
magnetic fields in the galaxy and intergalactic space are expected to be so small that point
sources should be observed. Despite immense efforts in the period since the prediction,
the experimental situation remains unclear. The main problem in examining whether or
not the spectrum steepens is the low rate of events which, above 10%° eV, is less than 1 per
km? per century so that the particles are only detectable through the giant air showers
that they create.

These showers have particle footprints on the ground of ~ 20 km? and suitably
distributed detectors can be used to observe them. Also the showers excite molecules
of atmospheric nitrogen and the resulting faint fluorescence radiation, which is emitted
isotropically, can be detected from distances of several tens of kilometers.

The Pierre Auger Observatory has been developed by a team of over 400 scientists
from 17 countries. The Southern Observatory is located in Malargiie (Argentina) and
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comprises about 1600 10 m?x 1.2 m water-Cherenkov detectors deployed over 3000 km?
on a 1500 m hexagonal grid. This part of the Observatory (the surface detector, SD) is
over-looked by 24 fluorescence telescopes in 4 clusters located on four hills around the SD
area which is extremely flat. The surface detectors contain 12 tonnes of clear water viewed
by 3 x 9” hemispherical photomultipliers. The fluorescence detectors (FD) are designed
to record the faint ultra-violet light emitted as the shower traverses the atmosphere. Each
telescope images a portion of the sky of 30° in azimuth and 1°-30° in elevation using a
spherical mirror of 3 m? effective area to focus light on to a camera of 440 x 18 cm?
hexagonal pixels, made of photomultipliers complemented with light collectors, each with
a field of view of 1.5° diameter.

An important feature of the design of the Observatory was the introduction of the
hybrid technique as a new tool to study airshowers. It is used here for the first time. The
hybrid technique is the term chosen to describe the method of recording fluorescence data
coincident with the timing information from at least one surface detector. Employing
these two complementary observation methods provides the Auger Observatory with high
quality information about angular reconstruction, determination of the core position of
the shower and of the types of particles in the primary cosmic rays. Comparing results
from the different types of detectors also helps scientists reconcile the two sets of data
and produce the most accurate results about the energy of primary cosmic rays.

2 Recent results from the Pierre Auger Cosmic Ray
Observatory

An overview of the most recent results from the Auger Observatory can be found in
the 37 papers presented at the ICRC 2009 Conference in Lodz (Poland). They have
been collected into 5 e-print articles dedicated to the different subjects: the energy
spectrum [1], the mass composition [2], the search for astrophysical sources [3], calibration
and monitoring [4], the operations and future plans [5]. Hereafter we summarize a few
selected results obtained in 2009.

2.1 The Energy Spectrum

The energy spectrum of ultra-high energy cosmic rays at energies greater than 2.5 x
10*® eV has been derived using data from the surface detector array of the Pierre Auger
Observatory [6]. This measurement provided evidence for the suppression of the flux
above 4 x 10" eV and is updated here. In 2009 we extended the previous measurements
to lower energies by analysing air showers measured with the fluorescence detector that
also triggered at least one of the stations of the surface detector array. Despite the limited
event statistics due to the fluorescence detector on-time of about 13 %, the lower energy
threshold and the good energy resolution of these hybrid events allow us to measure the
flux of cosmic rays in the region of the ankle.

The energy spectrum of hybrid events is determined from data taken between Novem-
ber 2005 and May 2008, during which the Auger Observatory was still under construction.
Using appropriate selection criteria, the exposure accumulated during this period was
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computed and the flux of cosmic rays above 10'® eV determined. The spectrum obtained
with the surface detector array, updated using data until the end of December 2008, is
combined with the hybrid one to obtain a spectrum measurement over a wide energy
range with the highest statistics available.

