
The Gran Sasso National Laboratory

The Gran Sasso National Laboratory (LNGS) is the largest underground laboratory
in the world for experiments in particle and astroparticle physics. It is one of four INFN
national laboratories and it is used as a worldwide facility by scientists (presently 900 in
number) from 24 countries.

Its location is between the towns of L’Aquila and Teramo, about 120 km from Rome.
The underground facilities are located on a side of the ten kilometres long freeway tunnel
crossing the Gran Sasso Mountain. They consist of three large experimental halls, each
about 100 m long, 20 m wide and 15 m high and service tunnels for a total volume of
about 180,000 cubic metres.

The average 1400 m rock coverage gives a reduction factor of one million in the cosmic
ray flux; moreover, the neutron flux is thousand times less than on the surface, thanks to
the smallness of the Uranium and Thorium content of the dolomite rocks of the mountain.

The headquarters and the support facilities, including the general electric and safety
services, library and meeting halls, canteen, computing and networking services, mechan-
ical, electronic and chemical shops, low radioactivity service, assembly halls, offices and
administration department, are located on the surface.

The mission of the Laboratory is to host experiments that require a low background
environment in the field of astroparticle physics and nuclear astrophysics and other disci-
plines that can profit by its characteristics and of its infrastructures.

The geographic location (inside the National Park of Gran Sasso - Monti della Laga)
and the special operating conditions (underground, near a highway tunnel and in close
proximity of water basins) demand that special attention is paid to the safety and envi-
ronmental aspects of the activities.

Main research topics of the present scientific programme are: neutrino physics with
neutrinos naturally produced in the Sun and in Supernova explosion and neutrino oscilla-
tions with a beam from CERN (CNGS program), search for neutrino mass in neutrinoless
double beta decays, dark matter search, nuclear reactions of astrophysical interest.

The activity in the year 2004 returned almost to normal, with respect to 2003, thanks
to the special safety works started by the Government Commissioner.

Solar neutrino physics is one of the main research sectors of the laboratory. After
the glorious life of GALLEX and GNO, the focus is now on Borexino, which is dedicated
mainly to the measurement of the Be line component of the solar neutrino spectrum. The
construction of the main detector and of its ancillary facilities, restarted during 2004, in
parallel with the safety works in Hall C. The nylon vessels were inserted and inflated in
the stainless steel sphere, which was closed and is now ready for filling.

The solar models are based on data and extrapolations; in particular the thermonuclear
cross sections of the involved reactions are not measured in the relevant energy range but
rather extrapolated from higher energies.

The direct measurements are made very difficult by the very low values of the cross
sections. LUNA published the results of the cross section measurements of the reaction



14N (p,γ) 15O down to the energy of the nucleosynthesis in the stars, using the new 400
kV accelerator. This is the slowest reaction in the CNO cycle and, as such determines the
contribution of this cycle to solar burning and neutrino production. The LUNA results
suggest a new estimate of age of the globular clusters, which are the oldest stars in the
Galaxy.

Elementary particles are different from their antiparticles because their charges - not
only the electric ones, but all of them - are opposite. The standard model assumes
that neutrinos have only one charge, the lepton number. But, if this charge is not con-
served, neutrinos and antineutrinos can be two states of the same particle. In this case
well-specified nuclides would decay through the neutrino-less double beta channel. The
Laboratory hosts today experiments searching for these very rare decays, employing dif-
ferent and complementary techniques, and it is preparing new important activities. The
Heidelberg-Moscow experiment with a sensitive mass of 11 kg of enriched 76Ge was the
most sensitive experiment in the world and accumulated data for a 75 kg y exposure.

CUORICINO, which employs TeO2 bolometers for a total of 42 kg and started tak-
ing data in 2003, has continuously operated in 2004. It is the most sensitive running
experiment today.

The Laboratory approved two new experiments: CUORE, which brings the CUORI-
CINO technique to a mass of more than 200 kg of TeO2 bolometers, and GERDA planning
to employ 500 kg of enriched 76Ge. These activities represent the state of the art of the
field.

From astronomical observations, we know that most of the matter in the Universe is
not made of nuclei and electrons as normal matter. It is called dark matter, because it does
not emit light, and its nature is unknown. Probably, its constituents, elementary particles
that interact only very weakly with the rest (they are called WIMPs,) have not been yet
discovered; they are around us, invisible, waiting to be discovered. The search for WIMPs
is very difficult and requires a very low background environment and the development of
advanced background reduction techniques. The search is going on in many experiments
worldwide. At Gran Sasso several experiments, using different techniques, are active and
new experiments have been approved and started operating in 2004.

DAMA/LIBRA employs NaI crystals to detect the WIMPs by means of the flash of
light produced in the detector by an Iodine nucleus recoiling after having been hit by a
WIMP, a very rare phenomenon. To distinguish these events from the background, DAMA
searches for an annual modulation of the rate, a behaviour that has several aspects that
are peculiar of the searched effect and not of the main backgrounds. With its about 100
kg sensitive mass, DAMA was the only experiment world wide sensitive to the annual
modulation signature. After the conclusion of the experiment, results were published
confirming a signal of annual modulation. The larger experiment LIBRA, with 250 kg
sensitive mass, continued regularly to take data along all the year.

CRESST searches for WIMPs with a cryogenic technique, looking for a very tiny
temperature increase in the detector, due to the energy deposited by nuclei hit by the
WIMPs. After the final design, the CRESST2 CaWO2 detector has been installed.

The GENIUS project proposes the use of one ton enriched Germanium with a strong re-
duction of the background for dark matter searches, double beta decay and other searches.
A small test facility GENIUS-TF has been approved so far, with 40 kg of natural Germa-



nium operated in liquid Nitrogen.
Two new dark matter experiments, WARP and XENON were approved during 2004.

They are based on the simultaneous detection of the ionization and scintillation signals in,
respectively, liquid argon and liquid xenon. WARP performed during the year preliminary
measurements underground with a small (2.3 l) prototype.

One of the major committments of the Gran Sasso Laboratory in the next decennium
will be the search of tau neutrino appearance on the artificial neutrino beam being built
at CERN in Geneva, the CERN Neutrinos to Gran Sasso (CNGS) project. The beam
will be directed through the Earth crust to Gran Sasso at 732 km distance. Beam is
foreseen to be ready in the Summer of 2006. The OPERA experiment is designed for
the direct observation of tau neutrinos resulting from oscillations of the muon neutrino of
the beam. This search requires both micrometer scale resolution, obtained with modern
emulsion techniques and large sensitive mass (1800 t) obtained with Pb sheets interleaved
by emulsion layers. In 2004 the installation in Hall C has continued regularly, even in
presence of the interference represented by the water-proofing of the floor of Hall C.

ICARUS is a general-purpose detector, with a broad physics programme, based on
the novel concept of the liquid Argon time-projection chamber. After the development of
the “definitive project” and of the risk analysis, completed in 2003, the 600 ton module
was transported from Pavia to our underground Laboratory in December 2004. The main
activity of the theory group, staff and visitor scientists, has been focused on astroparticle
physics, including solar and Supernova neutrinos, massive neutrinos, ultra high energy
cosmic rays, topological defects and relativistic astrophysics. Important activity took
place also in particle phenomenology and computer simulations of Lattice Field Theories.

The Gran Sasso Laboratory is recognized by Europe as a large scientific infrastruc-
ture. In December 2004 LNGS completed the EC contract number HPRI-CT-2001-00149
(within Framework Programme 5) for Transnational Access support in the action ”Ac-
cess to Research Infrastructures”. This contract allowed to support access to LNGS for
non-italian european scientists for more than 4500 person-days during 3 years.

In April 2004 a new EU contract started (RII3-CT-2003-505818) within Framework
Program 6. The new contract is involving LNGS as one of the leader paricipants in the
Integrated Infrastructure Initiative (I3) called ILIAS.
The main goal of ILIAS (Integrated Large Infrastructures for Astroparticle Physics) is to
pull together all of Europe’s leading infrastructures in Astroparticle Physics to produce a
focused, coherent and integrated project to improve the existing infrastructures and their
operation as well as to organize and structure the scientific community to prepare the
best infrastructures for the future.

Gran Sasso, July 2005

The Director of the Laboratory
Prof. E. Coccia
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Borexino is a solar neutrino detector in commissioning phase in Hall C of LNGS.
We summarize here the status of the project and the main technical achievements
obtained in these years of development.

1 Introduction

Borexino is a real time experiment which plans to study the low energy (sub-MeV) solar
neutrinos. The main experimental goal is the study of the 0.862 MeV 7 Be solar neutrino
line through the neutrino-electron elastic scattering reaction. The maximum energy of the
recoiling electron is 664 KeV and the experimental design threshold will be at 250 KeV.
The detection reaction will be observed in a large mass of well shielded liquid scintillator.
The main problem of a real time experiment with such a low energy threshold is the
natural radioactivity which is present in any environment and in any material. For these
reasons an intense R&D program has been carried out in the last ten years to develop
methods for selecting low radioactivity materials and/or purify them. An effort in this
field has to be complemented by a comparably thorough research in the field of detection
and measurement of very low radioactivity levels.
The development of purification methods has been focused on the costituents of the liquid
scintillator. Four main methods have been developed: distillation, water extraction, strip-
ping with ultrapure N2, solid gel column (Si gel, Al gel) adsorption. Significant results
have been achieved by the Collaboration as for example: 10−16

− 10−17 (g of contami-
nants/g of material) for 232Th and 238U family and a few microBq of Rn-222 in gases and
liquids.
In addition the organic solvent selected by the collaboration shows a 14C presence not
exceeding 10−18 in its ratio to 12C. This impurity is particularly important because it
cannot be removed by chemical purification methods.
For the measurements of these ultralow radioactivity levels, dedicated methods were de-
veloped. In addition to small-scale techniques (Ge underground detectors installed in Rn
free environment, Inductively Coupled Plasma Mass Spectometer, high sensitivity Neu-
tron Activation, Atomic Absortion Spectroscopy etc...), a Counting Test Facility (CTF),
has been constructed on purpose and operated in the Hall C of LNGS. The Counting
Test Facility features 4 tonnes of liquid scintillator viewed by 100 photomultipliers and
shielded by 1000 tons of ultrapure water.
The sensitivities reached are summarized below and correspond to the lowest radioactivity
levels obtained by the Borexino Collaboration, in preparation of the experiment:

- Bulk material radiopurities of 10−10 g/g for 238U and 232Th, ∼10−5 for natK, few tenths
of mBq/kg for 60Co, have been measured with Ge detectors in construction materials such
as stainless steel, photomultipliers, metal and plastic gaskets, products for PMT sealing,
etc...
- Radon emanations of 10 µBq/m2 from plastic materials, 0.1 mBq/m3 for Rn-222 and 1
mBq/m3 for Ra-226 in water, below 1 mBq/m3 for the N2 used for scintillator purification.
- Radiopurity levels of a few times 10−15 g/g 238U, 232Th and 40K have been reached with
ICMPS in measuring the Borexino shielding water.
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- few ppt for 238U and 232Th have been obtained in the Nylon bulk measurements.
- The radiopurity of the scintillator itself was measured to be at the level of few 10−16 g/g
for 238U, 232Th and ∼10−18 for 14C/12C in the Counting Test Facility.
- Bulk radiopurity levels of 10−13

− 10−14 g/g for Au, Ba, Ce, Co, Cr, Cs, Ga, Hg, In, Mo,
Rb; less than few 10−15 g/g for Cd, Sb, Ta, W; 10−16

− 10−17 g/g for La, Lu, Re, Sc, Th;
less than 1x10−17 g/g for U, have been reached by mean of Neutron Activation followed
by a β-γ coincidence analysis selection applied to the scintillator.
- Kr and Ar contamination in nitrogen at 0.005 ppm (for Ar) and 0.06 ppt (for Kr) were
obtained and measured with noble gas mass spectrometry.

These results were a milestone in the development of the Borexino detector and tech-
nique. Several of these concepts were incorporated in the construction of the high purity
systems for the treatment of the most critical liquid, the scintillator of the experiment.

Stainless Steel Water Tank
18m ∅

Stainless Steel
Sphere 13.7m ∅

2200 8" Thorn EMI PMTs
(1800 with light collectors

Water
Buffer

100 ton 
fiducial volume

Borexino Design

Pseudocumene
Buffer

Steel Shielding Plates
8m x 8m x 10cm and 4m x 4m x 4cm

Scintillator

Nylon Sphere
8.5m ∅

Holding Strings

200 outward-
pointing PMTs

Muon veto:

Nylon film
Rn barrier

   400 without light cones)

Figure 1: Schematic view of the Borexino detector.

2 The Borexino Detector

Borexino 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, 100µm 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/l) as a fluor, while the buffer liquid
will be 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 detector
from the external shielding, provided by 2400 tonnes of pure water (water buffer).
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An additional containment vessel (Nylon film Radon barrier) is interposed between the
Scintillator Nylon Sphere and the photomultipliers, with the goal of reducing Radon dif-
fusion towards the internal part of the detector.
The outer water shield is instrumented with 200 outward-pointing photomultipliers serv-
ing as a veto for penetrating muons, the only significant remaining cosmic ray background
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 volume. 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 and conceived to purify the experi-
mental fluids (water, nitrogen and scintillator) used by the experiment.

3 Status of the project

The Borexino detector is essentially completed, as well as the vast majority of the purifi-
cation and ancillary plants, which will be re-commissioned after the long stop due to the
judicial sequestration, ended with the de-sequestration occurred an August 2004.
The decrease of judicial contraints (already during the first half of 2004) allowed the in-
stallation of the most crucial component of the detector, the Nylon Sphere devoted to hold
the scintillator. This installation was completed in May 2004 and was followed by the
mounting of the last hardware components in the Stainless Steel Sphere (the remaining
phototupes) and in the Stainless Steel Water Tank (almost all of the Muon Veto).

The experimental activity is now focused to bring the detector in the operational phase
which foresees a first water filling followed by the final scintillator data taking.

4 Borexino and Neutrino Physics

Borexino will be studying solar neutrino physics below the 1 MeV threshold, where the
Large Mixing Angle suppresion pattern becomes vacuum dominated. This is in contrast
with the ”matter dominated” situation of the B-8 neutrinos, the only component observed
in real-time up to now.
The expected Be-7 solar neutrino rates is close to 30 counts/day. With a sizeable number
of real-time expected events, Borexino can also study several time-dependences of the
solar neutrino signal, including day-night and seasonal variations.
Finally, a 10% accuracy measurement of the Be-7 line will be of great importance to
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measure the relative solar model parameter whose uncertainty is at present of the order
of 50%.

Other physics topics can be investigated with high sensitivity with the Borexino de-
tector, such as Supernova neutrinos, neutrino magnetic moment, terrestrial neutrinos...

Physics results already obtained with the Counting Test Facility, confirm the validity
and the sensitivity of the Borexino technique.

5 List of articles published in year 2004

1. H.O. Back et al. New experimental limits on violations of the Pauli exclusion prin-

ciple obtained with the Borexino Counting Test Facility. Accepted by Eur. Phys.
Journal C.

2. H.O. Back et al. A high-density and high-flashpoint organic liquid scintillator for

applications in low-energy particle-astrophysics experiments. Sbmitted to Nuclear
Instr. & Methods A.
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Abstract

DAMA is investigating various rare processes by developing and using several
kinds of radiopure scintillators. The main experimental set-ups are: i) the ' 100
kg NaI(Tl) set-up (DAMA/NaI), which completed its data taking in July 2002;
this set-up has allowed to reach many results on various rare processes and, in par-
ticular, it has pointed out with high C.L. (6.3 σ) a model independent evidence
for the presence of a dark matter particle component in the galactic halo; ii) the
new ' 250 kg NaI(Tl) LIBRA (Large sodium Iodide Bulk for RAre processes)
set-up (DAMA/LIBRA), now running; iii) the ' 6.5 kg liquid Xenon pure scin-
tillator (DAMA/LXe), in operation; iv) the R&D installation (DAMA/R&D) for
measurements on prototype PMTs and detectors and for small scale experiments,
in operation. Moreover, in the framework of devoted R&D for higher radiopure
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detectors and PMTs, sample measurements are carried out by means of the low
background Ge detector of the DAMA experiment (DAMA/Ge) and in some cases
at Ispra. In the following main arguments and the activity in 2004 are summarized.

1 DAMA/NaI

The DAMA/NaI set-up [1, 2, 3] had as main aim the investigation of the presence of a
Dark Matter particle component in the galactic halo by exploiting the model independent
annual modulation signature (see refs. [4, 5, 6, 7, 2, 8, 9, 10, 3] and in the 2004 publication
list). The same experimental set-up also achieved several other results both on Dark
Matter particle investigations with other approaches and on many other different rare
processes (see refs. [11, 12, 13, 14, 15, 16, 17, 18] and in the 2004 publication list).

DAMA/NaI has been a pioneer experiment running at LNGS for about a decade and
investigating as first the Dark Matter particle annual modulation signature with suitable
exposed mass, sensitivity and control of the running parameters.

1.1 Investigation on the particle Dark Matter presence in the

galactic halo by exploiting the annual modulation signature.

The presence of a model independent positive evidence in the data of DAMA/NaI has
firstly been reported by the DAMA collaboration at the TAUP conference in 1997 [19] and
published also in [4], confirmed in [5, 6], further confirmed in [7, 2, 8, 9, 10] and conclusively
confirmed, at end of experiment in 2003 (see ref. [3] and in the 2004 publication list).
During seven independent experiments (total exposure: 107731 kg × day) each one during
one annual cycle, DAMA/NaI has pointed out the presence of a modulation satisfying
the many peculiarities of a particle Dark Matter induced effect, reaching an evidence at
6.3 σ C.L. (Fig. 1); details can be found in ref.[3] and in the 2004 publication list. A
careful investigation of all the known possible sources of systematic and side reactions has
been carried out. No systematic effect or side reaction able to account for the observed
modulation amplitude and to satisfy all the requirements of the signature has been found
or suggested by anyone.

On the basis of the obtained 6.3 σ model-independent result, corollary investigations
can also be pursued on the nature of the Dark Matter particle candidate. This latter
investigation is instead model-dependent. Thus, it should be handled in the most general
way as we have pointed out along the time (see [4, 5, 6, 7, 2, 8, 9, 10, 3] and the 2004
publication list). Details on the model-dependent corollary analyses can be found in ref.
[3] and in the 2004 publication list as well as devoted discussions to correctly understand
the results obtained in corollary model dependent quests for the candidate particle and
the real validity of any claimed model-dependent comparison in the field. It is worth to
note that – although many possible scenarios for the astrophysical, nuclear and parti-
cle Physics assumptions as well as parameters uncertainties have been considered in the
corollary model-dependent analyses presented in ref. [3] and in the 2004 publication list
– the reported allowed volumes/regions are not exhaustive of the many existing possibil-
ities, which at present level of knowledge cannot be disentangled. In particular, we have
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Figure 1: On the left: experimental residual rate for single-hit events in the cumulative
(2–6) keV energy interval as a function of the time over 7 annual cycles (total exposure
107731 kg × day). The experimental points present the errors as vertical bars and the
associated time bin width as horizontal bars. The superimposed curve represents the
cosinusoidal function behaviour expected for a WIMP signal with a period equal to 1
year and phase exactly at 2nd June; the modulation amplitude has been obtained by
best fit. A careful investigation of all the known possible sources of systematic and side
reactions has been carried out. No systematic effect or side reaction able to account for
the observed modulation amplitude and to satisfy all the requirements of the signature
has been found. On the right: experimental residual rates over seven annual cycles for
single-hit events (open circles) – class of events to which WIMP events belong – and over
the last two annual cycles for multiple-hits events (filled triangles) – class of events to
which WIMP events do not belong – in the (2–6) keV cumulative energy interval. They
have been obtained by considering for each class of events the data as collected in a single
annual cycle and using in both cases the same identical hardware and the same identical
software procedures. The initial time is taken on August 7th. The obtained result offers
an additional strong support for the presence of a Dark Matter particle component in
the galactic halo further excluding any side effect either from hardware or from software
procedures or from background. For more, see ref. [3] and the 2004 publication list.

considered some of the many possible model frameworks regarding: i) the nature of the
Dark Matter particle; ii) its real coupling with ordinary matter (mixed SI&SD, purely SI,
purely SD or preferred inelastic) iii) the right form factors and related parameters for each
target nucleus; iv) the right spin factor for each target nucleus; v) the real scaling laws
(see ref. [20]); vi) the real halo model and related parameters; vii) the real values of the
experimental and theoretical parameters within their uncertainties; etc. As an example,
we remind that not only large differences in the measured rate can be expected when
using target nuclei sensitive to the SD component of the interaction (such as e.g. 23

Na

and 127
I) with respect to those largely insensitive to such a coupling (such as e.g. nat

Ge,
nat

Si, nat
Ar, nat

Ca, nat
W , nat

O), but also when using different target nuclei although all
– in principle – sensitive to such a coupling, depending on the unpaired nucleon (compare
e.g. the odd-spin isotopes of Xe, Te and those with small abundance of Ge, Si, W with
the Sodium and Iodine cases) [3].

Some of the obtained allowed regions or slices of allowed volumes obtained in the
corollary model-dependent analyses are reported in [3] and in the 2004 publication list;
here, we only show in Fig. 2 the particular case of a candidate with dominant SI interaction
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for the model frameworks considered in ref. [3]. The same figure also shows for comparison
the theoretical expectations for the neutralino candidate in MSSM with gaugino mass
unification at GUT scale released, as in ref. [21].

Figure 2: Figure taken from ref. [21]: theoretical expectations of ξσSI versus mW in
the purely SI coupling for the particular case of a neutralino candidate in MSSM with
gaugino mass unification at GUT scale released; in this case neutralino masses down to
' 6 GeV are possible still taking into account the accelerator bounds. The curve is the
region allowed by the DAMA/NaI result for the model frameworks given in ref. [3]. For
other possible scenarios and other interaction types – however far from being exhaustive
of all the possibilities – see ref. [3] and the 2004 publication list.
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Figure 3: Figure taken from ref. [27] : Case of a subdominant heavy 4th neutrino candi-
date in the plane local density fraction versus the heavy neutrino mass (of course, neutrino
masses above 45 GeV have been considered with the respect to the LEP results about
the width of the Z

0 boson). The favorable region in the considered scenario for this can-
didate, as obtained from the DAMA/NaI data (grey dashed line when using the Evan’s
halo model; solid line when using the other halo models), and the best-fit density parame-
ters deduced from cosmic gamma-radiation (from halo and galactic center), positron and
antiproton analysis are shown (left panel). The effect of the inclusion of possible neutrino
clumpiness is also reported (right panel). See ref. [27] for details.

We remind that no experiment is available whose result can be directly compared in
a model independent way with the one of DAMA/NaI. As regards some claimed model-
dependent comparisons by experiments insensitive to the annual modulation signature,
where exposures orders of magnitude lower that the one by DAMA/NaI, different target
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nuclei, etc. are used, specific discussions can be found e.g. in ref.[3] and in the 2004
publication list. They already account, as a matter of fact, for the model dependent claims
by [22], [23], [25, 26] and [24], which are based - even assuming the experimental results and
the associated uncertainties as they give - on a single model-dependent scenario where all
the astrophysical, nuclear and particle physics assumptions and experimental/theoretical
parameters are fixed at a single selected choice (highly questionable in most of the aspects)
and on the uncorrect, partial and unupdated quotation of the corollary model dependent
aspects of the DAMA/NaI model independent result. Moreover, the existing interactions
and scenarios to which those experiments are largely insensitive – on the contrary of
DAMA/NaI – are ignored.

On the other hand, some positive hints are present in indirect detection experiments;
in fact, an excess of positrons and of gamma’s in the space has been reported with the
respect to a modellised background; they are not in contraddiction with the DAMA/NaI
result. As an example, recently, it has been suggested [27] that these positive hints and the
effect observed by DAMA/NaI can also be described in a scenario with multi-component
Dark Matter in the galactic halo, made of a subdominant component of heavy neutrinos
of the 4th family and of a sterile dominant component (see Fig. 3).

Other scenarios on the nature of the candidate particle, on astrophysical, nuclear and
particle Physics assumptions are under studies also in the light of the future DAMA/LIBRA
data releases, as briefly mentioned in the following.

1.2 Search for spontaneous transition of nuclei to a superdense
state

During year 2004 an exposure collected by DAMA/NaI has been analysed in order to
search for spontaneous transition of nuclei to a superdense state.

In fact, from the very beginning of nuclear physics it was debated the possible existence
of superdense nuclear states with ρs > ρ0 [28, 29, 30, 31], where ρ0 is the average density
which is almost the same for all nuclei due to the structure of nuclear forces. It was argued
that the energy of a nucleus as a function of its density, E(ρ), must have a minimum for
the normal density ρ0. A transition to the superdense state can occur if E(ρ) has a second
minimum for ρ = ρs. The possible existence of superdense states was discussed in some
pioneering works [32], in connection with the so called ”pion condensation” phenomenon.
More recently this argument has been developed by many authors (see for example ref.
[33]).

To realise the density transition ρ0 → ρs, it must be overcome a potential barrier U0

whose shape and height cannot be reliably predicted on the basis of the present knowledge.
In this framework a nucleus (or a part of a nucleus) can be metastable and spontaneously
can go over to the superdense state.

In the past several experimental works employing different techniques have been de-
voted to determine limits for the probability λ of the ρ0 → ρs transition and for the
effective height U0 of the potential barrier [34, 35]. A simple model, allowing to connect
U0 , λ, ρ0 and ρs, can be considered by adopting the ideas developed in refs. [29, 32, 36],
where it was postulated that the transition can occur as a consequence of nuclear volume
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oscillations (hydrostatic compression). According to ref. [36], the relation:
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can be written; where τ = λ
−1 is the lifetime of the process in years.

Our search has been carried out by using data collected deep underground by DAMA/NaI
for an an exposure of 33834 kg · day. The experimental approach has been similar to the
one previously exploited in ref. [37], where characteristic γ-radiation, accompaining the
occurrence of the searched transition in NaI(Tl), has been looked for. In particular, a
possible transition of Sodium and Iodine nuclei to a superdense state, releasing a ∆E

larger than 10 MeV through γ radiation, has been considered. Thus, the data have been
analysed searching for events with multiplicity larger than or equal to two and with total
released energy, ∆E, larger than 10 MeV. The required features have been satisfied by
1551 events in the given exposure; these events can largely be ascribed to the background
due to high energy muons surviving the mountain shielding.

A cautious approach has been considered in order to obtain the lifetime lower limits
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Figure 4: Left panel: obtained lifetime lower limits (90% C.L.) on the considered process
in Sodium and Iodine nuclei as a function of the energy release, ∆E. Right panels:
obtained lower limits (90% C.L.) on the barrier potential, U0, as for the Sodium and Iodine
nuclei (continuous lines); the behaviours for the various energy releases are practically
indistinguishable. The dashed lines are the lower limits for U0 as calculated from the
previous best limits in ref. [37]. We note that, although the restriction on τ is increased
of about 3 orders of magnitude (thanks to the deeper experimental site, to the much
larger exposure, to the effective shielding of the detectors and to the strong improvements
in the detectors’ radiopurity, occurred during the last decades), the restriction on U0 is
modestly increased because of the logarithmic dependence.

(90% C.L.) for Sodium and Iodine nuclei – as a function of ∆E – depicted in fig. 4–left
panel in the range (15 – 90) MeV. From these restrictions, one can derive lower limits
for the barrier potential, U0, as reported for the Sodium and Iodine nuclei in fig. 4–right
panels.
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2 DAMA/LIBRA

The large merits of highly radiopure NaI(Tl) set-up have been demonstrated in the prac-
tice by DAMA/NaI. In 1996 DAMA proposed to realize a ton set-up [38] and a new
R&D project for highly radiopure NaI(Tl) detectors was funded at that time and carried
out for several years in order to realize as an intermediate step the second generation
experiment, successor of DAMA/NaI, with an exposed mass of about 250 kg. As a result
of this second generation R&D effort for NaI(Tl) radiopurification (by exploiting new
material selections, new chemical/physical radiopurification of NaI and TlI powders and
new protocols), the new experimental set-up, DAMA/LIBRA (Large sodium Iodide Bulk
for RAre processes), '250 kg highly radiopure NaI(Tl) crystal scintillators (matrix of
twenty-five ' 9.70 kg NaI(Tl) crystals), was funded and realised. After the completion of
the DAMA/NaI data taking in July 2002, the dismounting of DAMA/NaI occurred and
the installation of DAMA/LIBRA started. In particular, the experimental site as well as
many components of the installation itself have been implemented (environment, shield
of PMTs, wiring, HP Nitrogen system, cooling water of air conditioner, electronics and
DAQ, etc.). In particular, all the Cu parts have been chemically etched before their instal-
lation following a new devoted protocol and maintained in HP Nitrogen atmosphere until
the installation. All the procedures performed during the dismounting of DAMA/NaI
and the installation of DAMA/LIBRA detectors have been carried out in HP Nitrogen
atmosphere.

As previously for DAMA/NaI, an hardware/software system to continuosly monitor
the running conditions is also operative; in particular, several probes are read out by the
data acquisition system and stored with the production data. Moreover, self-controlled
computer processes are operational to automatically control several parameters and to
manage alarms.

Fig. 5 – left panel shows the energy distribution of the 241Am source as measured by
one of the new DAMA/LIBRA detectors (σ/E = 6.7% at 59.5 keV).

Figure 5: Left panel: energy distribution of the 241Am source as measured by one of the
new highly radiopure DAMA/LIBRA NaI(Tl) detectors (σ/E = 6.7% at 59.5 keV). Right
panels: examples of the stability of the calibration factor (tdcal) and of the ratio of the
peaks’ positions (α) of the measured energy distribution of the 241Am source during about
one year of data taking.

DAMA/LIBRA is taking data since March 2003 and the first data release is planned
at time when an exposure larger than that of DAMA/NaI will have been collected and
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analysed in all the aspects. Just as an example of the quality of the data taking, Fig. 5
– right panels show the stability of the calibration factor and of the ratio of the peaks’
positions of the 241Am source during about one year of data taking.

The highly radiopure DAMA/LIBRA set-up is a powerful tool for further investigation
on the Dark Matter particle component in the galactic halo having many intrinsic merits
(see e.g. the 2004 reference list), a larger exposed mass, an higher overall radiopurity
and improved performances with the respect to DAMA/NaI. Thus, DAMA/LIBRA will
further investigate the 6.3 σ C.L. model independent evidence pointed out by DAMA/NaI
with increased sensitivity in order to reach even higher C.L.. Moreover, it will also offer an
increased sensitivity to improve corollary quests on the nature of the candidate particle,
trying to disentangle at least among some of the many different possible astrophysical,
nuclear and particle physics models as well as to investigate other new possible scenarios.

In the following some of the main topics – not yet well known at present and which
can affect whatever corollary model dependent result and comparison – will be mentioned.
They will be addressed by the highly radiopure DAMA/LIBRA in a way often unique
and always reliable, cheap and competitive. As an example, we remind here:

• the possible effects induced on the Dark Matter particles distribution in the galactic
halo by contributions from satellite galaxies tidal streams. Recently it has been
pointed out [39] that contributions to the Dark Matter particles in the galactic halo
should be expected from tidal streams from the Sagittarius Dwarf elliptical galaxy.
Considering that this galaxy was undiscovered until 1994 and considering galaxy
formation theories, one has to expect that also other satellite galaxies do exist and
contribute as well. In particular, the Canis Major satellite Galaxy has been pointed
out as reported in 2003 in ref. [40]; it can, in principle, play a very significant
role being close to our galactic plane. At present, the best way to investigate the
presence of a stream contribution is to determine more accurately the phase of the
annual modulation, t0, as a function of the energy; in fact, for a given halo model
t0 would be expected to be (slightly) different from 152.5 d and to vary with energy
(see Fig.6).

• the effects induced on the Dark Matter particles distribution in the galactic halo by
the possible existence of caustics. It has been shown that the continuous infall of
Dark Matter particles in the galactic gravitational field can form caustic surfaces
and discrete streams in the Dark Matter particles halo [41]. The phenomenology to
point out a similar scenario is analogous to that in the previous item.

• the detection of possible ”solar wakes”. As an additional verification of the possible
presence of contributions from streams of Dark Matter particles in our galactic halo,
DAMA/LIBRA can investigate also the gravitational focusing effect of the Sun on
the Dark Matter particle of a stream. In fact, one should expect two kinds of
enhancements in the Dark Matter particles flow: one named ”spike”, which gives
an enhancement of Dark Matter particle density along a line collinear with the
direction of the incoming stream and of the Sun, and another, named ”skirt”, which
gives a larger Dark Matter particle density on a surface of cone whose opening angle
depends on the stream velocity.
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Figure 6: Expected behaviours of the phase, t0, of the annual modulation signal as function
of the energy when considering: i) only galactic halo (“no Sgr”); ii) galactic halo (C2
halo model with v0 = 220 km/s, ρ0 equal to the maximum value for this model) and a
contribution from Sagittarius Dwarf galaxy (“C2”); iii) galactic halo (A5 halo model with
v0 = 220 km/s, ρ0 equal to the maximum value for this model) and a contribution from
Sagittarius Dwarf galaxy (“A5”). The contributions from Sagittarius Dwarf galaxy have
been taken in both cases with a density equal to 4% of ρ0. The light shadow region is the
final result of DAMA/NaI on the t0 value for the cumulative energy interval (2 – 6) keV,
while the dark shadow region is the expectation on t0 assuming an experiment with the
same features as DAMA/NaI, an exposure of 3 · 105 kg · day and the same central value
for t0.

Moreover, other topics will be further addressed by the highly radiopure DAMA/LIBRA,
such as the study (i) on the velocity and spatial distribution of the Dark Matter parti-
cles in the galactic halo (for details see the discussions in refs. [3, 10] and in the 2004
reference list); (ii) on possible structures as clumpiness with small scale size; (iii) on the
coupling(s) of the Dark Matter particle with the 23Na and 127I target-nuclei; (iv) on the
nature of the Dark Matter particles (susy particles in various scenarios, a neutrino of a
fourth family, particles from multi-dimensional Kaluza-Klein like theories, Mirror Dark
Matter, self-interacting dark matter, axion-like particles, ...); (v) on scaling laws and cross
sections (recently, it has been pointed out [20] that, even for the neutralino candidate,
the usually adopted scaling laws could not hold); etc.

A large work will be faced by DAMA/LIBRA when a suitably large exposure will
have been collected. In addition, it is the intrinsecally the most sensitive experiment in
the field of Dark Matter so far because of its radiopurity, exposed mass and high duty
cycle. These qualities will also allow DAMA/LIBRA to further investigate with higher
sensitivity several other different rare processes.

3 R&D-III and beyond

An R&D activity to develop higher radiopure detectors is continuously carried out, in
particular towards the creation of ultimate radiopure NaI(Tl) detectors. Some studies on
their applications are/have been also carried out (see ref. [38, 42] and 2004 publication
list).
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Actually, a third generation R&D towards a ton NaI(Tl) set-up, we proposed in 1996,
has been funded and is in progress. In particular, during year 2004 some corollary inves-
tigations have been carried out and measurements and analysis to qualify new special low
background PMTs without any glass and ceramics have been realized.

4 DAMA/LXe

As regard the LXe experiment, following the former Xelidon experiment on R&D de-
velopments of liquid Xenon detectors in latest 80’s, DAMA considered many years ago
(see e.g. ref. [43]) the use of the liquid Xenon as target-detector material for particle
dark matter investigations and realized several LXe prototype detectors using natural
Xenon. Then, it preliminarily put in measurement the set-up employed in the data tak-
ing of ref. [44, 45] by using Kr-free Xenon enriched in 129Xe at 99.5%. This set-up
was significantly upgraded at fall 1995 and again – deeply – in summer 2000, when the
handling of Kr-free Xenon enriched in 136Xe at 68.8% and in 134Xe at 17.1% was also
introduced. Main features of the set-up are described in ref. [46]. Investigations on sev-
eral rare processes have been carried out with time passing in the various configurations
[44, 45, 46, 47, 48, 49, 50, 51, 52, 53, 54, 55, 56]. The set-up is in operation. Note that –
on the contrary of the NaI(Tl) case – plans for enlarging its exposed mass have never been
considered because of the technical reasons (specific of liquid xenon detectors) pointed
out several times in the past (see e.g. [57]).

After the upgrading mentioned in the LNGS activity report 2003, the ' 6.5 kg liquid
Xenon set-up has been put again in measurements in summer 2004. Moreover, continuing
the preliminary data analysis described in the LNGS activity report 2003, the already
available data have also been analysed in order to investigate possible tri-nucleon decays
into invisible channels in 136Xe [58].

4.1 The search for tri-nucleon decays into invisible channels in
136Xe

The data, collected above the threshold of 550 keV during 8823.54 h with the set-up filled
with the Xenon enriched in 136Xe at 68.8%, have been considered to investigate possible
tri-nucleon (NNN) decays into invisible channels for the 136Xe isotope: disappearance or
decay to neutrinos, Majorons, etc. [58]. The approach is similar to the one exploited in
[53] at the first time; it consists in a real-time search for radioactive decay of unstable
daughter nuclei created as result of the NNN disappearance in parent nucleus. If the half-
life of the daughter nucleus is of order of 1 s or greater, such a decay will be time-resolved
from prompt products in case they were emitted and observed in the detector. The
considered experimental approach assures an high detection efficiency and a branching
ratio ∼ 1 with the respect to other different approaches necessarily pursued with very
large mass apparata. Moreover, all the achieved limits hold in the present approach for
every invisible decay channel, including ”disappearance” in extra-dimensions or decay in
particles which weakly interact with the matter.
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As a consequence of NNN decays in 136Xe, when the daughter de-excitation occurs
only by γ emission, the isotopes given in Table 1 are produced (on the contrary, the
emission of heavy particles such as p, n or α will give rise to the formation of nuclei with
lower A and Z values).

Table 1: Daughter nuclei produced in NNN decays in 136Xe when the de-excitation of
the daughter nucleus occurs by γ emission. All the produced nuclei are radioactive and at
least one β

− decay occurs. The half-life times of the isotopes involved in the four decay
chains vary from 2.5 minutes (133Sb) and 5.243 days (133Xe) assuring that the chains are
in equilibrium and that subsequent decays are well separated in time.

Decay daughter nucleus subsequent decays

nnn
133Xe 133Xe

β
−

−→ 133Cs

nnp
133I 133I

β
−

−→ 133Xe
β
−

−→133Cs

npp
133Te 133Te

β
−

−→ 133I
β
−

−→133Xe
β
−

−→133Cs

ppp
133Sb 133Sb

β
−

−→ 133Te
β
−

−→133I
β
−

−→133Xe
β
−

−→ 133Cs ∗∗

∗∗ given here only the main part of the chain.

Since previous searches for NNN decays into invisible channels are not available,
there are no reference criteria to evaluate the effective objects number, N

eff

ogg
, in the

136Xe nucleus, whose decay would produce the investigated daughter nucleus (objects
means NNN groups). Thus, in this preliminary research we have cautiously assumed
N

eff

ogg
= 1 for all the NNN processes (nnn, nnp, npp and ppp), as done in the preliminary

researches on the NN decays into invisible channels in ref. [59]. The value of N
eff

ogg
enters

in the evaluation of the lifetime, τ , of the studied processes: τ =
ε∆E ·Nnucl·N

eff
ogg ·T

S∆E
, where

Nnucl = 2.00·1025 is the number of 136Xe nuclei; T = 8823.54 h is the time of measurement,
S∆E is the number of events which can be ascribed to the decay process searched for in
the considered energy window, ∆E, while ε∆E is the related detection efficiency.

The result of a nnn → invisible channels decay in the 136Xe nucleus is the creation of
the 133Xe isotope, which is unstable, has T 1

2

= 5.243 days and β
− decays in 133Cs (stable)

with Qβ− = 427.4 keV. Since the maximum energy released in this process is below the
550 keV energy threshold of the present measurements, this decay process cannot be
investigated here.

As a consequence of a nnp → invisible channels decay in the 136Xe nucleus, a 133I
nucleus is instead created in the sensitive volume of DAMA/LXe. This isotope β

− decays
in 133Xe with T 1

2

= 20.8 hours and Qβ− = 1770 keV; the 133Xe is also unstable and

decays in 133Cs, which closes the chain. An event generator able to simulate the full
decay schema of the 133I has been realized and used with EGS4 package [60] to estimate
the energy distribution expected for this β

− decay in our liquid xenon set-up. The signal
to be searched for in case of a nnp decay into invisible channels in 136Xe is given by the
sum of this energy distribution and the one which would be obtained simulating the β

−

decay of 133Xe, which in the present specific case do not play any role because under
the experimental energy threshold. As it can be seen in fig. 7a) , at energies above
the experimental energy threshold, the signal does not present any distinctive structure;
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thus, the lower limit on the lifetime of the process has been evaluated by following a very
cautious procedure (used also in the investigation of other rare processes). In fact, it has
been required that – in no energy interval – the number of events which could be ascribed
to the investigated process can exceeds the number of measured events, N , plus n ×

√
N

(where n gives the C.L.). The more selective region in the present case is ∆E = 1100 -
1150 keV; it contains 35 events, which gives rise to the upper limit (90% C.L.) S∆E < 42.6
events and being ε∆E =3.0% gives:

τnnp > 1.4 · 1022 years (90%C.L.).

The signal corresponding to a lifetime equal to the obtained limit value is shown in fig.
7a) superimposed to the experimental energy distribution.
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Figure 7: Comparisons between the experimental energy distribution collected during
8823.54 h with the DAMA/LXe set/up and the expected signals (colored area) for: a)
nnp → invisible channels decay in 136Xe for τnnp = 1.4 · 1022 years; b) npp → invisible

channels decay in 136Xe for τnpp = 2.7 · 1022 years; c) ppp → invisible channels decay in
136Xe for τppp = 3.6 · 1022 years. See text.

In the case of the process npp → invisible channels decay in the 136Xe nucleus, a 133Te
nucleus is created. The 133Te β

− decays in 133I with T 1

2

= 12.5 minutes and Qβ− = 2920

keV. To simulate this process in our liquid xenon set-up EGS4 package [60] and an event
generator able to generate the complex decay schema of 133Te (with ∼ 40 levels of 133I
filled in β

− decays of the 133Te and ∼ 200 different transitions in the subsequent de-
excitation process) have been employed. A 133Te decay is followed by the β

− decays of
the 133I and of the 133Xe; the chain can be considered in equilibrium and the single events
are well separated in time. Thus, each possible npp decay in 136Xe is associated to a signal
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given by the sum of the energy distributions expected for the β
− decays of the 133Te, of

the 133I and of the 133Xe (this latter, as already mentioned, gives here signal under the
experimental energy threshold and, therefore, is not considered). Also in this case (fig.
7b)) the expected signal does not show any particular structures in the energy region where
experimental data are available for the data analysis; thus, following the same cautious
procedure considered above, one gets that the more selective energy window is ∆E =
1100 - 1150 keV which contains 35 events, giving rise to the upper limit: S∆E < 42.6
events (90% C.L.); in this case the efficiency is: ε∆E =5.7%. Thus, one can derive:

τnpp > 2.7 · 1022 years (90%C.L.).

The signal corresponding to a lifetime equal to the found limit value is shown in 7b)
superimposed to the experimental energy distribution.

Finally, a possibile ppp → invisible channels decay process in 136Xe will create the
133Sb nucleus in the liquid xenon. This isotope β

− decays with T 1

2

= 2.5 minute and

Qβ− = 4003 keV. As it can be derived from the decay schema of the 133Sb, this process
gives rise to the production of 133Te nuclei in the fundamental state (82.4%) and in the
133mTe metastable state at 334 keV (17.6%). The full decay chain generated by the 133Sb
is summarized in the following schema:

With simple calculation one can get that a possible ppp → invisible channels in 136Xe
is followed by a serie of β

− decays weighted according to the following formula:

1 ×133 Sb + 0.855 ×133 Te + 0.176 ×133m Te + 1 ×133 I + 1 ×133 Xe.

The decay schema and the energy distributions expected for the 133Te, 133I and 133Xe
isotopes have been already summarized above, while the response function of the β

−

decay of 133Sb has been evaluated by using EGS4 package [60] and an event generator
able to simulate the whole decay schema. The last process to be simulated to obtain the
expected energy distribution as described in the previous formula is the 133mTe decay. This
isotope has T 1

2

= 55.4 minutes; in the 17.5% of the cases it goes to the 133Te fundamental

state, while in the remaining 82.5% it β
− decays in 133I. The event generator realized for

the 133mTe isotope accounts both for the transition to the fundamental state of the 133Te
and the whole β

− decay schema.
The signal expected for the ppp → invisible channels in 136Xe can be obtained by

summing according to the previous formula the energy distributions of the related nuclide
decays and is shown in fig. 7c) superimposed to the experimental data (also in this case
the signal associated to the 133Xe decay is below the experimental threshold). Considering
the shape of the expected energy distribution, the same cautious procedure followed above
has been considered. Also in this case the most sensitive energy window is ∆E = 1100
- 1150 keV which contains 35 events, giving rise to the upper limit: S∆E < 42.6 eventi
(90% C.L.); the detection efficiency is: ε∆E =7.6%. One obtains:

τppp > 3.6 · 1022 years (90%C.L.).
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The signal corresponding to a lifetime equal to the found limit is given in fig. 7c) super-
imposed to the experimental energy distribution.

In conclusion, new experimental limits have been set on the NNN decay processes in
136Xe.

5 DAMA/R&D

The DAMA/R&D set-up has been upgraded several times and is used for tests on proto-
type PMTs and/or detectors and for small scale experiments mainly devoted to the search
for double beta decay processes in various isotopes, such as 40Ca, 46Ca, 48Ca, 106Cd, 130Ba,
136Ce, 138Ce, 142Ce (see refs. [61, 62, 63, 64, 65, 66] and in 2004 publication list). Both
the active and the passive source techniques have been exploited as well as – sometimes
– the coincidence technique.

During year 2004 the measurements on the radiopurity of new PMT prototypes with-
out any glass and ceramic components have been completed. Then, the DAMA/R&D
set-up has been upgraded by installing a new automatized system for the opening/closure
of the hard shield; moreover, the work for a new DAQ system has been started. Some
preliminary measurements related to new small scale experiments in preparation have
also been carried out. In addition, new results have been published on the basis of the
measurements carried out deep underground by using a BaF2 crystal scintillator; they are
summarized in the following (see in the 2004 publication list).

Moreover, some investigations on new possible scintillators are also carried out both
for possible further investigations on other double beta decay processes and on other
applications [67].

5.1 Performances of a BaF2 detector and its application to the
search for ββ decay modes in 130Ba

By exploiting the coincidence technique (which allows to significantly reduce the back-
ground, typically high in commercial BaF2 detectors), the potentiality of BaF2 detectors
in the search for neutrinoless double beta decay modes in 130Ba (Qββ = 2610 keV [68])
has been investigated. A 3615 g BaF2 crystal scintillator (natural abundance of 130Ba:
0.106%), manufactured in China, and two low background NaI(Tl), working in coinci-
dence, have taken data deep underground during 4253 h. The experimental set-up has
been installed inside the low background DAMA/R&D set-up. A charge ADC channel
was acquired for each detector, while the signals from the BaF2 were also registered by a
160 MSa/s Transient Digitizer over a time window of 3125 ns.

In the present experiment mostly the 310 nm component of the scintillation light was
collected by PMT and the features presented in the following refer to this experimen-
tal condition since some of them (e.g. α/β light ratio and features of the pulse shape
discrimination) depend on the sensitivity to the different emission wavelengths.