The combined energy spectrum scaled with E? is shown in Fig. 1 in comparison with
the spectrum obtained with stereo measurements of the HiRes instrument [7]. An energy
shift within the current systematic uncertainties of the energy scale applied to one or
both experiments could account for most of the difference between the spectra. The ankle
feature seems to be somewhat more sharply defined in the Auger data. This is possibly
due to a systematic energy offset between the experiments. However, for a complete
comparison, care must also be taken to account for energy resolution and possible changes
in aperture with energy.
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Figure 1: The combined energy spectrum is fitted with two functions (see text) and compared
to data from the HiRes instrument [7]. The systematic uncertainty of the flux scaled by E3
due to the uncertainty of the energy scale of 22% is indicated by arrows. A table with the
Auger flux values can be found at [8].

The dominant systematic uncertainty of the spectrum stems from that of the overall
energy scale, which is estimated to be 22%.

The position of the ankle at log,,(Fane/eV) = 18.61 + 0.01 has been determined by
fitting the flux with a broken power law E~7. An index of v = 3.26 +0.04 is found below
the ankle. Above the ankle the spectrum follows a power law with index 2.55 £+ 0.04. In
comparison to the power law extrapolation, the spectrum is suppressed by a factor two
at logyo(Ey»/eV) = 19.61 £0.03. The significance of the suppression is larger than 20¢.
The suppression is similar to what is expected from the GZK effect for protons or nuclei
as heavy as iron, but could in part also be related to a change of the shape of the average
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injection spectrum at the sources.

2.2 The Mass Composition

The atmospheric depth, X,,.«, at which the longitudinal development of a shower reaches
its maximum in terms of the number of secondary particles is correlated with the mass of
the incident cosmic ray particle. With the generalization of Heitler’s model of electron-
photon cascades to hadron-induced showers and the superposition assumption for nuclear
primaries of mass A, the average depth of the shower maximum, (X,.), at a given energy
E is expected to follow [9]

(Xmax) =a(InE — (In A)) + 3,) (1)

where (In A) is the average of the logarithm of the primary masses. The coefficients «
and f depend on the nature of hadronic interactions, most notably on the multiplicity,
elasticity and cross-section in ultra-high energy collisions of hadrons with air, see e.g. [10].

At ultra high energies, the shower maximum can be observed directly with fluorescence
detectors. Previously published X,,.x measurements [11, 12] as a function of energy had
only limited statistics above 10! éV.
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Figure 2: (X,.x) as a function of energy. Lines denote a fit with a broken line in 1g E. The
systematic uncertainties of (Xyax) are indicated by a dashed line. The number of events in
each energy bin is displayed below the data points. HiRes data [12] are shown for comparison.

A recent analysis based on high quality and high statistics hybrid data collected with
the southern site of the Pierre Auger Observatory has been addressed to the (Xpax)
measurement and its energy dependence. The measured (X,..) values are shown in
Fig. 2. We use bins of Alg E = 0.1 below 10 EeV and Alg E = 0.2 above that energy.
The last bin starts at 10194 eV, integrating up to the highest energy event (E = (59 +
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8) EeV). The systematic uncertainty of the FD energy scale is 22%. Uncertainties of
the calibration, atmospheric conditions, reconstruction and event selection give rise to a
systematic uncertainty of <13 g/cm? for (X ..) and <6g/cm? for the RMS. The results
were found to be independent of zenith angle, time periods and FD stations within the
experimental uncertainties.

A fit of the measured (X,,.x) values with a constant elongation rate does not describe
our data (x?/Ndf=34.9/11), but as can be seen in Fig. 2, using two slopes yields a
satisfactory fit (x2/Ndf=9.7/9) with an elongation rate of (106737) g/cm?/decade below
1018242095 0V and (24+3) g/cm?/decade above this energy. If the properties of hadronic
interactions do not change significantly over less than two orders of magnitude in primary
energy (< factor 10 in center of mass energy), this change would imply a change in the
energy dependence of the composition around the ankle, supporting the hypothesis of a
transition from galactic to extragalactic cosmic rays in this region.

2.3 The Cosmic Ray Anisotropy

With data collected by the Pierre Auger Observatory between 1 January, 2004 and 31
March, 2009, we have updated the analysis reported in [13] of correlation between the
arrival directions of the highest energy cosmic rays and the positions of nearby objects from
the 12th edition of the Veron-Cetty-Veron catalog of quasars and active galactic nuclei.
The total number of events above 55 EeV is 58. A subset of 44 events are independent
of those used to determine the parameters (¥a = 3.1°, Zpmee = 0.018 and Ey = 55
EeV) with which we monitor the correlation signal. 17 of these 44 events correlate under
these parameters. This correlation has a less than 1% probability to occur by chance if
the arrival directions are isotropically distributed. The evidence for anisotropy has not
strengthened since the analysis reported in [13]. The degree of correlation with objects in
the VCV catalog appears to be weaker than suggested by the earliest data. We note that
there is an excess of events in the present data set close to the direction of the radio source
Cen A, a region dense in potential sources. This excess is based on a posteriori data but
suggests that the region of the sky near Cen A warrants further study. Additional data
are needed to make further progress in the quest to identify the sites of ultra high energy
CR origin.

The time sequence of the correlations between events with energy exceeding 55 EeV
and AGN in the VCV catalog is shown in Fig. 3. Period I is the exploratory period [13]
from 1 January, 2004 through 26 May, 2006. The data collected during this period was
scanned to establish the parameters which maximize the correlation. Period II is from
27 May, 2006 through 31 August, 2007 when the correlation paper [13] was published
and period III includes data collected after, from 1 September, 2007 through 31 March,
2009. The time sequence is shown in terms of pgqq, the degree of correlation with objects
in the VCV catalog as a function of the total number of time-ordered events after the
exploratory period.
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Figure 3: The most likely value of the binomial parameter pg.:, = k/N is plotted with black
circles as a function of time. The 1o and 20 uncertainties in the observed value are shaded.
The horizontal dashed line shows the isotropic value p;s, = 0.21. The current estimate of the
signal is 0.38 4+ 0.07. In both plots events to the left of the dashed vertical line correspond to
period II and those to the right, collected after [13], correspond to period III.

3 Enhancements of the Southern Observatory

After having completed the southern observatory, there are several enhancements under
construction to improve the sensitivity of the observatory at low energy. Many of these
activities are motivated by the interest in understanding the transition between galactic
and extragalactic cosmic rays [14]. Three High FElevation Auger Telescopes (HEAT)
are being built near the Coihueco fluorescence station. These telescopes will cover an
elevation angle from about 30° 60° and improve the sensitivity to and reconstruction of
the longitudinal shower profile at low energy [15]. It is expected that shower with energies
as low as 10172 eV will be well reconstructed. In front of HEAT, a graded infill array is
foreseen to lower the trigger threshold and to allow direct muon detection. The Auger
Muons and Infill for the Ground Array (AMIGA) will consist of SD stations and buried
muon detectors of 30 m? effective area [16]. AMIGA will have nearly full acceptance
for showers of 10'7 eV. Layout of the planned enhancements AMIGA and HEAT for the
southern observatory. The layout of AMIGA and HEAT is shown in Fig. 4. It is also
planned to deploy a radio antenna array to study the feasibility of using this new detection
technique for air shower measurements [17]. First measurements with different antennas
have been carried out in preparation of the development of a design for such an array.
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1 Introduction

As we reported in the previous reports to LNGS the initial aim of the experiment was an
application of the capillary discharge EUV laser at 46.9 nm built in our laboratory (in line
with a research initiated by J.J. Rocca at Colorado Univ.) as a tool for elemental anal-
ysis mainly of biological samples by the Laser Induced Breakdown Spectroscopy (LIBS)
technique. LIBS consists essentially in detecting the fluorescence lines of trace elements
emitted by the plasma produced focusing a Laser source on a sample. The high fluence
(of the order of 10-100 GW) of our source can generate a plasma such that the critical
density is about 1023 cm~2. Thus, the Laser can ionize the atoms of the target by a single
photon interaction. This makes the mechanism of deposition of the energy different from
the conventional plasmas. Moreover, the use of a short wavelength X ray laser is of great
interest due to the high spatial resolution given by the very small diameter at the focal
spot (few micron). This can allow to study thin films and micrometric structures with
micrometric spatial resolution in the chemical sensitivity.
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However, due to a very interesting emerging line of research, Since 2007 we definitively
divided the original proposal into two main goals: the first one was the prosecution of the
LIBS experimentation with our EUV laser, the second one is the use of the x-ray laser
for interference lithography applications. This important byproduct of our experiments
takes advantage of the high level the coherence degree of our Laser Source. In spite of its
limited energy delivery (150microjoule/pulse, 0.2Hz) the coherence can be used to produce
interference patterns, that eventually are lithographed on a photoresistive layer. Due to
the short wavelength used, this interference lithography is a technique very promising for
creating nanoscale periodic structures.