The considered hardware trigger condition: BaF2.and.(NaI1.or.NaI2), has allowed to
investigate also some properties of the BaF2 detector in the used set-up. In particular, the
α/β light ratio and the pulse shape discrimination capability between α and β particles
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have been studied by considering Bi-Po events – able to satisfy the coincidence trigger –
induced by internal 232Th and 238U contaminations. Similar events have been identified
by using the pulse information recorded by the Transient Digitizer (note that since its
time window is 3125 ns, Bi-Po events from 232Th chain were mostly recorded). The results
are discussed in the reference quoted in the 2004 publication list and summarized in Fig.
8. In Fig. 8e) the α/β pulse shape discrimination capability of the used BaF2 detector is
shown as a function of the energy (in keV electron equivalent).

Finally, the Bi-Po events also allow to quantify the radioactive contaminations of 212Bi
and 214Bi in the BaF2 crystal scintillator. In fact, considering the running time (4253 h)
and the detection efficiencies (calculated by a MonteCarlo code using EGS4 package [60])
contaminations of 0.4 Bq/kg and 1.4 Bq/kg are obtained for 212Bi and 214Bi, respectively.
They correspond to 100 ppb (or 0.01 α · s

−1 · cm
−3) of 232Th and to 110 ppb (or 0.05

α · s−1 · cm−3) of 238U if the chains are assumed to be in equilibrium. These results show
that the levels of residual contaminations in commercial BaF2 detectors are still very high
for direct low background applications; thus, possible efforts to significantly reduce them
have to be considered.

Various coincidence patterns suitable to investigate several possible double beta decay
modes in 130Ba have been considered. In the following the more sensitive ones, which
have allowed to obtain the experimental limits reported in Table 2, are listed:

• 2β+0ν(0+ → 0+) – Case a): a signal in the BaF2 detector in coincidence with
signal(s) in NaI(Tl) in the energy window: 481 – 541 keV (± 1 σ around 511 keV).
Case b): triple coincidence among BaF2, NaI1 and NaI2; the same energy window
as case a) is considered for the NaI(Tl) detectors.

• 2β+0ν(0+ → 2+

1 ) – Case c): as case a), but the energy window for the signal(s) in
the NaI(Tl) is: 481 – 567 keV (511 keV minus 1 σ and 536 keV – 2+

1 excitation
energy – plus 1 σ, respectively). Case d): triple coincidence among BaF2, NaI1 and
NaI2; the same energy window as case c) is considered for the NaI(Tl) detectors.

• ECβ
+0ν(0+ → 0+) – as previous case a).

• ECβ
+0ν(0+ → 2+

1 ) – as previous case c).

• ECβ
+0ν(0+ → 2+

2 ) – Case e): as case a), but the energy window for the signal(s) in
the NaI(Tl) is 481 – 618 keV (511 keV minus 1 σ and 586 keV – transition energy
from 2+

2 to 2+

1 states – plus 1 σ, respectively).

• ECβ
+0ν(0+ → 4+) – Case f): as case a), but the signal(s) in NaI(Tl) should be

either in the 481 – 567 keV energy window or in the 635-703 keV one. As regards the
first energy interval see above, while the second one corresponds to ± 1 σ around
669 keV (transition energy from 4+ to 2+

1 states).

The experimental energy distributions measured by the BaF2 detector (rejection of
the coincidence Bi-Po events already applied) for the cases from a) to f) are given in
the reference quoted in the 2004 publication list, where are also reported the energy
distributions expected from a signal in each one of the considered double beta decay
mode as calculated by a MonteCarlo code using the EGS4 package [60].
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Figure 8: a) typical pulse shape of a Bi-Po event satisfying the hardware coincidence
trigger as recorded by the Transient Digitizer. Note that the fast component of the BaF2

scintillation light is here mostly suppressed by optical interfaces and by the response
of the PMT and of the electronic chain; ∆t is the measured delay time between the
β and α pulses; b) energy distribution (in keV electron equivalent) of the α particles
from the 212Po and from the 214Po decays; c) energy distribution of 212Bi β decays. The
end-point of 1521 keV corresponds to the 212Bi β decay into the first excited level of
212Po, giving a γ of 727 keV in one NaI(Tl); d) measured ∆t distribution of the Bi-Po
events from 212Bi. From these data the half-life of the 212Po α decay is: T1/2 = (297
± 1) ns, in agreement with the value available in literature (299 ± 2 ns [69]). e) α/β

pulse shape discrimination capability of the used BaF2 detector (310 nm slow component
of the scintillation light mostly collected) as a function of the energy; keV means keV
electron equivalent. As a discrimination indicator we consider the first momentum of
the time distribution of each pulse calculated, within 1600 ns averaging time, according
to: < t >1600=

Σihiti

Σihi
with ti i

th time bin and hi the corresponding pulse height. Note
that the first momentum of the time distribution of a pulse would be exactly its decay
constant in case of a pure exponential shape when considering an infinite averaging time.
In the inset the normalized distributions of the discrimination indicator for the β and α

events, respectively, are shown as obtained in the present experimental condition where
mostly the 310 nm slow component of the BaF2 scintillation light is collected. The found
features are consistent with those measured e.g. in refs. [70, 71] in analogous experimental
conditions. It is worth to note that instead a more efficient pulse shape discrimination
capability with different features is obtained in set-ups where also the fast UV component
is efficiently collected and suitably processed since the electrons appreciably excite it,
while alpha particles do not (see e.g. ref. [72]). For details see in the 2004 publication
list.
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Table 2: Results obtained on some of the double beta decay modes in 130Ba by exploiting
the coincidence technique. The BaF2 energy window considered in the fit for each decay
mode is reported in the third column. See the 2004 publication list.

Decay mode Selection BaF2 energy Nd τlimit (y)
criteria window (MeV) (104) (90% C.L.)

2β+0ν(0+ → 0+) case a) (1.9 - 2.3) (2.1±2.8) 1.0·1017

2β+0ν(0+ → 0+) case b) (0.95 - 1.80) (3.2±3.5) 0.7·1017

2β+0ν(0+ → 0+) combined (2.5±2.2) 1.1·1017

2β+0ν(0+ → 2+

1 ) case c) (1.9 - 2.3) (1.2±4.1) 0.8·1017

2β+0ν(0+ → 2+

1 ) case d) (0.95 - 1.80) (-2.8±4.3) 1.4·1017

2β+0ν(0+ → 2+

1 ) combined (-0.7±3.0) 1.5·1017

ECβ
+0ν(0+ → 0+) case a) (1.9 - 2.3) (1.0±1.3) 2.0·1017

ECβ
+0ν(0+ → 2+

1 ) case c) (1.9 - 2.3) (0.7±2.0) 1.6·1017

ECβ
+0ν(0+ → 2+

2 ) case e) (1.9 - 2.3) (-4.9±4.3) 2.0·1017

ECβ
+0ν(0+ → 4+) case f) (1.9 - 2.3) (-4.5±6.0) 1.1·1017

The number of background events in coincidence is still relevant because of the very
high level of residual radioactive contaminants in the BaF2 commercial detector. This
can be mainly ascribed to double coincidences from standard contaminants such as e.g.
208Tl (e.g. 583 and 2614 keV γ’s), 214Bi (mainly 609 – 1120 keV γ’s) with ∆t larger than
the time window used in the Bi-Po events rejection procedure, Compton events satisfying
the coincidence, etc.

The obtained results are summarized in Table 2 For details refer to the reference
quoted in the 2004 publication list.

We note that the new experimental limits (90% C.L.) for the 0ν(0+ → 0+) decay
modes are modest with respect to those achieved for other isotopes, but they represent a
significant improvement with respect to the ones previously available for the same decay
modes in 130Ba. The experimental limits on 130Ba decay modes involving excited states
are, instead, set here for the first time.

6 DAMA/Ge

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 Gran Sasso Laboratory. Some selected materials are in
addition measured at ISPRA facility.

During year 2004 a significant improvement of the DAMA/Ge installation has been
started.
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7 Conclusions

In conclusion, the main activities during year 2004 can be summarized as in the following:

I. Further presentation and general corollary investigations on the basis of the final model
independent result on the particle Dark Matter investigation by DAMA/NaI have been
and are in progress. Moreover, further analyses to investigate some nuclear rare processes
have been carried out; in particular, the result on the search for spontaneous transition
of nuclei to a superdense state have been published.

II. The new DAMA/LIBRA set-up is collecting data.

III. The DAMA/LXe set-up has taken data in the second part of the year 2004 and some
further data analyses have been carried out on previously available exposure.

IV. The DAMA/R&D set-up has been employed for new measurements on PMT proto-
types and preliminary measurements for new small scale experiments. Moreover, the data
analysis on data collected with a BaF2 scintillator have been published.

V. The DAMA/Ge set-up is in progress of upgrading.
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Abstract

The GNO (Gallium Neutrino Observatory) monitored the low energy solar neu-
trino flux with a 30 tons gallium detector at LNGS. The experiment is now ter-
minated after altogether 58 solar exposure runs that were performed between May
20, 1998 and April 9, 2003. The final result for GNO is 62.9+5.5

−5.3
(stat)±2.5(syst)

SNU (1σ). Overall, gallium-based observations at LNGS (first in GALLEX, later
in GNO) lasted from May 14, 1991 through April 9, 2003. The joint results from
123 runs in GALLEX and GNO is 69.3±5.5 SNU (1σ). The distribution of the
individual run results is consistent with the hypothesis of a neutrino flux which is
constant in time.
The various activities performed during 2004 are also discussed in this report. They
include the data taking for a set of 6 solar runs extrected by the SAGE experiment
at Baksan, Russia, and shipped at Gran Sasso for counting.

1 Introduction

The Gallium Neutrino Observatory (GNO) experiment at the Laboratori Nazionali del
Gran Sasso (LNGS) has recorded solar neutrinos with energies above 233 keV via the
inverse EC reaction 71Ga(νe, e)

71Ge in a 100-ton galliun chloride target (containing 30
tons of gallium) from May 1998 to April 2003. The energy threshold is well below the
maximum energy of the so-called pp neutrinos, that represent the bulk of solar neutrinos
and account for 90% of the total flux.
The data taking has been now terminated and the gallium chloride solution has been
removed from the hall A of the undeground Laboratory in December 2004. Together with
the preceding GALLEX obvservations, low energy solar neutrino recordings were acquired
for more than a full solar cycle (1991-2003, with a break in 1997); the bulk production
rate is determined from 123 solar runs (65 from GALLEX and 58 from GNO) with a
accuracy of ±5.5 SNU.
The result and its precision will remain without competition from eventually upcoming
low-threshold real-time experiments for many years to come. It recorded a fundamen-
tal astrophysical quantity, i.e. the neutrino luminosity of the Sun. Lack of these data
would have a very negative impact on the interpretation of the results from forthcoming
second generation solar neutrino experiments such as BOREXINO. In the astrophysical
context the gallium results shed light also on the relative contributions of the pp-I, pp-II
and CNO cycles to the solar luminosity, and on the agreement of the energy produc-
tion derived from the photon and neutrino luminosities. In section 2 we describe the
GNO solar neutrino observations and the results obtained from data analysis. In section
3 we discuss the experimental activities performed in 2004. In section 4 we discuss the
implication of the results in the context of solar neutrino physics and neutrino oscillations.

2 The detector and the results

The GNO experiment detects solar neutrinos via the reaction 71Ga(νe, e)
71Ge, which has

a threshold of 233 keV. The detector is sensitive mainly to pp-neutrinos (53% of the
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interaction rate according to the standard solar model [1]), with smaller contributions to
the signal from 7Be ν (27%), 8B ν (12%), and CNO ν (8%). The target consists of 101
tons of a GaCl3 solution in water and HCl, containing 30.3 tons of natural gallium; this
amount corresponds to ∼ 1029 71Ga nuclei. The 71Ge atoms produced by solar neutrinos
(at a rate of about 0.7 per day, one half of the amount predicted by solar models) are
extracted from the gallium tank every 4 weeks [2] and introduced in low-background gas
proportional counters [3] as germane gas (GeH4). The decay of 71Ge (EC, τ=16.5 days)
produces a signal in the counters consisting of a point-like ionization at 10.4 keV, or
1.1 keV (K-shell or L-shell electron capture respectively). The signal is recorded by fast
digitizers to allow background reduction by pulse shape analysis [4]. The solar neutrino
interaction rate on 71Ga is deduced from the number of 71Ge atoms observed. For a
complete description of the experimental procedure see [5].
The gallium detector was operated between 1991 and 1997 by the GALLEX Collaboration:
65 “solar runs” were performed. The solar neutrino capture rate on 71Ga was measured
with a global uncertainty of 10% as: 77.5 ±6.2(stat.)+4.3

−4.7(syst.) SNU1 (1 σ) [5]. After
maintenance of the chemical plants and renovation of the DAQ and electronics, a new
series of measurements was started in April 1998, within the GNO (Gallium Neutrino
Observatory) project [6], using the same 30-ton Gallium target.

2.1 Solar neutrino observations

GNO started solar neutrino observations in May 1998: 58 solar runs and 12 blank runs
were succesfully performed and counted. The total GNO solar neutrino exposure is 1687
days. During this time the statistical analysis identifies a total of 258 decaying 71Ge
atoms, 239 of them (or 4.1 per run) due to solar neutrinos. The mean 71Ge count rate
per run at the start of counting is ∼ 0.27 counts/day; this may be compared with the
time-independent background rate in the acceptance window, which is on average as low
as 0.06 counts/day. The total result, which is obtained after subtraction of 4.55 SNU for
side reactions (see Ref. [7]) and after correction of the geometrical modulation effect, is

62.9+5.5

−5.3(stat)±2.5(syst) SNU (1σ) [8].

The total systematic error amounts to 2.5 SNU (1σ); it is still dominated by the error on
the counting efficiencies, but is substantially lower than in GALLEX (4.5 SNU) thanks
to several experimental activities performed in GNO (absolute calibrations with 69Ge
activity, z-scanning, neural-network-based pulse shape analysis, re-evaluation of the Rn-
cut inefficiency), as described in the previous annual reports [9, 10, 11, 12, 13, 14]. The
energy spectrum of all the events observed in the 58 GNO solar runs (see Fig. 1) is
well consistent with the expectation from 71Ge decay: a clear excess of events in the L-
and K-peak occurring in the first ∼ 3τ of 71Ge can be seen. The time distribution of the
candidate events in the GNO runs is also compatible with the expectation of a 71Ge signal
and a constant background (see Fig. 2). The experimental distribution (dots) has been
superimposed with the best-fit curve obtained from the maximum likelihood analysis and
the corresponding ±1σ error band.

Table 1 summarizes the basic results for GNO, GALLEX and for a combined analysis
11 SNU (Solar Neutrino Unit) = 10−36 captures per second and per absorber nucleus
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Figure 1: Energy distribution for all the events observed in the GNO solar runs SR1-
SR58. The shaded histogram contains events occurred in the first 50 days (∼ 3τ) of
counting. The thick-line histogram includes events occurred after the first 50 days of
counting (normalized).

of GALLEX and GNO together. The joint GALLEX+GNO result after 123 solar runs is

69.3±5.5 SNU (1σ),

with errors added in quadrature [8]. This is in good agreement with the latest result from
the SAGE experiment, 66.9+5.3

−5.0 SNU (1σ) [15]. The results of all 123 individual GNO and
GALLEX runs (corrected for side reactions and geometrical effects) are displayed in Fig.
3.
The measured interaction rate is lower than the value expected from pp neutrinos only,
which, for a large class of solar models, is almost independent from the details of the
models themselves. Therefore, as discussed in section 4, the gallium results strongly
support by themselves that the solution of the solar neutrino problem must be found in
the ν physics domain.

2.2 Time constancy and annual modulation

The Gallium-solar neutrino interaction rate has been estimated under the assumption
of a neutrino flux costant in time. This assumption must be justified even so there are
presently no attractive models that predict a time variable neutrino emission from the
Sun. Observation of such a variation on a short (i.e. non-secular) time scale would signal
rather new and unexpected solar neutrino physics, but it cannot be excluded a priori.
For this reason the GALLEX/GNO data were analyzed for possible time variation during
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Figure 2: Counting rate of 71Ge candidates vs. time.

Table 1: Results from GALLEX and GNO. Statistical and systematic errors combined in
quadrature.

GNO GALLEX GNO+GALLEX
Time period 05/98-04/03 05/91-01/97 05/91-0403
Net exposure time (d) 1687 1594 3281 (8.98 yrs)
Number of runs 58 65 123
L only (SNU) 68.2+8.9

−8.5 74.4±10 70.9±6.6
K only (SNU) 59.5+6.9

−6.6 79.5±8.2 67.8±5.3
Result (all) (SNU) 62.9+6.0

−5.9 77.5+7.6

−7.8 69.3±5.5

the 12-year-long data taking period. The scatter plots of the single run results for GNO,
GALLEX and GALLEX+GNO are shown in Fig. 4. They are compatible with the
Monte Carlo generated distributions of single run results for a constant production rate
(62.9, 77.5 and 69.3 SNU respectively) under the typical solar runs conditions (efficiencies,
exposure time, etc.): the Kolmogorov-Smirnov confidence levels are 82%, 38% and 51%
respectively.
One approach to check for the time-constancy of the capture rate is the application of the
likelihood-ratio test (see [7]). The resulting goodness-of-fit confidence levels are 25.1% for
GNO, 24.2% for GALLEX and 5.6% for GALLEX+GNO.
The data were also analyzed in term of correlation with the seasonal Earth-Sun distance
variation: since the eccentricity of the Earth orbit is ε = 0.0167 and the solar neutrino
flux varies as 1/d2 for purely geometrical reasons, the expected modulation has amplitude
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Figure 3: Davis plot of the 123 single Gallex and GNO solar runs.

2ε = ±3.3% (i.e. about 7% between aphelion and perihelion). The 123 solar runs of Gallex
and GNO were divided in six groups, according to the period of the year in which they
were performed: in this way each set includes solar runs of similar Sun-Earth distance.
The analysis was then separately performed for the six groups, in order to reconstruct
the gallium rate profile vs. d (see Fig. 5) between the perihelion (0.983 AU) and the
aphelion (1.017 AU). The same plot shows the expected modulation, assuming that the
mean signal at 1 AU is 69.3 SNU; the Neyman-Pearson test confidence level is about 69%
(χ2 = 3.0 with 5 d.o.f.).
It is also possible to evaluate the solar signal of the runs performed during winter (which
is defined as the 3 months preceding plus the 3 months following the perihelion, January
4th) and summer. The result obtained for the 66 winter runs of Gallex and GNO is
RW = 66.5 ± 5.5 ± 3.5 SNU (1σ) while it is RS = 74.1 ± 6.3 ± 3.6 SNU (1σ) for the 57
summer runs; the experimental W-S difference is hence

∆W−S = −7.6 ± 8.4 SNU

(the systematic errors cancel out, being the same for the two datasets), which is consistent
within 1.2 σ with the pure geometrical case, i.e. ∆W−S = +2.3 SNU.

2.3 Time series analysis

In recent years it has been suggested [16, 17] that the solar neutrino capture rate measured
by the gallium radiochemical experiments shows a time variability with characteristic
frequency ∼ 13.5 year−1, resembling that of rotation of the solar magnetic fields. Since this
variability would be an indication for the presence of sub-dominant magnetic interactions
of pp neutrinos in the solar convective zone [17], a dedicated search for possible time
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Figure 4: Single run distribution for GNO, GALLEX and GALLEX+GNO superimposed
with the corresponding Monte Carlo simulations (shaded histograms).
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Figure 5: Ga signal vs. heliocentric distance of the Earth.

modulations in the Gallex and GNO data was performed [18] using different methods (i.e.
Lomb-Scargle and maximum likelihood).
The Lomb-Scargle periodogram of the 123 solar runs of Gallex and GNO is statistically
consistent with the expectations of a constant interaction rate. Since no positive signal
of time periodicity is found, it is possible to set an exclusion plot. In the assumption of
sinusoidal time modulations

n(t) = n0[1 + A sin(2πνt + ϕ)] (1)

with 0 ≤ A ≤ 1, the experimental data rule out (see Fig. 6) variations with low frequency
and large amplitude. As expected, a general feature of radiochemical experiments is a
rapid loss of sensitivity for variations over periods shorter than the exposure time.

An other option is to apply the maximum likelihood method to the time list of the
71Ge candidate events in the single solar runs, including a time-modulated term in the
likelihood function. The general maximum likelihood method [19] has then been applied
to the case of a production rate periodically varying as in Eq. (1). The best-fit from the
123 solar runs is (statistical errors only) n0=69.1±6.1 SNU, A=0.57±0.38, ν=13.9±0.4
year−1 and ϕ= -0.3±1.0 rad4. The hypothesis of modulated solar neutrino flux can then
be compared with that of stationary flux by means of the likelihood ratio test. The
resulting −2 lnλ = 3.40 corresponds to a p-value of 33.4%. Fig. 7 shows the likelihood

4The time origin is conventionally set to May 14th, 1991, i.e. to the start of exposure of the first
Gallex run.
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Figure 6: 90% CL exclusion plots in the frequency/amplitude plane derived from the
Gallex/GNO dataset.

spectrum −2 lnλ obtained fixing the frequency and fitting all the other parameters.
Given the present sensitivity, the experimental Gallex/GNO data are hence statistically
consistent with the expectation of a solar neutrino capture rate constant over the whole
data taking period (> 10 y). Although this fact does not invalidate other hypotheses
that might give a better a time-dependent fit, the data allow to set some restrictions on
low-frequency periodical modulations.
The results of 12 years of solar neutrino observations call for a continuous monitoring
of the low-energy solar neutrino flux with ever increasing sensitivity over very long time
periods, in a spirit comparable to the motivations for a continuous observation of solar
surface phenomena.

3 Experimental activity during 2004

3.1 z-scanning

During 2003 it was realized a small set-up devoted to the systematic measurement of the
detection efficiencies of the miniaturized proportional counters used in the GNO experi-
ment as a function of the coordinate along the anode wire. Four counters, with different
cathode materials, have been selected for the z-scanning and the longitudinal gas-gain
curve has been succesfully measured. This procedure can assure a better knowledge of
these quantities, previously extrapolated for all the counters from a few determinations,
and verify the goodness of the response of repaired counters. In particular, an automatic
system allows to measure the response of the counter longitudinally at given steps with a
collimated X-ray source of fixed intensity and to collect at each position the pulses profiles
and the energy distribution measured by the exposed counter. The X-ray tube is mounted
on a motor step – that allows to move the source in the z direction with a precision of

81



Figure 7: Likelihood spectrum −2 lnλ(ν) from the Gallex/GNO dataset vs. frequency.
All the other parameters are left free in the fit. The black dot marks the best-fit point.
The dashed lines correspond to the 1σ and 2σ levels.

few microns – and the proportional counter settled in a plexiglas support.
The results obtained for all the counters are reported in Fig. 5. As expected, the re-
sponse of the proportional counters gets significantly worse approaching the edges of the
detector. In particular, the peak position moves toward lower channels and the energy
resolution becomes poorer. Anyhow, for every counter, the two edge regions are narrow
with a typical width of about 1.5 mm and the response between these regions is very good
and stable with a typical energy resolution at ' 5 keV: σ/E ' 13% for FC93 and FE112
and σ/E ' 10% for SC136 and SC151. These values are consistent with the typical
energy resolution (σ/E ' 5% at 10 keV and ' 19% at 1 keV) obtained from routine cal-
ibrations in the GNO experiment, when the Cerium X-rays irradiate homogeneously the
whole body of the counter. Only the counter SC136 has an appreciable non-completely
uniform behaviour along the z direction (see the relative peak position behaviour); this
can be ascribed to some extent to loss of detector quality in its repairing procedure and
shows that similar measurements may be crucial in some cases. Figs. 6a) and 6b) give, as
an example, the measured energy spectra obtained by positioning the collimated X-ray
source in the middle and at one edge of the counter SC136, respectively. The degradation
of the counter response at the cathode edges is evident and can allow to quantify the effect
for precise determinations.
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 Counter FE112  Counter SC151

 Counter SC136  Counter FC93

Figure 8: Measured counting rates, peak relative positions and energy resolutions (σ/E)
of the ' 5 keV peak as obtained by calibrating along the z axis four miniaturized pro-
portional counters with different cathode materials. See text.
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Figure 9: Energy spectra collected by irradiating the SC136 proportional counter with
the collimated X-ray source located in the middle of the counter (a) and at one of its
edges (b).