The earthquake in LAquila seriously damaged our laboratory early in 2009. Nonethe-
less, achievements along the above two lines will be illustrated hereafter. Along the
LIBS-X line, during this year we could succeed in modifying the experimental apparatus
in order to improve the fluorescence light collection and find the best focusing condi-
tions of our EUV laser. Before the earthquake in fact, we were using a simple optical
fiber for light collection system to an Ocean Optics spectrometer, but no relevant results
were achieved in the fluorescence detection. Then we studied a collection system using
a high numerical aperture Thorlab collector coupled to the previous optical fiber. To
improve also the layout alignment precision and to achieve a greater mechanical stability
we arranged also a compact Melles-Griot micro actuator system. While repairing the
earthquake effects on the laser, we went on with our research on lead pollution in plants
at the SYRMEP X ray line of ELETTRA storage ring in Trieste.

Along the second line of research, using our table top laser we succeeded in obtaining
modulation of the interference fringes with very high spatial resolution and depositing
metallic or organic strips on silicon, as Bragg gratings or similar devices, which are very
important for photonics and optoelectronics applications.

Besides the above two mentioned lines of research, in the framework of a more general
scientific collaboration (ref. 4) we have also carried out some satellite interesting charac-
terizations of the spectral content of radiations in the EUV regime.

2 Experimental results in 2009

Concerning the first goal, our study was related to the application of the X-ray dual-energy
micro radiography technique combined with atomic absorption spectroscopy (AAS) for
the detection of lead on Zea mays stem, ear, root, and leaf samples. To localize the sites
where lead is present, i.e. to recognize the biological structures involved in the intake
;many planar or tomo- radiographies were taken by monochromatic X-ray in absorption
regime, in a photon energy range below and above the absorption edge of that chemical
element .Images were analyzed , processed .and compared to the optical images of the
same Zea mays plant. The ear, stem, root, and leaf samples have also been analyzed with
the AAS technique to measure the exact amount of the hyper accumulated lead. The
measurements revealed that the highest intake occurred in the roots while the lowest in
the maize ears and in the leaves. It seems that there is a particular mechanism protecting
the seeds and the leaves in the intake process (see ref.1).
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Concerning the second goal, i.e. the characterization of our laser for X- ray Interference
Lithography (XIL), since 2007 we reported on periodic structures by XIL on photosensi-
tive polymers with half-pitch less than 50 nm. In 2009 the potentiality of the technique
has been tremendously improved with regular patterns down to 22.5 nm on PMMA /Si
(Fig.2), together with some applications to nano-photonics. The results shown in the fol-
lowing figures have been published in high impact factor journal in nanotechnology (refs
2,5). The excellent XIL potentiality of the source have been acknowledged also by INFN
via the grant of funds for new experiments (XILOPHON, X-Ray Interference Lithography
for Photonic in Nanotechnology) for the year 2010.

Figure 1: (from ref. 5) AFM (plan view in (a) and three-dimensional plot in (b)) images
of patterned PMMA /Si(100) with 50 nm half-pitch. Lower left inset in (a): scheme of
the Lloyd interferometer ((S) sample, (M) mirror). Upper inset in (a): average of 256
horizontal height line profiles taken on the corresponding AFM images. The vertical Z
scale in (b) is reversed.