3.2 Counting of SAGE runs

In November 2003, the SAGE Collaboration, given the availability at Gran Sasso of the
GNO counting facility, asked the help of the GNO Collaboration for counting a few solar
runs extracted from the SAGE gallium target in Baksan. Between April and September
2004, in coincidence with the 37Ar neutrino source experiment at Baksan, six samples
of Ge extracted from part of the SAGE target were sent to Gran Sasso. Germanium
was then synthetized in germane, inserted in a proportional counter and counted using
the same procedures (x-ray calibrations, test pulses) developed for GNO. Even the sub-
sequent analysis was performed with the GNO techniques (neural selection, Radon cut,
etc.). Although the counted samples are real solar runs, and then usable for the SAGE
overall analysis, the experiment was aiming to verify the feasibility of the transport, with
particular care to possible systematics. It was demonstrated that the time delay between
the end of exposure and the start of counting can be as short as 54 hours, to be compared
with 34 hours of standard SAGE runs. The main characteristics of the six solar runs are
summarized in Tab. 2. For the runs performed in coincidence with the 37Ar experiment,
the source contribution to the 71Ge production rate must be subtracted [20]. The prelim-
inary results of the six runs are shown in Tab. 3; they are in good agreement with what
expected from solar neutrinos, once taken into account the target mass, the exposure
time and the source correction. The effects of cosmogenic activation of the carrier2 during
the transport flight (Mineralnye Vody - Moscow - Rome) turn out to be negligible: the
Gran Sasso measurements show that the background level (0.057 counts/run with pulse
shape analysis) and the overflow rate do not differ from the typical GNO values, implying
that the operations of extraction and transport of germanium from SAGE do not bring
radioactive contaminations in the counting gas nor affect the set-up background.

2The carrier used in SAGE is natGe and then it contains 21.2% of the stable 70Ge isotope.
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Table 2: Summary of the characteristics of the SAGEGNO solar runs counted at Gran
Sasso.

Label Date Exposure Target Counter Target-to-counter Detection/ Source
of extr. time mass yield selection subtraction

(days) (tons) (%) eff. (%) (SNU)
SR01 22-apr-04 24 48.3 sc136 66 71.3 -
SR02 16-may-04 23 22.3 si106 91 62.6 18.5
SR03 24-jun-04 38 22.0 si108 96 60.9 11.7
SR04 25-jul-04 25 21.9 fc093 100 63.8 5.9
SR05 23-aug-04 29 21.9 fc174 96 62.9 3.4
SR06 25-sep-04 33 42.4 fc126 78 62.7 1.6

Table 3: Preliminary results of the SAGE solar neutrino runs counted at LNGS, corrected
for geometrical and source effects. Runs marked with (*) are still counting. Statistical
errors only.

Label Counting Number of Bck rate (L+K) Rate 71Ge excess Residual
time (days) 71Ge candidates (counts/day) (SNU) background

SR01 227 19 0.0649 64+46
−35 4.4 14.6

SR02 204 9 0.0267 73+67

−50 3.6 5.4
SR03 166 10 0.0386 90+77

−59 4.1 5.9
SR04 135(*) 13 0.0841 33+75

−64 1.7 11.3
SR05 106(*) 10 0.0456 133+75

−64 5.3 4.7
SR06 72(*) 9 0.1257 -12+47

−31 0.0 9.0

combined 70 0.0566 59+23

−21 19.6 50.4
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4 The role of GALLEX and GNO in the solar neu-

trino research

The results from GALLEX followed by GNO have played a central role both for neutrino
physics and astrophysics.

4.1 Particle physics

If the LMA(MSW) oscillation scenario pintpointed by solar experiments and by Kam-
LAND is correct, the basic oscillation mechanism changes at a neutrino energy of about 2
MeV from the MSW matter mechanism (above 2 MeV) to the vacuum oscillation mech-
anism (below 2 MeV). This transition has not been checked yet in a model-independent
way. The gallium result fits very well in the oscillation scenario. If one subtracts the 8B
neutrino contribution as measured by SNO [21] from the gallium signal and calculates the
suppression factor P with respect to the BP04 SSM [1], the result is P = 0.556 ± 0.071.
Assuming vacuum oscillations, P is given by P = 1− 0.5 sin2(2θ); this yields θ = 35.2+9.8

−5.4

degrees. Although such an estimate is quite approximate, it is in good agreement with the
latest determination (32.0 ± 1.6 degrees [22]), which essentially comes from 8B neutrinos
(i.e. matter effects dominate). Furthermore, in addition to the dominant LMA(MSW)
conversion mechanism, the possible existence of a sterile neutrino and/or flavour-changing
neutrino matter interactions other than the MSW effect can be investigated using low-
energy solar neutrinos [23, 24, 25].

4.2 Astrophysics

In the present experimental scenario, the gallium radiochemical experiments have almost
no impact on the determination of the neutrino oscillation parameters. On the astrophys-
ical side the situation is different, because gallium experiments, thanks to the very low
energy threshold, are still the only source of experimental information about sub-MeV
neutrinos (in particular about the fundamental pp-neutrinos). These experiments can
test the consistency of the (electromagnetic) solar luminosity with the observed neutrino
fluxes.
It has to be noticed that in the last year the LUNA Collaboration measured the 14N,p
cross section down to 70 keV [26]; the direct consequence in the neutrino sector is the
40-50% decrease of the N and O fluxes relatively to the predictions of the BP04 SSM (see
the Franec model [27]). Solar neutrino fluxes are constrained by the so called “luminosity
constraint”

Lsun =
∑

i

Φi · αi, (2)

where Lsun = 8.53 · 1011 MeV cm−2s−1 is the solar luminosity, and αi are the energy
released in photons per emitted neutrino of type i (pp, 7Be, etc.). This assumes that
nuclear fusion reactions are the only energy production mechanism inside the Sun, which
is in a quasi-steady state. Apart from this basic assumption, the luminosity contraint
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does not depend on the solar model. The fractional CNO luminosity is defined by

LCNO

Lsun

=
ΦO · αO + ΦN · αN

∑

i Φi · αi

. (3)

It can be inferred from the measured gallium rate

RGa = Ntarget ·
∑

i

∫

σ(E) ·
dΦi(E)

dE
Pee(E)dE, (4)

where σ(E) is the ν capture cross section on Ga, dΦi(E)

dE
is the differential flux of solar

neutrinos of species i and P (E) the electron neutrino survival probability. In performing
this calculation the following assumptions have been made:

1. the 8B electron neutrino flux is measured with a precision of the order of 12% by
SNO [21];

2. the electron neutrino survival probability as a function of energy is determined by
mass-driven flavour oscillations and can be calculated from the oscillation parame-
ters presently determined by SNO and Kamland;

3. the 7Be neutrino flux is not directly measured up to now, but is assumed to be equal
to te BP04 SSM prediction [1], with an uncertainty of 12%. The 7Be predicted value
will hopefully be replaced in the next years by a measured number, provided by
Borexino or Kamland;

4. the neutrino capture cross section on 71Ga is theoretically calculated [28];

5. the neutrino flux ratios pep/pp and 13N/15O are fixed from nuclear physics and
kinematics with negligible uncertainties.

With the assumpion above listed and taking into account the present uncertainties, we
can extract from the gallium capture rate measured by GALLEX/GNO the following
constraint on the CNO solar luminosity:

LCNO

Lsun

< 6.5% (3σ).

The result for the CNO luminosity taking into account the gallium rate measured by
GALLEX and GNO is graphically shown in Figure 10; it is in good agreement with
the prediction of the BP04 solar models LCNO = 1.6 ± 0.6% (LCNO = 0.8% in the
Franec SSM). It has to be stressed again that in order to obtain the results above we
assumed that the 7Be neutrino flux is known with a 12% uncertainty. Presently this
flux is not experimentally measured but calculated by SSM, and the limits above can be
considered as an important self-consistency test of the SSM, the oscillation scenario, and
the gallium data. In the future, when a direct determination of the 7Be neutrino flux
becomes available, the Ga rate will become a direct experimental determination of the pp

(and CNO) luminosity in neutrinos [29].
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Figure 10: Scatter plot of the fraction CNO solar luminosity (%) vs. gallium rate, eval-
uated as described in the text. The countours represent respectively the 1σ, 2σ and 3σ
limits allowed by the GALLEX/GNO experimental results. The luminosity contraint is
graphically represented by the straight line.

5 Conclusions

The data taking of the GNO experiment has been terminated in 2003; the gallium chloride
target has been removed from the hall A of the underground laboratory in December 2004.
During 2004 the activity was focused on data analysis and interpretation, including the
search for time modulation. Moreover, ancillary experimental measurements were carried
on for the characterization of proportional counters (z-scanning). In the second part of
2004, six solar extractions from the SAGE solar neutrino experiment were succesfully
counted in the GNO facility at Gran Sasso.
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Abstract

The Large Volume Detector (LVD) in the INFN Gran Sasso National Laboratory,
Italy, is a ν observatory mainly designed to study low energy neutrinos from the
gravitational collapse of galactic objects.

The experiment has been monitoring the Galaxy since June 1992, under increas-
ing larger configurations: in January 2001 it has reached its final active mass M = 1
kt. LVD is one of the largest liquid scintillator apparatus for the detection of stellar
collapses and, together with SNO and SuperKamiokande, it is part of the SNEWS
network.

1 Introduction

LVD, located in Hall A of the INFN Gran Sasso National Laboratory, is a multipurpose
detector consisting of a large volume of liquid scintillator interleaved with limited streamer
tubes in a compact geometry. The major purpose of the LVD experiment is the search
for neutrinos from Gravitational Stellar Collapses (GSC) in our Galaxy [1].

In spite of the lack of a “standard” model of the gravitational collapse of a massive
star, the correlated neutrino emission appear to be well established. At the end of its
burning phase a massive star (M > 8M�) explodes into a supernova (SN), originating a
neutron star which cools emitting its binding energy EB ∼ 3 ·1053 erg mostly in neutrinos.

The largest part of this energy, almost equipartitioned among neutrino and antineu-
trino species, is emitted in the cooling phase: Eν̄e

∼ Eνe
∼ Eνx

∼ EB/6 (where νx denotes
generically νµ, ν̄µ, ντ , ν̄τ flavors). The energy spectra are approximatively a Fermi-Dirac
distribution, but with different mean temperatures, since νe, ν̄e and νx have different cou-
plings with the stellar matter: Tνe

< Tν̄e
< Tνx

. LVD is able to detect ν̄e interactions with
protons, which give the main signal of supernova neutrinos, with a very good signature.
Moreover, it can detect νe through the elastic scattering reactions with electrons, and it is
also sensitive to neutrinos of all flavors detectable through neutral and charged currents
interactions with the carbon nuclei of the scintillator. The iron support structure of the
detector can also act as a target for electron neutrinos and antineutrinos. The products
of the interaction can exit iron and be detected in the liquid scintillator. The amount of
neutrino-iron interaction can be as high as about 20% of the total number of interactions.

The described features of stellar collapses are in fact common to all existing models
and lead to rather model independent expectations for supernova neutrinos. Thus, the
signal observable in LVD, in different reactions and due to different kinds of neutrinos,
besides providing astrophysical informations on the nature of the collapse, is sensitive to
intrinsic ν properties, as oscillation of massive neutrinos and can give a contribution to
define some of the neutrino oscillation properties still missing.

2 The LVD experiment

2.1 The detector

The LVD experiment has been in operation since 1992, under different increasing config-
urations. During 2001 the final upgrade took place: LVD became fully operational, with
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an active scintillator mass M = 1000 t. LVD now consists of an array of 840 scintillator
counters, 1.5 m3 each, arranged in a compact and modular geometry. There are two sub-
sets of counters: the external ones (43%), operated at energy threshold Eh ' 7 MeV, and
inner ones (57%), better shielded from rock radioactivity and operated at Eh ' 4 MeV.
In order to tag the delayed γ pulse due to n-capture, all counters are equipped with an
additional discrimination channel, set at a lower threshold, El ' 1 MeV.
During 2004, we started the re-calibration of the whole array, aiming at setting Eh at the
same value for both internal and external counters, namely at ≈ 5 MeV.
In figure 1 a front view of the ν telescope is visible.

Figure 1: Front view of the LVD detector

Relevant features of the detector are:
(i) good event localization and muon tagging;
(ii) accurate absolute and relative timing: ∆tabs = 1 µs, ∆trel = 12.5 ns;
(iii) energy resolution: σE/E = 0.07 + 0.23 · (E/MeV)−0.5;
(iv) very high duty cycle, i.e. > 99.3% in the last five years;
(v) fast event recognition.

2.2 SN neutrino interactions

The observable neutrino reactions in the liquid scintillator (LS) are:
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• (1) ν̄ep, e
+
n, (physical threshold Eν̄e

> 1.8 MeV ) observed through a prompt signal
from e

+ above threshold Eh (detectable energy Ed ' Eν̄e
− 1.8 MeV +2mec

2),
followed by the signal from the np, dγ capture (Eγ = 2.2 MeV), above El and with
a mean delay ∆t ' 180 µs. The cross section for this reaction has been recently
recalculated [2] with a better treatment of the 10 − 100 MeV region, i.e. the SN
neutrino energy. The efficiency for the prompt signal is εν̄e p,e+ n = 95%, while for
the neutron capture is 50%.

• (2) νe
12C,

12N e
−, (physical threshold Eνe

> 17.3 MeV ) observed through two sig-
nals: the prompt one due to the e

− above Eh (detectable energy Ed ' Eνe
− 17.3

MeV) followed by the signal, above Eh, from the β
+ decay of 12N (mean life time

τ = 15.9 ms). The efficiency for the detection of the 12 N beta decay product is 90%.

• (3) ν̄e
12C,

12B e+, (physical threshold Eν̄e
> 14.4 MeV ) observed through two sig-

nals: the prompt one due to the e
+ (detectable energy Ed ' Eν̄e

−14.4 MeV+2mec
2)

followed by the signal from the β
− decay of 12 B (mean life time τ = 29.4 ms). As for

reaction (2), the second signal is detected above the threshold Eh and the efficiency
for the detection of the 12 B beta decay product is 75%.

• (4)
(−)

ν `
12C,

(−)

ν `
12C∗ (` = e, µ, τ), (physical threshold Eν > 15.1 MeV ), whose

signature is the monochromatic photon from carbon de-excitation (Eγ = 15.1 MeV),
above Eh, detected with a 55% efficiency. Cross sections for reactions (2), (3) and
(4) are taken from [16].

• (5)
(−)

ν ` e
−
,

(−)

ν ` e
−, which yields a single signal, above Eh, due to the recoil electron.

The LVD detector presents an iron support structure made basically by two compo-
nents: the tank (mean thickness: 0.4 cm) which contains the LS and the “portatank”
(mean thickness: 1.5 cm) which hosts a cluster of 8 tanks. Indeed, the higher energy
part of the ν flux could be detected also with the ν(ν̄)Fe interaction, which results in an
electron (positron) that could exit iron and release energy in the LS.

The considered reactions are:

• (6) νe
56Fe,56Co e

−. The mass difference between the nuclei is ∆mn
= m

Co

n
− m

Fe

n
=

4.055 MeV; moreover the first Co allowed state is at 3.589 MeV. Other higher
energy allowed states are present in Cobaltum 56, indeed we consider E

kin

e−
= Eνe

−

∆mn
−Elevel −me MeV, where Elevel is the energy difference between the excitation

level and the ground state level: it can take values: 3.589, 4.589, 7.589, 10.589 MeV .
A number of gammas are produced in the interaction, depending on the excitation
level considered.

A full simulation of the LVD support structure and LS geometry has been developed
in order to get the efficiency for electron and gammas, generated randomly in the
iron structure, to reach the LS with energy higher than Eh. It is greater than 20%
for Eν > 30 MeV and grows up to 70% for Eν > 100 MeV. On average, the electron
energy detectable in LS is Ed ' 0.45 × Eν .
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• (7) ν̄e
56Fe,56Mn e

+, the energy threshold is very similar to reaction (6) and the
same efficiency is considered.

The cross section for reactions (6),(7) are taken respectively from [17] and [18].
The number of all the possible targets present in the LVD detector is listed in table 1.

Table 1: Number of targets in the LVD detector.

Target Type Contained in Mass Number of targets
Free protons Liquid Scintillator 1000 t 9.34 1031

Electrons LS 1000 t 3.47 1032

C Nuclei LS 1000 t 4.23 1031

Fe Nuclei Support Structure 710 t 7.63 1030

3 LVD and its experimental activity in 2004

3.1 Operation on the detector

3.1.1 Re-calibration and upgrade

Starting from April 2004, LVD has undergone a systematic program of maintenance, re-
calibration and upgrade. Thanks to the high modularity of the detector (which consists
of three large modules - named “towers”), this process has not influenced at all the duty
cycle, and great attention has been given in limiting the reduction of the effective mass.
The re-calibration of the PMTs is realized through the use of a 60

Co source moved from
counter to counter: beside for recovering the gain matching of the almost 2500 PMTs, this
operation is meant for changing the PMTs gains and equalizing them between internal
and external counters. On the other side, the upgrade concerns the electronics, tuned to
get the threshold matching for all the counters, both internal and external ones.
The program, which will finally result in a more uniform and sensitive detector, has been
realized starting from the first tower: this is now completely re-calibrated and upgraded,
while the program on the rest of the detector will be completed within June 2005. We
show in fig. 2 and 3 the distributions of the estimated new thresholds1 in tower 1, for

1The single counter spectrum, in the low-energy part, i.e. below 10 MeV, can be fitted by a function
describing the natural radioactivity spectrum, folded with the detector response. The latter can be
approximated by a gaussian integral function

1√
2π

∫

x

−∞

exp(
−y2

2
)dy

where

y =
E − Eth

σE

being Eth the threshold and σEthe energy resolution. With respect to the radioactivity spectrum shape,
we adopt a power-law form, with exponent fixed to -4.5, which best describes the LVD counters spectra.
Eth can thus be estimated, being a free parameter in the combined fit (power-law plus gaussian) to the
spectrum of each counter.
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internal and external counters, respectively: the average value is around 5 MeV for all of
them.
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Figure 2: Distribution of estimated thresh-
olds for internal counters of tower 1.
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Figure 3: Distribution of estimated thresh-
olds for external counters of tower 1.

3.1.2 Test facility

The change of the PMTs gain, which is the result of the calibration and upgrade of
LVD, allows to accomplish a higher efficiency for the neutron capture detection. To make
systematic measurements on this issue, we have set up a test facility in the mounting hall.
This facility includes several LVD counters, which are used for different kinds of test. One
of them is dedicated to the measurement of the neutron detection from a neutron source
(252

Cf): the efficiency is measured as a function of a tunable threshold in the counter
electronics.
Other two counters are dedicated to the study of Gd-loaded scintillator, as part of a R&D
program which is on-going in LVD.

3.2 Supernova physics

3.2.1 Monitoring

LVD has been continuously monitoring the Galaxy since 1992 in the search for neutrino
bursts from GSC 2. Its active mass has been progressively increased from about 330 t
in 1992 to the present 1000 t, always guaranteeing a sensitivity to GSC up to distances
d = 20 kpc from the Earth, even for the lowest ν-sphere temperature.
The telescope duty cycle has been continuously improving since 1992. As it can be seen
in Fig.4, in the last five years the average duty cycle was > 99.3%.

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, we can conclude that no

2The results of this search have been periodically updated and published[3, 4, 5, 6, 7, 8]
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gravitational stellar collapse has occurred in the Galaxy in the whole period of observation:
the resulting upper limit to the rate of GSC at 90% c.l. is 0.2 event/yr.

Figure 4: LVD duty cycle during year 2000-2004.

The reliability of LVD to detect and recognize on-line ν-bursts with different charac-
teristics, has been tested by inducing clusters of pulses - with different multiplicity and
duration - in the LVD counters. The cluster injector, consisting of a generator of light
pulses in a certain number of counters, allowed us to evaluate the system efficiency in
detecting and disentangling bursts from the background, even with different background
conditions. Moreover, the on-line algorithm is continuously checked through the high-rate
mode of the supernova monitor used for the SNEWS.

3.2.2 SNEWS

The SNEWS (SuperNova Early Warning System)[13, 15] is a collaboration among several
neutrino-sensitive experiments. The primary goal of SNEWS is to provide the astronom-
ical community with a prompt alert for a galactic supernova. An additional goal is to
optimize global sensitivity to supernova neutrino physics, by such cooperative work as
downtime coordination.
The charter member experiments of SNEWS are LVD in Italy, Super-K in Japan and SNO
in Canada. Representatives from Amanda, IceCube, KamLAND, Borexino, Mini-Boone,
Icarus, OMNIS and LIGO participate in the SNEWS working group, and will eventually
join the active members of the network.
There is currently a single coincidence server, hosted by Brookhaven National Laboratory.
We expect that additional machines will be deployed in the future. The BNL computer
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continuously runs a coincidence server process, which waits for alarm datagrams from the
experiments’ clients, and provides an alert if there is a coincidence within a specified time
window (10 seconds for normal running). A scheme of “GOLD” and “SILVER” alerts
has been implemented: GOLD alerts are intended for automated dissemination to the
community; SILVER alerts will be disseminated among the experimenters, and require
human checking.
As of today, SILVER alerts only between LVD and Super-K are activated.
Up to now, no inter-experiment coincidence, real or accidental, has ever occurred (except
during a special high rate test mode), nor any core collapse event been detected within
the lifetimes of the currently active experiments.

3.2.3 Effects of neutrino oscillations

The observation of a neutrino burst due to the explosion of a galactic supernova can add
precious informations about neutrino mass and mixing scenarios, in a complementary way
with respect to solar, atmospheric and terrestrial ν experiments.
The signal at LVD from a SN exploding at D = 10 kpc for 3-flavor ν oscillation, assuming
the LMA-MSW solution for solar ν, and normal or inverted mass hierarchy has been
calculated [9] [10] [11]. For a normal mass hierarchy (NH) scheme, ν (not ν̄) cross two
resonance layers: one at higher density (H), which corresponds to ∆m

2

atm
, U

2

e3
, and the

other at lower density (L), corresponding to ∆m
2

sol
, U

2

e2
. For inverted mass hierarchy

(IH), transitions at the higher density layer occur in the ν̄ sector. Given the energy
range of SN ν (up to ∼ 100 MeV) and considering a star density profile ρ ∝ 1/r3, the
adiabaticity condition is always satisfied at the L resonance for any LMA solution, while
at the H resonance, this depends on the value of U

2

e3
. When U

2

e3
≥ 5 · 10−4 the conversion

is completely adiabatic, meaning that the flip probability between two adjacent mass
eigenstates is null (Ph = 0). In the adiabatic case and NH, the ν̄e produced in the SN
core arrive at Earth as ν1, and they have a high (U 2

e1
' cos

2
θ12 ' 0.7) probability to

be detected as ν̄e. On the other hand, the original ν̄x arrive at Earth as ν2 and ν3 and
are detected as ν̄e with probability U

2

e2
' sin

2
θ12. Given the higher energy spectrum of

ν̄x this configuration results in a larger number of interactions, with respect to the no-
oscillation case, due to the increasing cross sections with energy. In the adiabatic-IH case
the detected ν̄e completely come from the original ν̄x flux in the star and the number of
interactions is still greater.
The oscillations scheme can be summarized as: Fe = PhU

2

e2
F

0

e
+ (1− PhU

2

e2
)F 0

x
and Fē =

U
2

e1
F

0

ē
+U

2

e2
F

0

x̄
for normal hierarchy; Fe = U

2

e2
F

0

e
+U

2

e1
F

0

x
and Fē = PhU

2

e1
F

0

ē
+(1−PhU

2

e1
)F 0

x̄

for inverted hierarchy, where F
0

any
are the original neutrino fluxes in the star and Fany are

the observed ν fluxes. One can notice that, in the antineutrino channel, the non adiabatic
(Ph = 1), IH case, is equivalent to the NH case (which does not depend on adiabaticity).
Earth matter effects are quite weak given the current value of ∆m

2

12
. They are more

relevant in the ν than in the ν̄ channel. The effect in reaction (1) could be detected if
compared with a high statistic sample (i.e. SK) or if a larger number of events is available,
i.e. a closer SN.
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3.3 Study of the muon-induced neutron background

3.3.1 Neutron signature

The LVD apparatus can detect neutrons with the same signature of the inverse beta decay
reaction. High energy neutrons could cause a liquid scintillator proton to recoil (prompt
HET signal), and are then thermalized and finally captured by the liquid scintillator
protons with the emission of the 2.2 MeV gamma (delayed LET signal). Taking into
account the energy transfer in the interaction between neutron and proton, the proton
quenching and the value of the high energy threshold in the core of the detector, we
estimate that the neutrons detected in this way have energies greater than about 20
MeV .
The background to the neutron detection is due to the accidental coincidences between
the high energy signals and the low energy ones. This background, however, has a flat
distribution of the delay between the two signals and can be estimated by fitting the time
delay distribution.

Figure 5: Time delay distribution between the high energy signals and the following low
energy one detected in the same counter of the detector. From the distribution we can
separate the neutron interaction from the accidental coincidences (see text).

An example of this distribution is shown in figure 5; we can fit the data with the curve

dN

dt
= P1 · e

−t
τ + P2

where τ = 185 µs. From the first parameter we obtain the number of neutron interactions,
while the second takes into account the number of accidental coincidences.
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3.3.2 Analysis and results

We have analyzed the neutron production in association to single muon events, that is
events with only one reconstructed track, from 1994 to 2002, for a total sample of more
than 7 millions of single muons events.
First we have evaluated the production of neutrons per counter per event at various
distances from the muon track; the distance is defined as the distance between the re-
constructed muon track and the center of the counter where the neutron is detected.
Notice that in the counters traversed by the muon track we require, in addition to the
high energy signal associated to the muon a second one associated to the recoiling proton.
Neutron candidates are selected with the procedure described in the previous section; at
each distance the background contribution is evaluated by fitting the time delay distribu-
tion between the HET signal and the LET ones. The result obtained is shown in fig. 6;
we were able to evaluate the neutron production up to 22 m from the muon track.

Figure 6: Number of neutrons detected per muon per counters as a function of the distance
from the muon track.

Due to the non homogeneous distribution of the scintillator in the LVD detector the
behavior observed in figure 6 has to be studied with a detailed Montecarlo simulation
which is under development. To estimate the neutron energy spectrum, we studied the
number of neutrons detected as a function of the energy released in the scintillator from
the recoiling proton. The result is shown in figure 7; the data are well fitted by the power
law spectrum:

dN

dE
= A × E

−α

where A = (1.6 ± 0.1) · 10−5 and α = (1.18 ± 0.02); the errors are statistical only.
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Figure 7: Number of neutrons detected per muon per counters as a function of the proton
recoil energy.

Finally we evaluate the neutron production as a function of the muon track length in
scintillator. The preliminary result is shown in figure 8.

Figure 8: Number of neutrons per events detected as a function of the muon track length
in scintillator; the main production of neutron is due to the muon interaction with the
detector nuclei.
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The data are well fitted by:

y = 0.13 · 10−3 + 0.13 · 10−2
· L

where the first parameter takes into account the neutron production in the rock, as it is
independent from the muon track length inside the liquid scintillator, while the second
parameter takes into account the increase in the neutron production with the muon track
length in scintillator. Comparing the two values we can conclude that the neutron pro-
duction in the core of the experiment is mostly due to the interaction of muons with the
detector nuclei (Fe,C).

4 List of publications in 2004

• CNGS beam monitor with the LVD detector.

Nuclear Instruments and Methods in Physics Research A 516 (2004) 96-103
hep-ex/0304018

• Search for low energy neutrinos in correlation with the 8 events observed by the

EXPLORER and NAUTILUS detectors in 2001.

Astronomy & Astrophysics 421 (2004) 399
astro-ph/0403207

• Study of the effect of neutrino oscillation on the supernova neutrino signal with the

LVD detector

Nucl. Phys. Proc. Suppl., 138 (2005) 115

• CNGS beam monitor with the LVD detector

Nucl. Phys. Proc. Suppl., 138 (2005) 424

• Study of muon-induced neutron background with the LVD detector at LNGS

submitted as Neutrino 2004 conference proceeding (to be published on Nucl. Phys.
Proc. Suppl.)

• 1992-2004: search for neutrino bursts from collapsing objects with LVD

submitted as Neutrino 2004 conference proceeding (to be published on Nucl. Phys.
Proc. Suppl.)

• Study of muon-induced neutron background with the LVD detector at LNGS

submitted as IDM2004 conference proceeding (to be published by World Scientific
Ltd.)
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Abstract

LUNA is measuring fusion cross sections down to the energy of the stellar nu-
cleosynthesis. The activity during this year has been focused on the study of
14N(p, γ)15O and on the preparation of the 3He(4He, γ)7Be experiment. In par-
ticular, 14N(p, γ)15O, the key reaction of the CNO cycle, has been measured down
to a center of mass energy of about 70 keV, entering the energy window where the
CNO burning takes place in stars.

∗Spokesperson
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Introduction

Nuclear reactions that generate energy and synthesize elements take place inside the stars
in a relatively narrow energy window: the Gamow peak. In this region, far below the
Coulomb energy, usually below 100 keV , the reaction cross-section σ(E) drops almost
exponentially with decreasing energy E:

σ(E) =
S(E)

E
exp(−2 π η), (1)

where S(E) is the astrophysical factor and η is the Sommerfeld parameter, given by
2 π η = 31.29 Z1 Z2(µ/E)1/2. Z1 and Z2 are the nuclear charges of the interacting particles
in the entrance channel, µ is the reduced mass (in units of amu), and E is the center of
mass energy (in units of keV).

The extremely low value of the cross-section, from pico to femto-barn and even below,
has always prevented its measurement in a laboratory at the Earth’s surface, where the
signal to background ratio would be too small because of cosmic ray interactions. In-
stead, the observed energy dependence of the cross-section measured at high energies is
extrapolated to the low energy region, leading to substantial uncertainties. In particular,
there might be a change of the reaction mechanism or there might be the contribution of
narrow or sub-threshold resonances, not accounted for by the extrapolation, but which
could completely dominate the reaction rate at the Gamow peak.

In addition, another effect can be studied at low energies: the electron screening.
The electron cloud surrounding the interacting nuclei acts as a screening potential, thus
reducing the height of the Coulomb barrier and leading to a higher cross-section. The
screening effect has to be measured and taken into account in order to derive the bare
nuclei cross-section, which is the input data to the models of stellar nucleosynthesis.

In order to explore this new domain of nuclear astrophysics we have installed two
electrostatic accelerators underground at LNGS: a 50 kV accelerator and a 400 kV one.
The qualifying features of both the accelerators are a very small beam energy spread and
a very high beam current even at low energy.

Outstanding results obtained up to now are the only existing cross-section measure-
ments within the Gamow peak of the sun: 3

He(3
He, 2p)4

He [1] and d(p, γ)3
He [2]. The

former plays a big role in the proton-proton chain, largely affecting the calculated solar
neutrino luminosity, whereas the latter is the reaction that rules the proto-star life during
the pre-main sequence phase.

With these measurements LUNA has shown that, by going underground and by using
the typical techniques of low background physics, it is possible to measure nuclear cross
sections down to the energy of the nucleosynthesis inside stars.

In the following we report on the activity during the year 2004, which has been mainly
dedicated to the study of 14

N(p, γ)15
O and to the preparation of the experimental appa-

ratus to measure 3He(4He,γ)7Be.
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1 The 14N(p, γ)15O reaction

14N(p, γ)15O (Q=7.297 MeV ) is the slowest reaction of the CNO cycle, the key one to
determine the age of the globular clusters, which are the oldest systems in the Galaxy, as
well as to predict the CNO neutrino flux from the Sun.

As a matter of fact, during most of its life, a low mass star burns H in the center
via the pp chain. However, when the central H mass fraction reduces down to 0.1, the
nuclear energy produced by the H-burning becomes not sufficient and the stellar core must
contract to extract some energy from its gravitational field. Then, the central temperature
(and the density) increases and the H-burning switches from the pp-chain to the more
efficient CNO-burning. Thus, the escape from the main sequence is powered by the
onset of the CNO burning, whose bottleneck is the 14N(p, γ)15O reaction. In particular,
a rate modification of this reaction changes the luminosity of the turn off point in the
Hertzsprung-Russell diagram of a globular cluster. The luminosity of this point gives then
the age of the cluster: the higher the cross section is, the younger is the age, for a given
turn off luminosity.

In the center of the sun the CNO cycle is also partially active. Then a fraction of
the total neutrino flux comes from the β-decay belonging to the cycle. Obviously, the
total amount of CNO solar neutrinos directly depends on the value of the 14N(p, γ)15O
cross section. CNO neutrinos from the Sun play an important role in the solar neutrino
experiment detecting neutrinos of about 1 MeV energy, e.g. BOREXINO, where the
CNO neutrino flux was calculated to account for about 20 % of the expected neutrino
signal.

At solar energies the cross section of 14N(p, γ)15O is dominated by a subthreshold
resonance at -504 keV. At higher energies, more than 100 keV, the cross section is domi-
nated by the resonance at ER = 259 keV with transitions to the the ground state of 15O
or to its excited states at 5.18 MeV , 6.18 MeV and 6.79 MeV energy. The status of
the 14N(p, γ)15O determination before the LUNA measurement is described in the 2003
LNGS Annual Report. This year our results have been published [3] to cover the proton
energy region from 140 keV to 400 keV . Very briefly, the experiment was performed by
sending a proton beam on a solid nitrogen target (TiN) and by measuring the γ-rays with
a HPGe detector. The analysis of the transitions to the 6.79 MeV exicited state and to
the ground state provided a new value for the extrapolated S-factor.

In particular, we have obtained a total S-factor Stot(0) = 1.7 ± 0.1 (statistical)
±0.2(systematic) keV · b. Our value can be compared with 1.77 ± 0.2 keV · b from the
theoretical paper [4] and 1.70± 0.22 keV · b from [5], where the asymptotic normalization
coefficients for 14

N + p →15
O have been determined by measuring the 14

N(3
He, d)15

O

proton transfer reaction at an incident energy of 26.3 MeV . The LUNA result is smaller
than the value given in most recent compilations: 3.5+0.4

−1.6 keV · b [6] and 3.2±0.8 keV · b

[7]. The astrophysical consequences are significant: the CNO neutrino yield in the Sun is
decreased by about a factor two [9][10][11] and the age of the oldest Globular Clusters is
increased by 0.7-1 Gyr [8][9] with respect to the current estimates.

In order to perform the R-matrix fit to our data we had to use also the high energy
data of [12] (corrected to take into account the summing effect). The careful evaluation
of this data has suggested the need of studying the energy region above 400 keV. As
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Figure 2: The set-up used to measure the beam heating effect.

a consequence, a new set of measurements has been made at the 500 kV and 4 MV
tandem accelerators of the Dynamitron Tandem Laboratory (DTL-Bochum) in the energy
range between 500 keV and 1.7 MeV (at such energies it is not necessary to perform the
experiment underground because of the high reaction rate). We are now analysing this
data which will then be used, together with the ones obtained in Gran Sasso, to perform
the R-matrix fit to each of the transitions which contribute to the 14N(p, γ)15O cross
section.

1.1 The gas target set-up

In order to reduce the region where the cross section is obtained by extrapolation, we have
explored the proton energy range below 140 keV . For this it is essential to have both a
γ-ray detector with very high efficiency, to compensate for the rapidly decreasing cross
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Figure 3: The yield of 14N(p, γ)15O at 4 cm from the calorimeter for different pressures
and currents.

section, and a very pure and thin 14
N target, to suppress the beam induced background

and to minimize the straggling on the energy loss. In addition, the target must be stable
for the long time required by the low energy measurements. All this has been achieved
with the same 4π BGO summing detector [13] (about 65% efficiency and 8% resolution in
the energy region between 6.5 and 8 MeV) used in the measurement of d(p, γ)3

He [2] and
with a new windowless gas target. A schematic diagram of the gas target is shown in Fig.
1. The ion beam enters the target chamber through three apertures of high impedance
(A3–A1, Fig. 1) and it is stopped in a beam calorimeter placed at the downstream part of
the chamber. The chamber is designed to fit inside the central hole (diameter φ = 6 cm)
of the BGO crystal detector.

When using a gas target, there is the problem to determine the real density along
the beam axis inside the interaction chamber. During the data taking the pressure has
been monitored by a capacitance gauge with a 0.25% accuracy; measurements have been
performed to correctly estimate the gas density starting from this information. In the
first step, to estimate the target density whithout the beam, the gas pressure and temper-
ature have been measured by using a test chamber with transversal holes along the beam
axis direction. We found an exponential increase (pressure dependent) of the tempera-
ture along the beam axis with higher values near the calorimeter (which is kept at high
temperature and radiates energy). Such a result shows that there is a noticeable density
reduction in target regions closer to the calorimeter which has to be taken into account.

A further effect to be considered is due to the beam heating of the gas [14] along the
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beam path. Figure 2 shows the set-up we used to measure such effect in our experiment.
The small NaI detector is movable along the beam axis and it is shielded with lead. From
the position of the ER=259 keV 14N(p,γ)15O resonance along the axis (Figure 3) we obtain
the energy loss and, from this, the target nuclei density. In the standard measurement
conditions the beam heating effect is not negligible and it has to be included in the data
analysis.

The measurement has been completed during the summer, by covering the centre of
mass energy range from 250 keV to about 70 keV. For the first time a direct measurement
of the 14N(p, γ)15O cross section has been made in the region where the CNO burning
takes place in astrophysical conditions. In particular, at the lowest energy we had a rate
of about 30 events/day: 10 coming from the reaction and 20 from the natural background
(the beam induced background is completely suppressed at such energies). The total
number of collected 14N(p, γ)15O events in the first bin amounts to about 500. The
analysys of this data is still in progress.

2 The 3He(4He, γ)7Be reaction

3He(4He, γ)7Be is the next reaction which will be studied in LUNA. 3He(4He,γ)7Be is the
key reaction for the production of 7

Be and 8
B neutrinos in the Sun. The joint effort of all

experiments on solar neutrinos and solar physics has finally cast light on the long-standing
solar neutrino puzzle. As a consequence, we can now go back to the original motivation
of solar neutrino detection: the study of the Sun. The error on S3,4 is, at the moment,
the main limitation to the extraction of physics from the 8

B neutrino flux measurement.
For instance, a 5% determination of S3,4 would allow a study of the central region of the
Sun with an accuracy better than the one given by helioseismology [15].

At present, the 3He(4He,γ)7Be reaction has been studied in the energy range Ec.m. ≥
107 keV (see [16] and References therein). The capture reaction (Q−value = 1.586 MeV )
is dominated, at low energies, by the non-resonant direct capture mechanism to the ground
state and to the 429 keV first excited state of 7Be. One expects to observe two pri-
mary γ-ray transitions, DC → 0 and DC → 429 keV with the latter followed by
a 429 keV secondary transition. An independent determination of the number of 7Be
nuclei produced in the reaction requires the detection of the 478 keV γ-ray activity of
the first excited state in the daughter nucleus 7Li populated by the EC decay of 7Be
(T1/2=53.29±0.07 d). Both methods have been used in the past to determine the ab-

solute cross section σ(E) but the results obtained from the measurements of the induced
7Be activity are systematically higher (more than 3 1

2
standard deviations) than the values

obtained from the measurements of the prompt capture γ-rays transitions.
We decided to reinvestigate the 3He(4He,γ)7Be reaction with high accuracy (relative

error ≤ 5%) and to extend at lower energies (Ec.m. ' 70 keV , 100-150 keV for the
off-line radioactive decay measurements) the data set used to extrapolate the S(E) factor
at zero energy. The measurements will include the detection of the prompt capture γ-rays
as well as the 478 keV γ-ray produced in the EC decay of the 7Be (see Fig.4).
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Figure 4: Level scheme of 7Be near the 3He+4He threshold. The 3He(4He,γ)7Be capture
reaction is expected to proceed predominantly via the direct capture (DC) mechanism into

the ground state and the 429 keV excited state. The EC decay of the 7Be ground state
will populate the level at 478 keV in 7Li with a branching ratio=10.45±0.04%.

2.1 Experimental Equipment and Setup

A strong reduction of the background is required in order to study 3He(4He,γ)7Be at low
energy (i.e. measure a cross section in the range of pico to femto-barn). In particular,
background events should be reduced as much as possible in the Regions Of Interest (ROI)
that correspond to the primary γ-ray transitions for the on-line measurements and in the
region around 478 keV for the off-line radioactive decay measurements. The natural
shielding provided by the LNGS underground laboratory is very efficient to reduce the
background at high energy but an additional shield is required to suppress background
events from the laboratory walls (mainly 1460 and 2614 keV from 40K and 232Th chain)
and air (Radon).

Extensive montecarlo simulations have been performed to define the best geometry
and layout of the shield surrounding a large volume HPGe detector and to optimize the
background soppression. Moreover, all materials close to the detector have been carefully
selected to be radioactively pure by measuring their activity at the low background labo-
ratory of the LNGS. The final layout consists of a lead shield surrounding an inner shield
of OFHC copper and placed inside a plastic box filled with Nytrogen.

2.2 Gas target chamber

A new gas target has been designed, a box of 60 x 13 x 11 cm entirely built of OFHC
copper to reduce the background. During the measurements we will have a 4He beam
on a 3He gas target (with the gas continuosly purified). The beam will enter the target
through a 7 mm copper collimator and, after a 30 cm path, it will be stopped on the
beam calorimeter, which measures the beam power and thus the current.

First tests of the calorimeter have been performed in order to determine the maximum
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Figure 5: Spectrum of 110 keV alpha particles (measured at INFN-Legnaro)

beam power that can be measured as a function of the temperature difference between
the hot side (where the beam is stopped) and the cold side of the calorimeter (kept cold
by a cold bath) and to determine the stability of the feedback parameters. In addition
to the beam current, we have to know very precisely the density of the target. For this
reason a test chamber, identical to the final one, but with different flanges along the
target length, has been built in order to measure the pressure profile of the gas inside the
chamber without beam. During the cross section measurement, the gas density along the
beam path will be determined with a silicon detector.

The germanium detector, a 150% ultra low background crystal, will be positioned
at 5 mm from the target chamber. Inside the chamber, a lead collimator will be placed
between the beam and the detector in order to shield the detector from gamma rays due to
background reactions on the entrance collimator or on the calorimeter cap. Furthermore,
thanks to this inner shield, the detector will be mostly sensitive to gammas coming at
55o with respect to the beam direction. This layout makes the measurement almost
independent on angular distribution effects. In particular, the systematic uncertainty is
reduced from 10 % (detector at 90o or 0o) to 5 %.

2.3 Si detector

As explained in the description of the gas target used to study the 14N(p, γ)15O reaction, it
is known that the target density can vary when an intense ion beam impinges on it. This

132



effect was deeply investigated and it is expected to be of the order of 10 % if the dissipated
power is about 20 mW/mm. In order to get rid of systematic errors, we decided to measure
the product of the beam intensity times the gas target density via Rutherford scattering
by using a Silicon detector. Due to geometrical constraints and to the need of a reasonable
life time for the detector, we decided to use a double scattering configuration: the first
process being the scattering of 4He beam on 3He target and the latter the scattering of
4He scattered particles on a very thin C layer, placed close to the detector. A special
device, made of a thin copper tube with a collimator on both apertures (one facing the
beam and the other close to the C foil), was machined by the INFN Genova workshop
and it will be positioned inside the gas target at 20o with respect to the beam axis.
The device will be movable along the chamber itself giving the possibility of exploring
the whole target length of about 21 cm, viewing approximately 5 cm at each different
measurement. The detector, 25 mm2 surface and 100 µm thickness, will be placed at
the end of the target chamber behind a collimator. The angles, distances and collimator
diameter were selected in order to maximize the energy of the double scattered alpha
particles and to obtain a reasonable final rate on the detector. The detector was selected
with an entrance layer as thin as possible in order to loose only a very small fraction of
the alpha particle energy and with a relatively small surface to keep its capacitance as low
as possible. The preamplifier was developped by the INFN Milano electronic laboratory
and it has been tuned to reach the best signal to noise ratio for low energy alpha particles.
As a matter of fact, the double scattered particles to be detected will have energies in
the range 110-250 keV. The feasibility of such measurement was studied at the Legnaro
INFN Laboratory by using a 450 keV 4He beam on a thin C target. The alpha particles
back-scattered at 145o have an energy of about 110 keV. The spectrum measured with
the silicon detector (Figure 5) proves the possibility of detecting such low energy alpha
particles. The detector and the mechanical device have then been mounted at Gran Sasso
Luna facility. This way we could test the electronic noise in the final configuration, i.e.
with all the pumps and the calorimeter working and with 1 mbar He gas in the target. The
measured noise was, at most, equivalent to 25 keV, well below the energy to be detected.

2.4 Acquisition system

We developped for this measurement a new multi-parametric data acquisition system
(DAQ), based on the commercial software Kmax (Sparrow). This software provides an
environment for instrument control and data management with high level support for
modular instrumentation, event-by-event data acquisition, data sorting, data histogram-
ming and analysis.

We have created a Graphical User Interface to configure independent control panels
and distribute them on different pages. This allows a good separation of specific tasks like
ADC set-up and Histogram analysis and reduces the risk of unwanted changes of critical
parameters. Each page is equipped with control widgets such as buttons, digital displays,
meters, etc., associated with Command Sequences to execute specific funtions when the
control is activated or its value modified.

The communication to the CAMAC front-end electronics is obtained by the SCSI
interface via a SCSI bus crate controller (Jorway 73A). The analog to digital conversion
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is based on commercial ADC (ORTEC AD413A) with FERA readout. This ADC has
13 bits conversion range and a total conversion time of 24 µs (without zero suppression).
ADC readout is performed by a FERA system driver (ORTEC CMC203), that includes
a dual port fast memory unit for data buffering. The events are successively read via
the CAMAC dataway and stored into the Kmax event data stream. All events are then
written to a list mode file (for offline analysis) and sorted into histograms for a run time
control of the measurement.

3 The 25Mg(p, γ)26Al reaction

25Mg(p, γ)26Al is the slowest reaction of the Mg-Al cycle, the key one to rule the efficiency
of the cycle. The β

+ decay of 26Al (t1/2=7·105 year) to the excited state of 26Mg gives
rise to a 1.8 MeV γ ray, one of the most important line for γ astronomy.

Two are the reasons which makes the low energy measurement of this cross section so
relevant: the 1.8 MeV full sky map taken by the satellites which look at the γ sky and
the anomalous meteoritic abundance of 26Mg.

The reaction is going to be studied first in Bochum, down to the center of mass energy
of 180 keV, with a germanium detector. The results of these measurements, mainly
the ones on the beam induced background, will point to the detector to be used in the
underground measurement al low energy: either germanium array or large BGO.

4 Electron screening for deuterated metals

For nuclear reactions studied in the laboratory the target nuclei and the projectiles are
usually in the form of neutral atoms or molecules and ions, respectively. The electron
clouds surrounding the interacting nuclei reduce the height of the Coulomb barrier and
lead to a higher cross section, σs(E), than would be the case for bare nuclei, σb(E), with
an exponential enhancement factor:

flab(E) = σs(E)/σb(E) ' E(E + Ue)
−1 exp(πη Ue/E), (2)

where Ue is an electron screening potential energy and η is the Sommerfeld parameter.
Recently, the electron screening effect on the d(d, p)t reaction has been studied with

deuterium implanted in various metals [17] [18]. The resulting S(E) data show an expo-
nential enhancement, however the extracted Ue values are about one order of magnitude
larger than the value Ue =25±5 eV found in the corresponding gas target experiment
[19]. In order to test these surprising results, we started already three years ago a com-
plete experimental program at the 100 kV accelerator of the Bochum Tandem Laboratory
[20][21][22].