More interestingly, our experimental results were also discussed in terms of the coher-
ence of the x-ray laser and of the physical parameters that determine the performance of
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Figure 2: (from ref. 5) X AFM scan of XIL patterned PMMA/Si(100) with 22.5 nm
half-pitch. Upper inset: Average of 256 horizontal height line profiles taken on the AFM
image.

the interferometer used.

A discussion follows that lead to the conclusion that the coherence degree of the X-Ray
LASER source developed is excellent.

Given the low fluence of the primary x-ray beam (150 p.J), in this regime a very first
reasonable assumption to make, is the linearity of the response of the photoresist layer to
the radiation dose. In this assumption, if d is the thickness of the resist layer engraved by
light exposure, then d = KIN, where [ is the (average) intensity of the laser light at each
shot, NV is the number of PMMA exposure shots, and K is a parameter accounting for
the PMMA sensitivity at the wavelength of radiation under consideration. In interference
lithography, the intensity of the light at the sample surface is, indeed, modulated by the
interferometer, thus there will be a maximum (/) and a minimum (I,,;,) intensity.
Accordingly there will be (as observed) an height modulation Ad of the PMMA after
light exposure and development. This value will be Ad = K (Iyaz — Imin)N. The values
of I 4. and I,,;, can be simply related to fundamental physical parameters according to
the following formula:

Imaa: - [mm = 4I7R (1)

where I is the intensity of the undeflected beam, ~ is the mutual coherence degree of
the light waves at the sample and R = /R, + v/ R, is a function of R, and Ry, that are
the reflectivities of the p and s beam polarization. Accordingly,

Ad = 4KIyRN (2)
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It is worthwhile to note that K, expressing the resist sensitivity, is depending only on
the wavelength of the light, while v and R depend on the period of the pattern to be
engraved. A convenient parameter to define is what will be called henceforth the litho-
graphic efficiency of the laser source defined as E; = Ad/N. This parameter has been
measured for XIL periods of 45 nm, 100 nm (data reported in figures 1 and 2) and also
from AFM data of XIL patterned samples at 200, 400 and 800 nm (images not reported
for brevity). According to the above formulae, the ratio of the lithographic efficiencies at
two given XIL periods, p; and py can be derived experimentally as:

EoD)/E2) = S ®)
but can also be written as
Ei(p1)/Ei(p2) = ml/wg;; (4)

where 7,1 and 7,2 are the mutual coherence degrees at p; and p, period respectively,
and the factor R,; and R, can be estimated by known values of the reflectivities of the
Si mirror. Accordingly, one can derive as a function of the XIL period the ratio v, /7pe.
We have reported in figure 3 the values of 7,1 /7800 and R,/ Rsoo considering 800 nm as a
reference period. The v/vs0 curve in figure 3, nicely fitted by a parabolic function, shows
that, while there is a significant loss (by a factor 5.3) of mutual coherence of the XIL
setup when passing from 800 to 100 nm, by further reducing the XIL period to 45 nm the
subsequent loss of coherence is only by a factor 1.3. No further significant losses of mutual
coherence are expected extrapolating the curve to 23 nm corresponding to the p,,, = A/2
physical limit of the XIL system. Indeed, as indicated by the reflectivity graph in figure
3, below 200 nm, the drop of lithographic efficiency is, by far, mostly determined by the
drop of reflectivity of the Si mirror. This bottleneck can be easily removed by the use,
for example, of a (35 nm period, ratio of 0.52) multilayer SiSc mirror. This mirror would
exhibit a reflectivity exceeding by a factor of almost one order of magnitude the one of Si
(at light incidence angles close to 45°).