In particular, we have studied the electron screening effect on the d(d, p)t reaction in
about 60 deuterated elements. As compared to measurements performed with a gaseous
deuterium target, a large effect has been observed in all the metals [23], while a small
(gaseous) effect is found for the insulators and semiconductors. In addition, we measured
the screening for the metals Co and Pt as a function of the sample temperature, between
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20 ◦C and 340 ◦C. All data show a decrease of the screening, i.e. the Ue value, with
increasing temperature [23].

In summary, all data on the enhanced electron screening in deuterated metals can be
explained quantitatively by the Debey model applied to quasi-free metallic electrons.
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Abstract

This report describes a geophysical instrument under installation in the under-
ground physics laboratories of Gran Sasso (LNGS-INFN), located in the seismic
zone of central Apennines, Italy. This instrument is aimed to monitor seismic ra-
diation with very high sensitivity; it is a small aperture seismic array composed by
20 three-components short period seismomenters (Mark L4C-3D).

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 oldest
and most diffused instrument used to measure the main features of seismic waves. The ad-
vantages 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 principles,
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
Stewart, 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). Moreover arrays of seismometers and accelerometers are used to study the details
of sources and radiation patterns of earthquakes, nuclear underground explosions and
volcanic activity (Bolt, 1976; Chouet, 1996). 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).
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At present, the seismic activity of central Apennines, and in particular of the Gran Sasso
massif, is relatively low, as compared to other seismically active areas of Europe such as
Turkey or central Greece. Three seismic swarms were monitored in August 1992, June
1994 and October 1996, with the largest earthquake having ML = 4.2. These swarms
are the largest events occurred since 1985 in this region. However, this area experienced
destructive earthquakes in the past: a magnitude 7 event occurred in 1703. Close to this
region, the 1915 Avezzano earthquake (MS = 6.8) occurred, causing more than 15,000
victims. On average, about 1 microearthquake per day above ML = 1 occurs, within 20
Km radius from LNGS-INFN. The facilities existing in the laboratories, and the seismo-
tectonics features of the Gran Sasso massif, make them an excellent site for studies related
to the physics of earthquake source, wave propagation in a complex medium and seismic
monitoring.

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 main advantages of such geometrical configurations are the improvement of signal-
to-noise ratio and the possibility to perform a detailed analysis of wave propagation and
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composition. The development of large aperture seismic arrays such as LASA in Montana,
USA (Green et al., 1965) and NORSAR in Norway (Kedrov and Ovtchinnikov, 1990) led
to many improvements in the knowledge of Earth’s structure (Aki et al., 1977) other than
to monitor underground nuclear explosions. More recent developments of these arrays
make use of low number of sensors and smaller apertures in order to reduce the effects
of lateral inhomogeneities (Mykkeltveit, 1985). The need to monitor local seismicity in
the very large underground physics laboratories of LNGS-INFN led to some preliminary
experiments to understand the site response; a L-shaped array along the way to access the
LNGS, having spatial extension of 10.5 km, was deployed in 1993. This array was formed
by 17 three component short period digital seismic stations spaced 600 m (De Luca et al.,
1997). In the same region, from 1992 to 2001, a digital seismic network equipped with a
maximum of 18 3D short period seismic stations was installed.

Figure 2: Block scheme of the Underground Seismic Array.

Two important features of seismic response in the region have been observed: a sub-
stantial homogeneity of spectral response from underground linear array and, for S waves,
an average decrease of amplitudes with respect to the data recorded at the surface, in
the band 1-8 Hz. In particular the horizontal components are reduced by a factor 4,
while the vertical one is reduced by a factor 2. Strain monitoring, in the same region,
through GPS, EDM, levellings and microgravimetry has been also carried out. The opti-
mal array configuration is generally obtained through a compromise between the need of
sampling coherent portions of wavefield and the need for adequate azimuthal resolution,
which requires a large antenna aperture. However we were limited by the geometry of the
underground laboratories, so we decided to start with 21 receivers. In consequence, the
underground seismic array has a small aperture (400 m x 600 m) and the average spacing
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between the short period seismographs is about 90 m (Fig. 1), thus allowing to resolve
wavelenghts in the range 180− 500m which correspond to phase velocity 0.2− 10 km

sec
(the

frequency response is in the range 1− 20Hz).

Figure 3: Underground Seismic Array components and control room.

At present, we have completely developed the electronics and the data acquisition
system, which constitute an original project. Each seismometer is linked, through a 24 bits
A/D board, to an industrial PC which is, in its turn, connected to a serial communication
line via a RS-485 standard. The PCs placed at the head of each serial line (nodal PCs)
transmit data to a server through an ethernet network. Time syncronization is provided
by a Master Oscillator controlled by an atomic clock (Fig. 4). Earthworm package is used
for real time data processing and transmission. High quality data have been recorded since
May 2002, including local and regional earthquakes. In particular the 31 October, 2002,
Molise (MW = 5.8 earthquake) and its aftershocks have been recorded at this array. Array
techniques such as polarization and frequency-slowness analyses with the ZLCC algorithm
indicate the high performance of this array, as compared to the national seismic network,
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for analyzing the main source parameters of earthquakes located up to distances of few
hundreds of km.

Figure 4: The Underground Array seismic stations acquire data simultaneously. The time
syncronization is controlled by a Master Oscillator: it takes a 1 pps input signal from an
atomic clock located in the labs and generates codified time signals which are send to the
single stations in order to provide simultaneous data acquisition.
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3 Preliminary data analysis.

3.1 Polarization analysis Molise earthquake, (MW = 5.8) Octo-
ber 31, 2002.

A preliminary polarization analysis was performed on data from the Molise October 31
mainshock (only 4 stations active at the moment). The location results are in good
agreement with the National network location.

Figure 5: Polarization analysis results and location map.

3.2 ZLCC analysis local earthquake, (M = 2.4) November 20,

2002.

A preliminary ZLCC analysis was performed on data from a local earthquake, November
20, 2002 (13 stations active at the moment). The location results are in good agreement
with the National network location.

Figure 6: ZLCC analysis results and location map.
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3.3 wwwunderseis.lngs.infn.it

Since a couple of months is finally available the internet site of the UnderSeis experiment.
In this site you can find the detailed description of the instrument, a bulletin of the last
events recorded, a database of the recorded events and some interactive java applets able
to do an online analysis of the events stored in the database.

4 Conclusions.

The dense small-aperture seismic array is a powerful high-sensitivity instrument designed
and presently under realization and installation. The underground location beneath Gran
Sasso has been proved to be an ideal site, in spite of the local noise sources due to human
activity, to record seismic waves from regional and local microearthquakes. Its location
is rather unique in the world, due to the close distance from active fault segments of the
seismogenetic zone of central Apennines. The scientific goals of this multichannel seismic
observational system are an improvement of the seismotectonical knowledge of a high
potential seismogenetic region of Italy, and a very detailed study of the physical processes
leading to seismic ruptures in the area. Moreover the installation of this underground
seismic array will allow an experimental study of wave propagation phenomena within
a complex medium, leading to results of relevant interest for seismic hazard evaluation
in areas of complex geology, for physics of earthquake process, with particular reference
to the study of rupture preparation and for all relevant precursory phenomena, seismic
radiation and earthquake waveform modeling for hazard reduction.
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Abstract

Nuclear double beta decay provides an extraordinarily broad potential to search
for beyond-standard-model physics. The occurrence of the neutrinoless decay (0νββ)
mode has fundamental consequences: first total lepton number is not con-

served, and second, the neutrino is a Majorana particle. Further the effective
mass measured allows to put an absolute scale of the neutrino mass spectrum.
In addition, double beta experiments yield sharp restrictions also for other beyond

standard model physics. These include SUSY models (R-parity breaking and con-
serving), leptoquarks (leptoquark-Higgs coupling), compositeness, left-right sym-
metric models (right-handeld W boson mass), test of special relativity and of the
equivalence principle in the neutrino sector and others. First evidence for neu-

trinoless double beta decay was given in 2001, by the HEIDELBERG-

MOSCOW experiment. The HEIDELBERG-MOSCOW experiment is the by

far most sensitive 0νββ experiment since more than 10 years. It was operating
11 kg of enriched 76

Ge in the GRAN SASSO Underground Laboratory. The anal-
ysis of the data taken from 2 August 1990 - 20 May 2003, is presented here. The
collected statistics is 71.7 kg y. The background achieved in the energy region of
the Q value for double beta decay is 0.11 events/ kg y keV. The two-neutrino ac-

companied half-life is determined on the basis of more than 100 000 events to be
(1.74.+0.18

−0.16
) × 1021

years. The confidence level for the neutrinoless signal has

been improved to a 4.2 σ level. The half-life is T
0ν

1/2
= (1.19+0.37

−0.23
) × 1025

years.

The effective neutrino mass deduced is (0.2 - 0.6) eV (99.73% c.l.), with
the consequence that neutrinos have degenerate masses. The sharp boundaries for
other beyond SM physics, mentioned above, are comfortably competitive to corre-
sponding results from high-energy accelerators like TEVATRON, HERA, etc.
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1 Introduction

Since 40 years huge experimental efforts have gone into the investigation of nuclear double
beta decay which probably is the most sensitive way to look for (total) lepton number
violation and probably the only way to decide the Dirac or Majorana nature of the neu-
trino. It has further perspectives to probe also other types of beyond standard model
physics. This thorny way has been documented recently in some detail [27, 36, 29].

The HEIDELBERG-MOSCOW experiment, proposed already in 1987[8], has been
looking for double beta decay of 76

Ge since August 1990 until November 30, 2003 in
the Gran Sasso Underground Laboratory. It was using the largest source strength of all
double beta experiments at present, and has reached a record low level of background,
not only for Germanium double beta decay search. It has demonstrated this during more
than a decade of measurements and is since more then ten years the most sensitive double
beta decay experiment worldwide. The experiment was since 2001 operated only by the
Heidelberg group, which also performed the analysis of the experiment from its very
beginning.

The experiment has been carried out with five high-purity p-type detectors of Ge
enriched to 86% in the isotope 76

Ge (in total 10.96 kg of active volume). These were the
first enriched high-purity Ge detectors ever produced. So, the experiment starts from the
cleanest thinkable source of double beta emitter material, which at the same time is used
as detector of ββ events.

A description of the experimental details has been given in [1, 2, 3, 9]. This will not
be repeated in this report, instead we concentrate on the results and their consequences.
But let us just mention some of the most important features of the experiment here.

1. Since the sensitivity for the 0νββ half-life is T
0ν

1/2
∼ a× ε

√

Mt

∆EB
(and 1

√

T 0ν
∼ 〈mν〉),

with a denoting the degree of enrichment, ε the efficiency of the detector for detection of a
double beta event, M the detector (source) mass, ∆E the energy resolution, B the back-
ground and t the measuring time, the sensitivity of our 11 kg of enriched 76

Ge experiment
corresponds to that of an at least 1.2 ton natural Ge experiment. After enrichment - the
other most important parameters of a ββ experiment are: energy resolution, background
and source strength.

2. The high energy resolution of the Ge detectors of 0.2% or better, assures that
there is no background for a 0νββ line from the two-neutrino double beta decay in this
experiment, in contrast to most other present experimental approaches, where limited
energy resolution is a severe drawback.

3. The efficiency of Ge detectors for detection of 0νββ decay events is close to 100%
(95%, see [2]).

4. The source strength in this experiment of 11 kg is the largest source strength ever
operated in a double beta decay experiment.

5. The background reached in this experiment, is 0.113±0.007 events /kg y keV (in
the period 1995-2003) in the 0νββ decay region (around Qββ). This is the lowest limit
ever obtained in such type of experiment.

6. The statistics collected in this experiment during 13 years of stable running is
the largest ever collected in a double beta decay experiment. The experiment took data
during ∼ 80% of its installation time.
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7. The Q value for neutrinoless double beta decay has been determined recently with
high precision [31].

2 Data and Analysis

The total sum spectrum measured over the full energy range of all five detectors for the
period November 1995 to May 2003 is shown in Ref. [1, 2, 3]. The identified lines are
indicated with their source of origin (in [17]).

Fig. 1 shows the part of the spectrum around Qββ, in the range 2000 - 2060 keV,
measured in the period August 1990 to May 2003 and November 1995 to May 2003.
Non-integer numbers in the sum spectra are simply a binning effect.

The spectra shown in Fig. 1 result from summing the individual runs taken with the
detectors (2142 runs for the right spectrum), and finally summing for the right spectrum
the sum spectra of the different detectors (in total 9 570 data sets).
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Figure 1: The total sum spectrum of all five detectors (in total 10.96 kg enriched in 76
Ge),

for the period: left: November 1990 to May 2003 (71.7 kg y) in the range 2000 - 2060 keV
right: - November 1995 to May 2003 (56.66 kg y) in the range 2000 - 2060 keV and its fit
(see text and [1, 2, 3]).

In the measured spectra (Fig.1) we see in the range around Qββ the 214
Bi lines at 2010.7,

2016.7, 2021.8, 2052.9 keV, the line at Qββ and a candidate of a line at ∼ 2030 keV (see also
[12, 18])1. The spectra have been analyzed by different methods: Least Squares Method,
Maximum Likelihood Method (MLM) and Feldman-Cousins Method. The analysis is
performed without subtraction of any background. We always process background-plus-
signal data since the difference between two Poissonian variables does not produce a
Poissonian distribution [32]. This point has been sometimes overlooked. So, e.g., in [41]
a formula is developed making use of such subtraction and as a consequence the analysis
given in [41] provides overestimated standard errors.

The improvement of the present analysis (for details see [1, 2, 3]) compared to our
paper from 2001 [4, 5, 6], is described in detail in [1, 2, 3]. One reason lies in the stricter
conditions for accepting data into the analysis. The second reason is a better energy

1The objections raised after our first paper [4] concerning these lines and other points, by Aalseth
et al. (Mod.Phys.Lett.A17:1475-1478,2002 and hep-ex/0202018 v.1), have been shown to be wrong
already in [7] and in [6], and later in [12] and [18]. So this ’criticism’ was already history, before we
reached the higher statistics presented in this paper.
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calibration of the individual runs. The third reason is the refined summing procedure of
the individual data sets mentioned above and the correspondingly better energy resolution
of the final spectrum. The signal strength seen in the individual detectors in the period
1990-2003 is shown in [1].

3 Results

3.1 Full Spectra

Fig.1 shows together with the measured spectra in the range around Qββ (2000 - 2060 keV),
the result of the fit of this energy range. A linear decreasing shape of the background
as function of energy was chosen corresponding to the complete simulation of the back-
ground performed in [17] by GEANT4 (see Fig.2). In the fits in Fig.1, the peak positions,
widths and intensities are determined simultaneously, and also the absolute level of the
background.
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Figure 2: Monte Carlo simulation of the background in the range of Qββ by GEANT4,
including all known sources of background in the detectors and the setup. This simulation
[17] seems to be the by far most extensive and complete one ever made for any double
beta experiment. The background around Qββ is expected to be flat, the only lines visible
should be some weak 214Bi lines (from [17]).

The signal at Qββ in the full spectrum at ∼ 2039 keV reaches a 4.2 σ confidence
level for the period 1990-2003 (28.8 ± 6.9) events, and of 4.1 σ for the period 1995-2003
(23.0 ±5.7) events. The results of the new analysis are consistent with the results given
in [4, 5, 6]. The intensities of all other lines are given in [2, 3].

We have given a detailed comparison of the spectrum measured in this experiment with
other Ge experiments in [18]. It is found that the most sensitive experiment with natural
Ge detectors [13], and the first experiment using enriched (not yet high-purity) 76

Ge

detectors [14] find essentially the same background lines (214
Bi etc.), but no indication for

the line near Qββ. This is consistent with the rates expected from the present experiment
due to their lower sensitivity: ∼0.7 and ∼1.1 events, respectively. It is also consistent
with the result of the IGEX 76

Ge experiment [15], which collected only a statistics of
8.8 kg y, before finishing in 1999, and which should expect ∼ 2.6 events, which they might
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have missed. Their published half-life limit is overestimated as result of an arithmetic
mistake (see [16]).

3.2 Time Structure of Events

There are at present no other running experiments (with reasonable energy resolution)
which can - not to speak about their lower sensitivity - in principle give any further-going

information in the search for double beta decay than shown up to this point: namely
a line at the correct energy Qββ. Also most future projects cannot determine more.
The HEIDELBERG-MOSCOW experiment developed some additional tool of independent
verification. The method is to exploit the time structure of the events and to select ββ

events by their pulse shape exploiting neuronal net methods. The result is shown in Fig.3
(see [1, 2, 3]). Except a line which sticks out sharply near Qββ, all other lines are very
strongly suppressed. The probability to find ∼7 events in two neighboring channels from
background fluctuations is
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Figure 3: Left top: The pulse-shape selected spectrum of single site events measured
with detectors 2,3,4,5 from 1995-2003, see text. Left below: The full spectrum measured
with detectors 2,3,4,5 from 1995-2003. Right: As in left top figure, but energy range
2000-2060 keV, to be compared to Fig. 1, right (see [1, 2, 3]).
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Figure 4: The pulse-shape selected spectrum measured with detectors 2,3,4,5 from
1995÷2003 in the energy range of (100÷3000) keV, see text and [1].

calculated to be 0.013%. Thus, we see a line near Qββ at a 3.8σ level.
The energy of this line determined by the spectroscopy ADC is slightly below Qββ,

but still within the statistical variation for a weak line (see [18]). This can be understood
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as result of ballistic effects (for details see[24]). Obviously the method also fulfills the
criterium to select properly the continuous 2νββ spectrum (see Fig. 4).

The 2039 keV line as a single site events signal cannot be the double escape line of a
γ-line whose full energy peak would be expected at 3061 keV, since no indication of a line
is found there in the spectrum measured up to 8MeV (see [2, 3]).

4 Half-Life of Neutrinoless Double Beta Decay of
76Ge

We have shown in chapter 3.2 that the signal found at Qββ is consisting of single site
events and is not a γ line. The signal does not occur in the Ge experiments not enriched
in the double beta emitter 76

Ge [13, 11, 18], while neighbouring background lines appear
consistently in these experiments.

On this basis we translate the observed numbers of events into half-lives for neutrino-
less double beta decay. In Table 1 we give the half-lives deduced from the full data sets
taken in the years 1995-2003 and in 1990-2003 and of some partial data sets. In all cases
the signal is seen consistently. Also given are the deduced effective neutrino masses. The
result obtained is consistent with the limits given earlier [10], and with the results given
in [4, 5, 6].

Concluding we confirm, with 4.2σ (99.9973% c.l.) probability, our claim from
2001 [4, 5, 6] of first evidence for the neutrinoless double beta decay mode.

5 Consequences for Particle Physics, Neutrino Physics

and Other Beyond Standard Model Physics

Lepton number violation: The most important consequence of the observation of
neutrinoless double beta decay is, that lepton number is not conserved. This is
fundamental for particle physics, and for the early Universe, e.g. for leptogenesis.

Majorana nature of neutrino: Another fundamental consequence is that the neu-
trino is a Majorana particle (see, e.g. [38, 39, 40]). Both of these conclusions are
independent of any discussion of nuclear matrix elements. It has been discussed that the
Majorana nature of the neutrino tells us that spacetime does realize a construct that is
central to construction of supersymmetric theories [33].

Effective neutrino mass: The matrix element enters when we derive a value for
the effective neutrino mass - making the most natural assumption that the 0νββ decay
amplitude is dominated by exchange of a massive Majorana neutrino. The half-life for
the neutrinoless decay mode is under this assumption given by [22, 23]

[T 0ν

1/2
(0+

i
→ 0+

f
)]−1 = Cmm

〈m〉
2

m2
e

+ Cηη〈η〉
2 + Cλλ〈λ〉

2 + Cmη〈η〉
〈m〉

me

+Cmλ〈λ〉
〈m〉

me
+ Cηλ〈η〉〈λ〉,

〈m〉 = |m
(1)

ee
| + e

iφ2 |m
(2)

ee
| + e

iφ3 |m
(3)

ee
|, (1)

where Cmm, Cηη, ... denote nuclear matrix elements squared, which can be calculated, (see,
e.g. [27, 35, 34], for a review). Ignoring contributions from right-handed weak currents,
on the right-hand side of eq.(1) only the first term remains.
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Table 1: Half-life for the neutrinoless decay mode and deduced effective neutrino mass
from the HEIDELBERG-MOSCOW experiment (the nuclear matrix element of [22] is
used). Shown are in addition to various accumulated total measuring times also the results
for four non-overlapping data sets: the time periods 11.1995-09.1999 and 09.1999÷05.2003
for all detectors, and the time period 1995÷2003 for two sets of detectors: 1+2+4, and
3+5. *) denotes best value.

Significan- Detectors T0ν

1/2
[y] 〈m〉 [eV] Conf.

ce [kg y] (3σ range) (3σ range) level (σ)
Period 8.1990 ÷ 5.2003

71.7 1,2,3,4,5 (0.69 − 4.18) × 1025 (0.24 - 0.58) 4.2
1.19 × 1025∗ 0.44∗

Period 11.1995 ÷ 5.2003

56.66 1,2,3,4,5 (0.67 − 4.45) × 1025 (0.23 - 0.59) 4.1
1.17 × 1025∗ 0.45∗

51.39 2,3,4,5 (0.68 − 7.3) × 1025 (0.18 - 0.58) 3.6
1.25 × 1025∗ 0.43∗

42.69 2,3,5 (0.88 − 4.84) × 1025 (0.22 - 0.51) 2.9
(2σ range) (2σ range)
1.5 × 1025∗ 0.39∗

28.27 1,2,4 (0.67 − 6.56) × 1025 (0.19 - 0.59) 2.5
(2σ range) (2σ range)
1.22 × 1025∗ 0.44∗

28.39 3,5 (0.59 − 4.29) × 1025 (0.23 - 0.63) 2.6
(2σ range) (2σ range)
1.03 × 1025∗ 0.48∗

Period 11.1995 ÷ 09.1999

26.59 1,2,3,4,5 (0.43 − 12.28) × 1025 (0.14 - 0.73) 3.2
0.84 × 1025∗ 0.53∗

Period 09.1999 ÷ 05.2003

30.0 1,2,3,4,5 (0.60 − 8.4) × 1025 (0.17 - 0.63) 3.5
1.12 × 1025∗ 0.46∗
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Using the nuclear matrix element from [22, 23], we conclude from the half-life given
above the effective mass 〈m〉 to be 〈m〉 = (0.2 ÷ 0.6) eV (99.73% c.l.), with best value
of ∼ 0.4 eV.

The matrix element given by [22] was the prediction closest to the later measured 2νββ

decay half-life of (1.74+0.18

−0.16)× 1025 y [17, 9]. It underestimates the 2ν matrix elements by
32% and thus these calculations will also underestimate (to a smaller extent) the matrix
element for 0νββ decay, and consequently correspondingly overestimate the (effective)
neutrino mass. Allowing conservatively for an uncertainty of the nuclear matrix element
of ± 50% the range for the effective mass may widen to 〈m〉 = (0.1 - 0.9) eV (99.73% c.l.).

0

10

10

10

10

EXO 10t
GENIUS 1t,

GENIUS 10t

project

σ

projects

project

4.2

CUORE 600kg

Hierarchy
LMA LMA

Degeneracy
LMA

0.12 eV

Inverse

ee

Hierarchy Degeneracy
Partially

LMA

MOON 3.3t
project

MOSCOW

0.9 eV

BEST VALUE

WMAP’03
2003

HEIDELBERG-

<m    > = 0.4 eV

-2

(eV)

-3

ee
<m  >

-1

MOSCOW,HEIDELBERG- 0νββ Positive - Evidence

Figure 5: The impact of the evidence obtained for neutrinoless double beta decay (best
value of the effective neutrino mass 〈m〉 = 0.4 eV, 3σ confidence range (0.1 - 0.9) eV -
allowing already for an uncertainty of the nuclear matrix element of ± 50%) on possible
neutrino mass schemes. The bars denote allowed ranges of 〈m〉 in different neutrino
mass scenarios, still allowed by neutrino oscillation experiments (see [26, 47]). All models
except the degenerate one are excluded by the new 0νββ decay result. Also shown is
the exclusion line from WMAP, plotted for

∑

mν < 1.0 eV [48] (which is according to [61]
too strict). WMAP does not rule out any of the neutrino mass schemes. Further shown
are the expected sensitivities for the future potential double beta experiments CUORE,
MOON, EXO and the 1 ton and 10 ton project of GENIUS [27, 29, 55] (from [47]).

Neutrinos degenerate in mass: With the value deduced for the effective neutrino mass,
the HEIDELBERG-MOSCOW experiment excludes several of the neutrino mass scenarios
allowed from present neutrino oscillation experiments (see Fig. 5, and Fig.1 in [47]), –
allowing only for degenerate mass scenarios [26, 47, 25].

Other beyond Standard Model Physics: Assuming other mechanisms to dominate the
0νββ decay amplitude, which have been studied extensively in our group, and other
groups, in recent years, the result allows to set stringent limits on parameters of SUSY
models, leptoquarks, compositeness, masses of heavy neutrinos, the right-handed W boson
and possible violation of Lorentz invariance and equivalence principle in the neutrino
sector. For a further discussion and for references we refer to [27, 28, 29, 30].
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6 Conclusion - Perspectives

Recent information from many independent sides seems to condense now to a nonvanishing
neutrino mass of the order of the value found by the HEIDELBERG-MOSCOW exper-
iment. This is the case for the results from CMB, LSS, neutrino oscillations, particle
theory and cosmology (for a detailed discussion see [1, 2, 3]). To mention a few examples:
Neutrino oscillations require in the case of degenerate neutrinos common mass eigenvalues
of m > 0.04 eV. An analysis of CMB, large scale structure and X-rays from clusters of
galaxies yields a ’preferred’ value for

∑

mν of 0.6 eV [49]. WMAP yields
∑

mν < 1.0 eV
[48], SDSS yields

∑

mν < 1.7 eV [61]. Theoretical papers require degenerate neutrinos
with m > 0.1, or 0.2 eV or 0.3 eV [44, 50, 51, 43], and the recent alternative cosmological
concordance model requires relic neutrinos with mass of order of eV [52]. As mentioned
already earlier [37, 2] the results of double beta decay and CMB measurements together
indicate that the neutrino mass eigenvalues have the same CP parity, as required by the
model of [44]. Also the approach of [60] comes to the conclusion of a Majorana neutrino.
The Z-burst scenario for ultra-high energy cosmic rays requires mν∼ 0.4 eV [45, 46], and
also a non-standard model (g-2) has been connected with degenerate neutrino masses
>0.2 eV [42]. The neutrino mass determined from 0νββ decay is consistent also with
present models of leptogenesis in the early Universe [56].
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Figure 6: Present sensitivity, and expectation for the future, of the most promising ββ

experiments. Given are limits for 〈m〉, except for the HEIDELBERG-MOSCOW experi-
ment where the measured value is given (3σ c.l. range and best value). Framed parts of
the bars: present status; not framed parts: future expectation for running experiments;
solid and dashed lines: experiments under construction or proposed, respectively. For
references see [27, 5, 6].

Future: With the HEIDELBERG-MOSCOW experiment, the era of small smart ex-

periments is over. Fig. 6 shows the present result and a comparison to the potential of
the most sensitive other double beta decay experiments and the possible potential of some
future projects. It is visible that the presently running experiments have hardly a chance,
to reach the sensitivity of the HEIDELBERG-MOSCOW experiment. New approaches
and considerably enlarged experiments would be required to fix the 0νββ half life with
higher accuracy. This will, however, only marginally improve the precision of the
deduced neutrino mass, because of the uncertainties in the nuclear matrix elements,
which probably hardly can be reduced to less than 50%.
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One has to keep in mind further, that no more can be learnt on other beyond
standard model physics parameters from future more sensitive experiments. The reason
is that there is a half-life now, and no more a limit on the half-life, which could be
further reduced.

From future projects one has to require that they should be able to differentiate
between a β and a γ signal, or that the tracks of the emitted electrons should be mea-
sured. At the same time, as is visible from the present information, the energy resolution
should be at least in the order of that of Ge semiconductor detectors, or better. These re-
quirements exclude at present calorimeter experiments like CUORE, CUORICINO, which
cannot differentiate between a β and γ signal, etc, but also experiments like EXO [59], if

the latter will not be able to reconstruct the tracks of the electrons, as it seems at present.
The NEMO project can see tracks, but unfortunately has at present only a small efficiency,
and a low energy resolution of more than 200 keV. The most sensitive future project, is
probably the GENIUS project, proposed already in 1997 [53, 57, 58, 54, 55, 28, 27].

A GENIUS Test Facility, (which could already be used to search for cold dark matter
by the annual modulation effect) has started operation with 10 kg of natural Germanium
detectors in liquid nitrogen in Gran-Sasso on May 5, 2003 [21, 20, 19].

However, if one wants to get independent evidence for the neutrinoless double beta
decay mode, one would probably, wish to see the effect in another isotope, which would
then simultaneously give additional information also on the nuclear matrix elements. In
view of these considerations, future efforts to obtain deeper information on the process
of neutrinoless double beta decay, would require a new experimental approach, different

from all, what is at present persued.
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[17] Ch. Dörr, H.V. Klapdor-Kleingrothaus, Nucl. Instr. Meth. A513 (2003) 596.

[18] H.V. Klapdor-Kleingrothaus et al., Phys. Lett. 578 B (2004) 54 and NIM A510 (2003) 281.

[19] H.V. Klapdor-Kleingrothaus, CERN Courier 43 N6 (2003) 9 and hep-ph/0307329, “’Naked’

Crystals go Underground”.

[20] H.V. Klapdor-Kleingrothaus et al., Nucl. Instr. Meth. A 511 (2003) 341-346.

[21] H.V. Klapdor-Kleingrothaus et al., Nucl. Instr. Meth. A 530 (2004) 410-418.

[22] A. Staudt, K. Muto, H.V. Klapdor-Kleingrothaus, Eur. Lett. 13 (1990) 31.

[23] K. Muto, E. Bender, H.V. Klapdor, Z. Phys. A 334 (1989) 187.

[24] H.V. Klapdor-Kleingrothaus et al., in preparation.

[25] H.V. Klapdor-Kleingrothaus, H. Päs, A.Yu. Smirnov, Phys. Rev. D 63 (2001) 073005;
in Proc. of DARK’2000, Heidelberg, 10-15 July, 2000, Germany, ed. H.V. Klapdor-
Kleingrothaus, Springer, Heidelberg (2001) 420-434.

[26] H.V. Klapdor-Kleingrothaus, U. Sarkar, Mod. Phys. Lett. A 16 (2001) 2469.

[27] H.V. Klapdor-Kleingrothaus, ”60 Years of Double Beta Decay - From Nuclear Physics to
Beyond the Standard Model”, World Scientific, Singapore (2001) 1281 pages.

[28] H.V. Klapdor-Kleingrothaus, Int. J. Mod. Phys. A 13 (1998) 3953.

[29] H.V. Klapdor-Kleingrothaus, Springer Tracts in Modern Physics, 163 (2000) 69-104,
Springer-Verlag, Heidelberg, Germany (2000).

101



[30] H.V. Klapdor-Kleingrothaus, U. Sarkar, hep-ph/0302237.

[31] G. Douysset et al., Phys. Rev. Lett. 86 (2001) 4259;J.G. Hykawy et al., Phys. Rev. Lett. 67
(1991) 1708; G. Audi, A.H. Wapstra, Nucl. Phys. A 595 (1995) 409-480; R.J. Ellis et al.,
Nucl. Phys. A 435 (1985) 34-42.

[32] M.D. Hannam, W.J. Thompson, Nucl. Instr. Meth. A 431 (1999) 239-251.

[33] D.V. Ahluwalia, in Proc. of BEYOND’02, Oulu, Finland, 2-7 Juni, 2002, IOP, Bristol, 2003,
ed. H.V. Klapdor-Kleingrothaus, 143-160; D.V. Ahluwalia, M. Kirchbach, Phys. Lett. B529
(2002) 124.

[34] K. Muto, H.V. Klapdor, in “Neutrinos”, Graduate Texts in Contemporary Physics”, ed.
H.V. Klapdor, Berlin, Germany: Springer (1988) 183-238.

[35] K. Grotz, H.V. Klapdor, “Die Schwache Wechselwirkung in Kern-, Teilchen- und Astro-
physik”, B.G. Teubner, Stuttgart (1989), “The Weak Interaction in Nuclear, Particle and
Astrophysics”, IOP Bristol (1990), Moscow, MIR (1992) and China (1998).

[36] H.V. Klapdor-Kleingrothaus, A. Staudt, “Teilchenphysik ohne
Beschleuniger”, B.G. Teubner, Stuttgart (1995), “Non–Accelerator Particle Physics”, IOP
Pub., Bristol and Philadelphia (1995) and 2. ed. (1998), Moscow, Nauka, Fizmalit (1998).

[37] H.V. Klapdor-Kleingrothaus, in Proc. of Int. Conf. BEYOND’02, Oulu, Finland, 2-7 Jun.
2002, IOP, Bristol, 2003 ed. H.V. Klapdor-Kleingrothaus, 215.

[38] J. Schechter, J.W.F. Valle, Phys. Rev. D 25 (1982) 2951-2954.

[39] M. Hirsch, H.V. Klapdor-Kleingrothaus, Phys.Lett. B398 (1997) 311; Phys.Rev. D57 (1998)
1947; M. Hirsch, H.V. Klapdor-Kleingrothaus, St. Kolb, Phys.Rev. D57 (1998) 2020.

[40] G. Bhattacharyya, H.V. Klapdor-Kleingrothaus, H. Päs, A. Pilaftsis, Phys. Rev. D 67
(2003) 113001 and hep-ph/0402071 in Proc. of Int. Worksh. on Astr. and HE Phys. (AHEP-
2003), Valencia, Spain, 14-18 Oct 2003.

[41] Yu. Zdesenko et al., Phys. Lett. B 546 (2002) 206-215.

[42] E. Ma, M. Raidal, Phys. Rev. Lett. 87 (2001) 011802; Erratum-ibid. 87 (2001) 159901.

[43] E. Ma in Proc. of Intern. Conf. BEYOND’02, Oulu, Finland, 2-7 Jun. 2002, IOP, Bristol,
2003, and BEYOND 2003, Ringberg Castle, Tegernsee, Germany, 9-14 Juni 2003, Springer,
Heidelberg, Germany, 2004, ed. H.V. Klapdor-Kleingrothaus.

[44] R.N. Mohapatra, M.K. Parida, G. Rajasekaran, (2003) hep-ph/0301234.

[45] D. Fargion et al., in Proc. of DARK2000, Heidelberg, Germany, July 10-15, 2000, Ed. H.V.
Klapdor-Kleingrothaus, Springer, (2001) 455-468 and in Proc. of Beyond the Desert 2002,
BEYOND02, Finland, June 2002, IOP 2003, and BEYOND03, Ringberg Castle, Tegernsee,
Germany, 9-14 Juni 2003, Springer, Germany, 2003, ed. H.V. Klapdor-Kleingrothaus.

[46] Z.Fodor, S.D.Katz, A.Ringwald, Phys.Rev.Lett. 88 (2002) 171101; Z.Fodor et al., JHEP

(2002) 0206:046; in Proc. of Intern. Conf. Beyond the Desert 02, BEYOND’02, Oulu, Fin-
land, 2-7 Jun 2002, IOP, Bristol, 2003, ed. H V Klapdor-Kleingrothaus and hep-ph/0210123.

102



[47] H. V. Klapdor-Kleingrothaus, U. Sarkar, Mod. Phys. Letter. A18 (2003) 2243.

[48] S.Hannestad, CAP 0305(2003)920030 004, in Proc. of 4th Int. Conf. BEYOND03, Ringberg
Castle, Germany, Springer, Germany, 2003, ed. H.V. Klapdor-Kleingrothaus.

[49] S.W. Allen, R.W. Schmidt, S.L. Bridle, astro-ph/0306386.

[50] K.S. Babu, E. Ma and J.W.F. Valle, Phys. Lett. B 552 (2003) 207-213.

[51] M. Hirsch et al., Phys. Rev. D69 (2004) 093006.

[52] A. Blanchard, M. Douspis, M. Rowan-Robinson, S. Sarkar, astro-ph/0304237.

[53] H.V. Klapdor-Kleingrothaus in Proc. of BEYOND’97, Castle Ringberg, Germany, 8-14
June 1997, ed. by H.V. Klapdor-Kleingrothaus et al.,IOP Bristol (1998) 485-531, and Int.
J. Mod. Phys. A13 (1998) 3953.

[54] H.V. Klapdor-Kleingrothaus, J. Hellmig et al.,J. Phys. G24 (1998) 483-516.

[55] H.V. Klapdor-Kleingrothaus et al. MPI-Report MPI-H-V26-1999, hep-ph/9910205, in Proc.
of the 2nd Int. Conf. BEYOND’99, Castle Ringberg, Germany, 6-12 June 1999, eds. H.V.
Klapdor-Kleingrothaus and I.V. Krivosheina, IOP Bristol (2000) 915-1014.

[56] M.N. Rebelo, Proc. of BEYOND’2003, Castle Ringberg, Germany, July 2003, ed. H.V.
Klapdor-Kleingrothaus, Springer, Heidelberg (2004) 267.

[57] H.V. Klapdor-Kleingrothaus, M. Hirsch, Z. Phys. A 359 (1997) 361-372.

[58] J. Hellmig, H.V. Klapdor-Kleingrothaus, Z. Phys. A 359 (1997) 351-359.

[59] G. Gratta, ApPEC Paris, France 22.01.2002, and in Proc. of LowNu2, Dec. 4-5 (2000)
Tokyo, Japan, ed: Y. Suzuki, World Scientific (2001) p.98.

[60] R. Hofmann, hep-ph/0401017 v.1.

[61] M. Tegmark et al., astro-ph/0310723, subm. Phys. Rev. D.

List of Edited Proceedings (2004)

1. H.V. Klapdor-Kleingrothaus (ed.), BEYOND the DESERT 2003, Proc. of the Fourth
Tegernsee International Conference on Particle Physics Beyond the Standard Model,
Accelerator, Non-Accelerator and Space Apporoaches in the New Millenium, Castle
Ringberg, Tegernsee, Germany, 9-14 June, 2003, Heidelberg, Germany: Springer
(2004) 1117 pp.

2. H.V. Klapdor-Kleingrothaus and D. Arnowitt (eds.), Dark Matter in Astro- and

Particle Physics., Proc. of 5th Heidelberg Dark Matter International Conference
- DARK2004, Texas, USA, 3 - 9 October, 2004, Heidelberg, Germany: Springer
(2005).

List of Publications (2004)

103



1. H.V. Klapdor-Kleingrothaus, I.V. Krivosheina, A. Dietz, O. Chkvorets, Phys. Lett.
B 586 (2004) 198 - 212 and hep-ph/0404088, “Search for neutrinoless double beta

decay with enriched 76
Ge in Gran Sasso 1990-2003.”

2. H.V. Klapdor-Kleingrothaus, A. Dietz, I.V. Krivosheina, O. Chkvorets, Nucl. In-
strum. Meth. A 522 (2004) 371-406 and hep-ph/0403018, “Data Acquisition and

Analysis of the 76
Ge Double Beta Experiment in Gran Sasso 1990-2003.”

3. H.V. Klapdor-Kleingrothaus, I.V. Krivosheina, A. Dietz, C. Tomei, O. Chkvoretz, H.
Strecker, INFN, Laboratori Nazionali del Gran Sasso, Annual Report 2003, 109-136
and hep-ph/0404062, “Search For Neutrinoless Double Beta Decay With Enriched
76

Ge 1990-2003 – HEIDELBERG-MOSCOW-Experiment.”

4. H.V. Klapdor-Kleingrothaus, A. Dietz, I.V. Krivosheina, Phys. Rev. D 70 078301
(2004) and hep-ph/0403056, ”Critical View to ”The IGEX neutrinoless double beta

decay experiment: Prospects for next generation experiments”.

5. G. Bhattacharyya, H.V. Klapdor-Kleingrothaus, H. Päs, A. Pilaftsis, AHEP2003/007
in Electronic proc. of International Workshop on Astroparticle and High-Energy
Physics (AHEP-2003), Valencia, Spain, 14-18 Oct 2003 and hep-ph/0402071, ”Dou-

ble beta decay and the extra-dimensional seesaw mechanism.”

6. H.V. Klapdor-Kleingrothaus, A. Dietz, I.V. Krivosheina, C. Dörr, C. Tomei, Phys.
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Abstract

After the installation of the first four naked high purity Germanium detectors
in liquid nitrogen in the GRAN SASSO Underground Laboratory in the GENIUS-

Test-Facility (GENIUS-TF-I) on May 5, 2003, an improved setup GENIUS-TF-

II with now six detectors (15 kg), has been installed on October 14, 2004. This is
the first time ever that this novel technique aiming at extreme background reduction
in search for rare decays is going to be tested underground. The GENIUS-TF ex-
periment, aims to search for the annual modulation of the Dark Matter signal. The
HDMS (Heidelberg Dark Matter Search experiment) is the only experiment
worldwide, operating an enriched 73

Ge detector and is looking for spin-dependent
WIMP-neutron interactions. Results for the measurement Febr. 2001 - July 2003
are presented. They improve the best existing present limits for low WIMP

masses.

1 Introduction

The present status of further cold dark matter search, of investigation of neutrinoless
double beta decay and of low-energy solar neutrinos all require new techniques of drastic

reduction of background in the experiments. For this purpose we proposed the GENIUS
(GErmanium in liquid NItrogen Underground Setup) project in 1997 [2]. The idea is to
operate ’naked’ Ge detectors in liquid nitrogen (as applied routinely already for more
than 20 years by the CANBERRA Company for technical functions tests [1]), and
thus, by removing all materials from the immediate vicinity of the Ge crystals, to reduce
the background considerably with respect to conventionally operated detectors. The liquid
nitrogen acts both as a cooling medium and as a shield against external radiactivity.

63



Monte Carlo simulations for the GENIUS project, and investigation of the new physics

potential of the project have been performed in great detail, and have been published
elsewhere [2, 3]. We were the first to show (in our HEIDELBERG low-level facility
already in 1997) that such device can be used for spectroscopy [2].

A small scale version of GENIUS, the GENIUS-Test-Facility has the goal to confirm,
the claimed evidence for WIMP dark matter from the DAMA experiment[9]. A detailed
description of the GENIUS-TF project is given in[5, 6]. In section 2 we give a decription
of GENIUS-TF-II. In section 3 we discuss our recent results from the HDMS experi-
ment operating an enriched 73

Ge detector and looking for spin-dependent WIMP-neutron
interactions [11, 13].

2 The GENIUS-TF-II Setup

The first four detectors had been installed in liquid nitrogen on 5.05.2003 (see Fig.1-upper
part). This has been reported in Cern Courier and [6]. The data acquisition system we
developed in 2002 for GENIUS-TF and GENIUS is decribed in detail in [7]. In October
2004 we have installed a new setup GENIUS-TF-II (see Fig 1-lower part, and Fig. 2),
containing in contrast to the earlier setup now six naked Ge detectors, and, as most
important improvement a second copper vessel, for further shielding of the Radon (see
[4]). Each detector has a weight of 2.5 kg. The depth of the core of the detectors was
reduced to guarantee a very low threshold. The inner shielding by bricks of monocristalline
Germanium is used also in this setup. First results seem to show a reduction of the 222

Rn

background.

Figure 1: Upper part - left and right: Taking out the crystals from the transport dewars

and fixing the electrical contacts in the clean room of the GENIUS-TF building - from

left to right: H. Strecker, I. Krivosheina, H.V. Klapdor-Kleingrothaus. Middle: The first

four contacted naked Ge detectors before installation into the GENIUS-TF setup.

Bottom part - left and right: View from the top of the new GENIUS-TF-II setup in the more

Radon-clean beta-beta room, during installation in october 2004. Middle: The first six con-

tacted naked Ge detectors.
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The problem of diffusion of 222
Ra into the setup GENIUS-TF-I could not be solved sat-

isfactorily during the first half of 2004. At present, in the low-energy region, microphonics
still causes some problem, which would be, as the 222

Ra background, very serious
for any full GENIUS-like experiment. Also this problem was not solved in 2003 and
the first half of 2004. We are presently working on the reduction of the problem for the
GENIUS-TF-II application in dark matter search, by pulse shape analysis methods.

11 October, 2004
GENIUS-TF-II in Gran Sasso, Italy

Figure 2: Cross section of the new setup GENIUS-TF-II.

3 The HEIDELBERG Dark Matter Search

Experiment (HDMS)

The HDMS project [8] operates a small p-type enriched 73
Ge crystal (enriched to 86%),

surrounded by a well-type natural Ge crystal, both being mounted in the same copper
cryostat. This configuration reduces the background by the shielding provided by the
outer crystal, and by the anti-coincidence between the two detectors. The final setup was
operated from February 2001 to July 2003 (85.5 kg d). Fig. 3 shows the spectrum collected
during this time. The data set is divided into three measuring periods of 30.9, 29.5 and
27.6 kg d, respectively. The latter period is obviously less affected by the background of
X-rays from 68

Ge.
Fig.3-right, shows the determined limits on WIMP-neutron spin-dependent coupling

from the last partial data set, for different values of the spin factors 〈Sn〉 and 〈Sp〉. Fig.4,
shows the sensitivities of HDMS in the framework of mixed spin-dependent (SD) WIMP-
neutron and spin-independent (SI) WIMP-nucleon couplings (see [13]).

4 Conclusions

The GENIUS-TF experiment [6, 5] will be - in addition to DAMA [9] - the only experiment
which will be able to probe the annual modulation signature in a foreseeable future. The
much discussed cryodetector experiments, have at present hardly a chance to look for
modulation because the mass used and projected in these experiments is still by far too
low (see also [14]).
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A new GENIUS-TF-II setup has been installed in October 14, 2004 with additional
shielding against radon and additional two Ge detectors in liquid nitrogen in the GRAN
SASSO, increasing the total mass to 15 kg. This is the first time that this novel technique
is applied under realistic background conditions of an underground laboratory.

The HDMS (HEIDELBERG Dark Matter Search) project runs an enriched 73
Ge de-

tector in Gran Sasso, looking for spin-dependent WIMP-neutron interaction. The mea-
surement over the period 2001-2003 improved the best up to now existing limits, by the
129

Xe DAMA measurement, in the range of low WIMP masses. At present efforts are
going on to improve the sensitivity of HDMS, to be able to restrict the SUSY prediction
region (see Fig. 2).
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10 List of Seminars at Heidelberg University in 2004)

1. Seminar für Mittlere Semester (WS 2003-2004):
“Masse und Natur des Neutrinos”

2. Seminar für Mittlere Semester (SS 2004)
“Neutrinos - in Teilchen - und Astrophysik”
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Abstract

Since several years two Michelson-type laser interferometers, operating as geode-
tic extensometers, are working at LNGS. The two orthogonal baselines, striking
N66E and N24W, are 90-m long. Nominal sensitivity is about 3×10−12 and record-
ing rate is 5Hz. Until 1999 one interferometer measured difference in extension
between the two baselines in an equal-arm configuration, since then two indepen-
dent unequal-arm interferometers are monitoring extension along the two orthogonal
directions.