3 Conclusions

In conclusion even for the year 2009 the LIBS-X experiment has lead to notable scien-
tific results which were reported in a significant number of publications in international
scientific journals. The specific LIBS-X studies for biological applications lead to improve-
ments of the experimental setup in use at the university of L’Aquila, and after the April
2009 quake were continued successfully at Elettra. As far as the XIL applications are
concerned we demonstrated in 2009 with a systematic investigation that the source shows
excellent properties of mutual coherence that will allow to scale the lithography down to
the \/4 physical limit (half pitch). The features of this technique i.e. its low cost, the
portability, the capability to engrave large areas, its being mask less, and, last but not
least, the simplicity of the optical interferometer scheme used, make it a very promising
tool in many potential applications in nanotechnology. In particular, with this technique
the low cost nanofabrication of devices becomes more viable.
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Figure 3: (form ref. 5) Open circles: plot of the measured coherence degree parameter
v of the XIL setup normalized to the 7g9p value (measured at 800 nm). Full circles:
corresponding plot of the overall normalized reflectivity R/Rggo.
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Abstract

In this report, we present the activities of the LASEX experiment in the year
2009. The design of a micro-beam project in the soft X-ray energy region using
a plasma source, which operates in the PLASMA-X laboratory of the Physics De-
partment of L’Aquila University. In this work, we discuss the reasons that led to
the design of the apparatus. Will describe the main features of the project.

1 Introduction

Many types of sources and X-ray focusing devices have been developed to obtain a mi-
crometric spot [1]. In this contest, top-table soft X-ray for application in radiobiology
and biological imaging are very interesting. With this aim we have constructed an X-ray
plasma source while the achievement of an optical system based on the zone plates as
optical elements, in the soft X-ray region (200 eV - 800 eV), is in progress. The X-rays
ranging from A 200 eV up to a~ 800 eV are used in several biomedical and X-ray mi-
croscopy applications [2, 3]. With this experimental set-up we will want realize a soft
X-ray micro-beam and an image system of irradiated biological sample.

2 Experimental Apparatus

The X-ray emission of a plasma-source is based on the production of plasma obtained
focalizing a laser beam on a specific target. This source is characterized for an instanta-
neous spectral high brightness, for a punctiform dimension (some tens microns, focal laser
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spot) and for a pulse temporal structure with the same duration of the laser in the whole
spectral region. In our case, we use a high power Nd:YAG/Glass laser system whit pulse
energy up to 8 J max @ 1064 nm and 6 nsec pulse duration. The laser beam is focalized
by an aspherical triplet lens on a target and the plasma and X-ray photons are emitted in
27 sr solid angle [4]. A schematic layout of the interaction chamber is shown in figure 1,
where, we note that it is possible to place the target system in different positions respect
to the middle of the vacuum chamber (C in figure 1).

Figure 1: Schematic layout of the interaction chamber. We note that it is possible to place
the target system in different positions respect to the middle of the vacuum chamber (C
in figure). It is indicated the relative position of the plasma-target and the copper mirror.
0 is the grazing angle of the incident X-ray radiation on copper mirror. We show the
X-ray optical beam-line layout. The set-up is based on the utilisation a condenser zone
plate (CZP). The sample is placed in air at 500 gm from the SiN exit window 100 nm
thick.

This configuration makes it possible the employed optical mirror or crystals to select
the photon energy in a particular energy interval. In figure 1, it is indicated the relative
position of the plasma-target and the copper mirror. It permits that the Cu mirror reflects
the incident X-ray radiation with a grazing angle 6. In figure 1, together the interaction
chamber, we show the X-ray optical beam layout. The set-up is based on the utilisation
a condenser zone plate (CZP) and collimator system (OSA). The biological sample is
placed in air at 500 pm from the SiN exit window 100 nm tick. This window separates
the vacuum chamber from the outside.
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3 X-ray energy interval selection

To select the photons in this energy region a copper mirror at fixed grazing incidence and
helium gas at different pressure are used. In fact, in figure 2 and 3 are shown respectively
the copper reflectivity, at different grazing angle 6 and He transmission, for different
pressure and for 5 cm constant distance [5]. We obtain that optimal grazing angle for
stop the X-ray greater than a 900 eV is § = 5 — 4 degree and the He absorbs at energy
lower than a~200 eV, at 1 atm pressure and 5 cm distance.

Figure 2: The copper reflectivity at different grazing angle 0

Figure 3: He transmission, for different pressure and for 5 cm constant distance.

The total output transmission of the Cu reflectivity and He transmission, together a
SiN 100 nm window, is shown in figure 4. We observe that at a better partial energy
resolution of the X-rays corresponds a total transmission lower. To choice the better
conditions presented in figure 4, we have designed and built a mirror-holder, in this case
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a copper mirror, with accuracy in the rotation angle of 1/10 of degree (see figure 5). It is
placed in the interaction chamber (see figure 1) in radial position.

Figure 4: The total output transmission of the Cu reflectivity and He transmission, to-
gether a SiN 100 nm window, is shown. We obtain that optimal grazing angle for stop
the X-ray greater than ~ 900 eV is 6 = 4 + 5 degree and the He absorbs at energy lower
than a 200 eV, at 1 atm pressure and 5 cm distance.

Figure 5: Photo of the mirror-holder, in this case we see a copper mirror, with accuracy
in the rotation angle of 1/10 of degree. For dimensions see the ruler.

4 X-ray optical system

The condenser zone plates are optical elements which selects and focalizes, at different
positions on the CZP optical axis, fi, ., the wavelength, A, components through inter-
ferential process for the m order. To eliminate the zero order X-ray component (direct
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beam), at middle of the CZP is present a central stop, which absorbs the incident radiation
completely. This relation

o (T%P - 7’(2))
fm’A—mex/\ (1)

links the CZP focal length, f,, ., to the zone plate radius, r%p, the central stop radius,
r2, and the zone number, N, fixed the interference order m and the wavelength, A. In

Figure 6: Zone plate - collimator system. It is indicated the position of the zone plate focal
for the first, second and third order (indicate by a black triangle) at fixed wavelength.

figure 6, we show the position of the zone plate focal for the first, second and third order
at fixed wavelength. To select a wavelength first order (or superior order) or a specific
wavelength of our interest, it is necessary to introduce a collimator, which intercept the
radiation not useful. Another important optical parameter is the depth of focus. It is
defined, for a fixed focal length and wavelength as

1 A

Az = iiw (2)

where NA is the numerical aperture of the zone plate lens. The depth of focus limits
the region of a tick sample is in the focus and submits at quite constant irradiation and
indicates the dimension of the permitted displacement, from the ideal focal plane, for
which the beam intensity on optical axis is reduced by only +20%.

In our case, we have the possibility to use a gold CZP, made by Heidenhain, with a
diameter 1010 pwm, a zone number 506, an outer zone dimension 500 nm and a central
spot radius 22.5 um. The gold wires are freestanding and are 0.5 um thick. In figure 7,
we show a TEM image of our zone plate where are reported the principal CZP features
(x100). In figure 8 and 9 we show the focal length and the depth focus of the gold-CZP
in relation to the wavelength of X-ray radiation.

The CZP has a average depth focus of £150 um in 2.5 + 4 nm wavelength interval.
Then the CZP is convenient for tick samples. The dimension of the focal spot depends
on Airy distribution in the focal plane and in our case we obtain, by calculations [6],
0.6 um in diffraction limit conditions and punctiform source. In general, to find the real
dimension of the focal spot, it is necessary to add, in quadratic mode, the size of Airy
pattern to the dimension of the source, obtained by the geometrical lens law, in the focal
spot. In our source the source diameter is 65 um.
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Figure 7: TEM image (x100) of a part of the gold zone plate. 1010 pm diameter and 22.5
wm ro.

Figure 8: The gold-CZP focal length Figure 9: The gold-CZP depth of focus ver-
versus the wavelength of X-ray radia- sus the wavelength of X-ray radiation. The
tion. CZP has a average depth focus of £150 um.

5 Conclusion

In conclusion, from radiation and optical features of the beam line it is possible to obtain a
soft X-ray microbeam for radiobiological applications. The optical features, as the average
depth focus of 150 um, are good for the general thickness of the biological samples. In
fact for a sample with a thickness greater than of the depth focus, the material outside
that region would be not irradiated. The zone plate resolution of 0.5 pum is sufficient
to analyze the biological structures. The dimension of the focal spot depends by the
geometrical position of the source and the sample respect to the lens and then by the
relative demagnification.
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