Tidal analysis of strain data has been performed using different codes in order
to evidence the fluid core resonance (FCR) effect in the diurnal tidal band and
study the resonance function. The unusual depth of the station largely reduces
contamination caused by atmospheric effects in the diurnal band of recorded tides.
Predicted ocean loading effects are small, mainly for one of the two monitored
directions. In this condition an uncomplete removal of oceanic tidal loading and
atmospheric effects is expected to affect results less severely than in other stations.

Preliminary analyses show that values of the FCR period are consistent with but
slightly lower than those previously published and values of the quality factor Q are
more realistic than those obtained from gravity data. Ocean loading corrections
suggest supplement by local tidal models.

1 Introduction

The Free Core Nutation (FCN) is a rotational eigenmode which appears in addition to
the well-known Chandler period (≈ 435 days). This mode is due to the pressure coupling
between the liquid core and the solid mantle which acts as a restoring force. The FCN
causes a resonance on the Earth response to tidal forcing whose period TFCR (situated in
the diurnal tidal band) and quality factor Q depend on the core-mantle boundary (CMB)
ellipticity, the Earth’s inelasticity, and the viscomagnetic coupling of the CMB.
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The FCN has been observed using tidal gravimetry, because the amplitude and phase
of some diurnal tides of lunisolar origin are perturbed by the resonance process, and
Very Long Baseline Interferometry (VLBI), which allows to measure changes in the Earth
orientation. From these Earth orientation parameters, the nutations can be determined;
and from the nutation coefficients it is possible to investigate the FCN. Both methods
suggest that the eigenperiod is around 430 sidereal days, instead of the 460-sidereal-
day period which is theoretically predicted for a hydrostatically prestressed Earth ([4]).
However, gravimetry gives a quality factor usually smaller than VLBI. In other words,
gravimetry suggests that the Earth is more inelastic than expected from VLBI. Strain
data are more affected by local effects (e.g. topographic distortion of the strain field)
than gravimetric data, but changes of the Love and Shida numbers (which give the Earth
response to tidal forcing and whose computed values depend on the Earth model) at
frequencies near to resonance induce relative disturbances in strain that are about ten
times larger than in gravity tide. In this latter case, resonance effects are often comparable
with uncertainties on ocean loading.

We have used about 4-year data from the geodetic interferometers at Gran Sasso to
make a preliminary tidal analysis devoted to the determination of TFCN and Q. Data
span is sufficient to resolve a few tidal lines around the resonance frequency.

2 Data analysis and results

Strain data are affected by the ground deformation induced by temperature and pressure
fluctuations. This problem can be particularly severe when looking for signals having
periods around 24 hours. In the case of the Gran Sasso interferometers, a comparison of
the power spectral density of strain data, atmospheric pressure and temperature indicates
that environmental effects in the diurnal tidal band should be very low (see Fig. 1).
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Figure 1. Power spectral density of strain data, pressure and temperature obtained by
averaging PSDs of three 35d-long records.
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This suggestion is supported by the not so large amplitude of the 24-hour period
component of strain data, caused by the environmental effects and a very weak tidal wave
(namely S1). In the preliminary analysis shown here we have neglected any environmental
effect, but we are going to overcome this limitation.
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Figure 1. Power spectral density of strain data, pressure and temperature obtained by
averaging PSDs of three 35d-long records.

The cavity effects on both interferometers are expected to be negligible, because end
monuments stay more than one diameter away from the end face of the interferometer
tunnels. The topographic effects are expected to be negligible for BA and to reduce
measured strain by 20-40% for BC ([3]).

We have performed preliminary analysis of two data sets, the former spanning 1514
days from 1999 to 2004 (BA interferometer) and the latter 1293 days from 2000 to 2004
(BC interferometer), taking into account ocean loading tides effects on strain records.
Ocean loading tides have been computed using GOTIC2 ([6]) with Earth models 1066A
and GB and global ocean models NAO.99b and CSR4.0. Since minor Ψ1 and Φ1 con-
stituents of the diurnal tidal band under investigation are not computed by GOTIC2,
ocean loading tides for Ψ1 and Φ1 are estimated by interpolating tidal parameters for
the nearby K1 and J1 constituents. The parameters of the transfer function Earth tides
- instrument in the diurnal tidal band have been estimated using three different codes:
ETERNA 3.40 ([9], without despiking the data records), VAV ([8], with two iterations
after the first analysis), and ACS ([1]). Figure 2 shows amplitude factors and phase lag of
tidal constituents in the diurnal tidal band for BA and BC interferometers, obtained using
ACS, without and with ocean loading correction in two Earth-ocean model combinations.
Similar results have been obtained using ETERNA and VAV.
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The amplitude factor is the ratio between the observed amplitude and the amplitude
computed for an elastic Earth model (Fig. 3), in which case the phase lag is −17.3 deg
for BA and 12.7 deg for BC.
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Predicted ocean loading amounts to a few percent of the predicted tidal deformation
for an elastic Earth, so that uncertainties on ocean loading are not expected to severely
affect the results. The only exception is given by J1 (a small tidal component), which
however appears unreliable, thus indicating that inclusion of a proper local tidal model
for the Adriatic Sea is necessary. The same improvement is suggested by the phase lag of
Ψ1, Φ1, and J1 as obtained after ocean loading correction.
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Observed amplitude factors contain the FCR effect and several indirect effects due
e. g. to topography, heterogeneities etc. For example, amplitude factors far from the
resonance are about 0.7 for BC, as expected because of local topography. These indirect
effect are almost the same in the diurnal tidal band and can be eliminated by considering
the ratio of the amplitude factor of any diurnal wave to that of O1, which is far from
resonance.

The diurnal tidal strain can be expressed by ([7])

ε(α) = {C(f) cosH + D(f) sinH}F

where

C(f) = a0 + f2 {a1 (f1 − f) + b1f1/2Q}

D(f) = b0 + f2 {b1 (f1 − f) + a1f1/2Q}

f2 = (f − f0) /

{

(f1 − f)2 + (f1/2Q)2
}

Here H is the hour angle of the Moon or the Sun, f0 is the O1 frequency and f1 is
the FCR frequency. The unknown parameters a0, a1, b0, and b1 depend on the Love and
Shida numbers (including the strength of the FCR), station latitude and instrumental
azimuth.

The parameters concerning the fluid core resonance effects on diurnal strain tides have
been estimated by minimizing a L1-norm cost function including both the ratios of the
amplitude factors and the phase lags, with and without correction for ocean loading. The
cost function has been minimized using ASA ([5]). Many inversions starting from random
points of the parameter space have been performed, end points have been plotted versus
related costs, and regions of the parameter space that give a good fit have been identified.
Figure 4 shows TFCR (= 1/f1) and log Q obtained using data from Fig. 2.
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An example of comparison between observations and theory is in Fig. 5.
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We are still working on data pre-analysis, inclusion of local tidal models for the Adriatic
Sea, and assesment of uncertainties on retrieved parameters by Monte Carlo techniques.
Preliminary results show that:

1. Ocean loading correction does not lower misfit, suggesting supplement by local tidal
models

2. Values of the FCN period are consistent with but slightly lower than those previously
published ([7] and references therein).

3. Values of the quality factor Q are consistent with results in [2].
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Abstract

The usual improvement of the detection sensitivity by an order (or more) of
magnitude for the tritium content of water samples can be performed by electrolysis.
As the developed batch of cells was provided with a pre-programmable electronic
system having an electrolyte level sensor, the pre-set termination condition in the
electrolysis can be set in such a way as to ensure in each cell a desired final quantity
of water, usually 20-30 % higher than that used for LSC. Three water samples and
their duplicates (a tap water, practically with unobservable content of tritium, a
rain water with a low level of tritium concentration and a contaminated moisture,
collected from a nuclear laboratory) were subjected to two enrichment processes: an
electrolysis for l.e. (with EFT ∼=11), and an electrolysis for h.e. (with EFT ∼=22).

1 Introduction

Tritium is one of the most important global contaminants, produced not only by nu-
clear bomb tests, but always in increasing amount by fission reactors and nuclear fuel
reprocessing as well. It has been established that useful hydrological and meteorological
information can be obtained by measuring the natural tritium content of precipitations,
surface water and groundwater. In fact, tritium contamination of the environment may
be used as a tracer in hydrological investigations or in groundwater dating. Routine tri-
tium analyses in water samples for hydro-geological and hydrological studies are usually
performed by liquid scintillation spectrometry. At present, a certain degree of enrichment
is essential to obtain adequate net tritium count rates for most of the water samples.
Electrolysis is generally used for the enrichment process [1-4].
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2 Methods

In order to increase the tritium concentration in the water samples to an easily measurable
level, a batch of 5 electrolysis cells was developed [5]. The procedure for electrolytic tritium
enrichment of water has to exclude both the isotopic fractionation during the sample
treatment and the possible contamination with another water of high 3H concentration.
Before the enrichment run, the procedure includes a primary distillation of the samples
and after the enrichment, a final distillation. During distillation the temperature should be
as high as possible to attain a water recovery close to unit. The distillation and electrolysis
cells reservoirs should be separated from the surrounding air as it usually contains water
vapor with a higher 3H concentration than that of the sample. With a view to obtain a
desired final volume automatically, a pre-programmable electronic system was developed.
By using an electrolyte level sensor, this system can switch-off the current through any
cell in which the desired volume of electrolyte is attained. Each cell was filled with about
330 mL of the sample water in which 2.5 g NaOH was dissolved for the single step run.
The cells were connected in series and a voltage corresponding to 2.2-2.7 volts was applied
across each of them from the battery-charger. The current was stabilized at maximum
10 A and was reduced at a half value on the final stage of the electrolysis run. A cooling
bath with running tap water (4÷8 ◦C) was used in order to minimize the lost quantity of
evaporated and sprayed water. A total charge of about 977 Ah is theoretically needed for
the volume reduction of about 305 mL of water. When the preset level of the remaining
electrolyte has been attained in a cell, the current has been automatically interrupted
through this cell and the electrolysis has been continued in the remaining cells until the
preset levels were attained in each of them. Afterwards the cells were removed from the
cooling bath and the enriched samples poured out of the anode vessels into glass flasks
and distilled without adding a neutralizing agent.

3 Results and discussion

Three water samples with different contents of tritium were selected for electrolysis enrich-
ment: 1) tap water (presumably with a very low level of tritium content); 2) rain water
(with a low tritium content); 3) contaminated moisture collected from the controlled area
of a nuclear laboratory, where some sources of high tritium activity were manipulated
and stored. From each sample A a replicate B was taken, both of them being distilled
and electrolyzed separately: in the former electrolysis for low enrichment (l.e.), and in
the latter electrolysis for high enrichment (h.e.). In the electrolysis for h.e., after a first
step (during which the volume was reduced from 355 mL to about 50 mL), for the second
step of the run the cells were refilled with 305 mL of sample water without adding more
NaOH, in order to keep the final electrolyte concentration within the tolerable limits (the
initial quantity of NaOH was also 2.5 g as in the electrolysis for l.e.). The enrichment
factor (EFT) for the tritium content was calculated by means of the enrichment factor
(EFD) for the deuterium content. For the tritium measurements, an ultra low-level liquid
scintillation spectrometer Quantulus was used in underground conditions at Gran Sasso
National Laboratory, where a 3800 m water equivalent shielding almost fully removes the
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cosmic contribution to the background [6-9]. By using the glass vials having some content
of 40K, the contribution of the Cherenkov and fluorescence radiation from glass is impossi-
ble to remove fully with Quantulus Pulse Shape Analyzer (Fig 1, channels 50-300). Some
loss of 3H efficiency will always be associated with such attempts [10].

Figure 1: Background sample spectrum in a low potassium glass vial. 3H spectrum
corresponds to sample 2. Sample scales are normalized to maximum vertical displacement.
Pulse shape analyzer was not active in the runs.

The results were obtained by using non-radioactive polyethylene (PE) vials and a
mixture of 10 mL Ultima Gold LLT cocktail with 10 mL of water sample [11]. The mean
count rates are given for 2 x 3 repeats of the sample measurements. Sample stayed in
counting chamber during each 3 repeat sequence. Counting time for each repeat is 1 h
and time difference to the later 3 repeats was 60 h, i.e. 6 h total counting time for each
sample. Looking at the background sample spectra and at the corresponding count rates
it is clear that there is some extra background in the wide tritium window for sample 1
BKG (Fig 2).

Tap water samples 3 to 8 have no observable tritium concentration, as enrichment
does not increase the count rates. A great part of the remaining background signals below
Ch.300 rising towards lower channels in the wide tritium window is due to the presence of
the radon gas in laboratory air [12]. The nitrogen luminescence by radon alpha particles
in the counting chamber produces an identifiable spectral peak in the tritium window.
Cocktail itself contains a little 40K, which shows as a rising background in Ch.400-750,
but very little in tritium window. The samples were at about the same quench level
considering the variation of SQP(E) and therefore, all tritium activity calculations are
given for a fixed counting efficiency. The best figure of merit (FOM) is obtained for
optimal Ch.20-160 window, with Eff = 22.2 % and mean Bkg = 1.066 CPM: FOM =
Eff2/Bkg = 460, while for wide tritium window FOM = 384.
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Figure 2: Background spectra of sample 1 BKG and sum of samples 3-8.

The detection sensitivity for the tritium analysis method, given by the minimum
detectable activity (MDA) or concentration (MDC), is enhanced by the order of magnitude
of the enrichment factor EFT provided by the electrolysis, i.e. MDA or MDC/EFT =
0.95/11 ∼= 0.08 Bq kg−1 or ∼= 0.7 TU for l.e. and MDC/EFT= 0.95/22 = 0.04 Bq kg−1

or ≤0.4 TU for h.e. where MDA = 0.95 Bq kg−1 is calculated for 10 mL volume of water
(0.01 kg), in optimal window and with a counting time of 24 h.

4 Conclusions

By comparing the EFT calculated with the aid of the deuterium concentrations (mea-
sured by mass spectrometry before and after the enrichment) with the ratios of tritium
count rates determined by LSC it is obvious that there is an excellent agreement in the
case of samples with a significant content of tritium. The spectra accumulated with the
samples in PE vials have revealed some radon and 40K contribution to the background
in the tritium window. Without these contributions the background could be reduced at
least by 2 times than the mean background obtained. The underground laboratories of
Gran Sasso provides an excellent environment for low background measurements, taking
into consideration that the cosmic contribution is almost entirely missing. Nevertheless,
it seems that only a strict reduction and control of radon in the surrounding air will en-
sure the best conditions which presume a residual background merely from the inherent
radioactivity of the phototubes and of the bedrock [12].
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Abstract

This report will describe the activities carried out by the TELLUS team during
2004. They are continuing those concerning ground aseismic creep strain events,
observed by the TELLUS tilt network; the ESPERIA space mission project planned
and designed for studying Earth near-Earth space interactions; the construction of
the particle detector ARINA to be installed on board the Russian satellite RESURS-
DK1, which launch is scheduled for next autumn 2005 within the PAMELA mission.
ARINA is part of the ESPERIA payload, another one being the LAZIO-EGLE mag-
netic and particle instruments to be tested in space on board the International Space
Station and used for collecting particle and magnetic data. These two instruments
have been built during 2004 within a collaboration between the Universities Roma
Tre, Perugia and Roma Tor Vergata, and related INFN branches, with the Lazio
Region and Polytechnic of Moscow (MEPhI). LAZIO-EGLE thermal, vibration and
electromagnetic emission tests have been performed in laboratory both in Italy and
in Russia. Launch is scheduled for February 2005. During 2004, on the basis of an
ITT of the European Space Agency (ESA), the TELLUS team also submitted as
sub-contractor (the prime one being Alenia-Laben S.p.A.) the ARETUSA proposal
for a General Study with title ” Techniques and Spaceborne Concepts for the Study
of Earth-Quake Precursors and Analysis of Associated Atmospheric Effects ”. Both
the ARETUSA proposal and the construction of the EGLE space magnetometer
will be described in the present annual report.

1 The aim of the TELLUS Experiment

The main scientific objective of the TELLUS experiment is the study of Earth’s surface
rock deformation events (as earthquakes) and their possible effects in the atmospheric,
ionospheric, and magnetospheric regions. Electromagnetic emissions (EME) associated
with seismic events appear to be and efficient coupling element between the Earth’s surface
and the surrounding near space. At this purpose continuous mechanical measurements
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are performed at three tilt sites of LNGS while pre-seismic EME-wave investigations de-
mand for specific space experiments to be carried out on board of LEO (Low-Earth-Orbit)
satellites. But these theoretical aspects have already been discussed in previous TELLUS
annual reports [1] and will not be reported here. We only remember here that a space mis-
sion project (ESPERIA) has already been performed for the Italian Space Agency (ASI)
and one of the ESPERIA instruments (the ARINA particle detector) has been built dur-
ing 2002. They have been described in the previous LNGS Annual Reports 2002, 2003
[1, 2]. During 2004 another ESPERIA instrument (the EGLE magnetometer) has been
built and tested in laboratory, as well as a proposal (ARETUSA) for a general study has
been submitted to ESA. Both EGLE and ARINA instruments will be launched during
2005. The first one in February, on board the ISS, and the second one in autumn, on
board the Russian satellite RESURS-DK1, within the PAMELA mission. Then, the TEL-
LUS experiment give a contribution to a more general scientific project devoted to study
ionospheric and magnetospheric perturbations caused by seismicity, and in particular, to
develop a method to reveal short-term earthquake precursors.

2 Experimental Apparatus

During 2003 a first study for a new magnetic sensor and related electronic unit was carried
out [1]. On the basis of these preliminary investigations, a new space magnetometer
(EGLE) has been built in 2004. It is described briefly in the following. The EGLE
magnetometer is accompanied by the LAZIO particle detector. Both the two instruments
will perform measurements to monitor the radiation and magnetic environment inside the
ISS.

2.1 The EGLE magnetometer
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EGLE will be used to measure the intensity and variations of the magnetic field within
the ISS, and to correlate these measurements with those of particle fluxes detected by
LAZIO. EGLE will be tested in space together with its data acquisition system based on
the 1-Wire technology. This magnetometer is constituted by:

• a single axis search coil probe, the EGLE Magnetometer Head (MH)

• an electronic interface with signal conditioning and data acquisition system (EGLE
MB box)

• a 2m long cable to connect LAZIO and EGLE

• a 1-Wire to RS232 serial adapter on the LAZIO pc tower.

Figure 1: A schematic representation of the LAZIO-EGLE space experiment. The figure
shows the LAZIO (MEB) box, EGLE (MB) box , and (MH) probe connection.

The EGLE magnetometer has been planned and designed for automatic measurements
of the low frequency component of the magnetic field. Positive characteristics of EGLE
are its:
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• small dimensions and mass; low power consumption;

• original data acquisition system via 1-Wire technology;

• standard power supply.

2.1.1 EGLE magnetic probe (MH)

The EGLE magnetic probe has been built making use of high-quality components and
materials in order to ensure a reliable operation in the outer space during its launch time.

Figure 2: EGLE magnetic probe MH with 0.7m cable connected.

The basic technical specifications of the EGLE probe MH are summarized in figure 3.
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Figure 3: Basic Technical Specifications of the EGLE probe
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Figure 4: EGLE magnetic probe MH schematic diagram

2.1.2 The EGLE Signal Conditioning and data acquisition system

Magnetic field signals detected by the EGLE (MH) probe are amplified, filtered and
acquired by the EGLE signal conditioning and data acquisition board located into the
EGLE (MB) box. It allows to collect magnetic field data in the following four frequency
bands:

• 1 Hz ÷ 40 Hz

• 0.5 Hz ÷ 5 kHz

• 20 kHz ÷ 40 kHz

• 1 Hz ÷ 20 Hz
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Figure 5: EGLE signal conditioning and data acquisition board

2.1.3 The EGLE 1-Wire technology for both data and power trasmission

The Dallas Semiconductor/Maxim 1-Wire technology uses a single wire (plus ground) to
accomplish both communication and power transmission between the central electronic
unit and sensors. A single bus master can feed multiple slaves over a single twisted-pair
cable. The 1-Wire net is a bus based on a PC or microcontroller communicating digitally
over twisted-pair cable with 1-Wire components. The network is defined with an open-
drain (wired-AND) master/slave multidrop architecture that uses a resistor pull-up to
a nominal 5V supply at the master. A 1-Wire net-based system consists of three main
elements: a bus master with controlling software; wiring and associated connectors; and
1-Wire devices. Every slave has a globally unique digital address. The system permits
tight control because no node is authorized to speak unless requested by the master, and
no communication is allowed between slaves except through the master. Both master
and slaves are configured as transceivers permitting bit sequential data to flow in either
direction, but only one direction at a time, with data read and written least significant bit
(LSB) first. The 1-Wire net is connected to the serial RS-232 CPU port via a 1-Wire to
serial adapter. Data on the 1-Wire net is transferred by time slots; a system clock is not
required, as each 1-Wire part is self-clocked by its own internal oscillator synchronized to
the falling edge of the master. Power for chip operation is derived from the bus during idle
communication periods when the DATA line is at 5V by including a half-wave rectifier on
each slave.
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Figure 6: 1-Wire to RS232 serial adapter installed on the LAZIO pc104 tower

Figure 7: LAZIO-EGLE connections scheme. Magnetic sensor (left), EGLE acquisition
board mounted inside the EGLE MB box (bottom), Lazio MEB box - EGLE MB box
connection cable (top), 1-Wire-Serial board mounted on the pc tower (right).
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2.2 EGLE software

The EGLE software has two main operational modes:

• calibration : This mode is for optimising data acquisition in order to allow changes
of the electronic gain at different frequency bands.

• monitoring : Continuous acquisition in the above mentioned 4 frequencies bands.

Data acquisition is done at 16 bits. Is possible to upgrade the EGLE acquisition
parameters by re-installing the acquisition software on the MEB pc tower. Magnetic field
data will be recorded in the PCMCIA card of LAZIO MEB. EGLE magnetic field data
will be analyzed on the ground and then correlated with the LAZIO particle detector
measurements.

3 The ARETUSA Proposal

ARETUSA (Analysis of the Relationships between Electromagnetic emission and Tectonic
local deformation event Ushering Seismic Activity) is a general study submitted to ESA
in December 2004. It is based on the following preliminary statements.

1. Natural disasters are of serious concern to the mankind and the earthquake is one
of the most dangerous of them, another one being the effects produced by volcanic
eruptions. Therefore any plausible approach suitable to reduce the impact of these
disasters deserves great attention.

2. In this frame earthquake prediction becomes one of the most important societal goal
of scientists

3. Hence, the Proposal aims at giving a contribution along this direction and on a
deterministic basis. Of course, it is not meant to achieve immediately an explicit
solution to the problem, that is being studied since decades giving confirmation of
its immense complexity.

4. At present some attempts to build a theory of earthquake prediction are far from
being defined and generally accepted.

5. But numerous earthquake related phenomena, and in particular the so-called earth-
quake precursors (or pre-seismic anomalies, or earthquake forerunners), have been
observed prior to catastrophic events like earthquakes.

6. These anomalies associated to seismic events have been observed from both ground-
based and space measurements and have indicated some degree of positive statistic
correlation with the earthquake preparation and occurrence.

7. The Study we are going to propose is based on the detection of the most significant
earthquake precursors.
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8. Both near-Earth space and ground-based continuous observations of pre-seismic
changes will be carried out in the so-called topside ionosphere and in several seismic
areas, respectively, within a ”unified” physical model of earthquake forerunners.

9. This ”unified” model will:

a describe the preparation phase of an earthquake and involved physical mecha-
nisms;

b justify the genesis and characteristics of pre-seismic anomalies, together with their
relative and absolute reliability as earthquake predictors;

c allow a fundamental and better understanding of the physics of the lithosphere-
atmosphere-ionosphere-magnetosphere interactions.

10. Results, observations and modeling will be used to validate a method for possible
future applications in earthquake forecasting and early warning service.

11. So, it is evident that earthquake precursors are not only of fundamental but also
of practical importance since earthquake prediction is an extremely important and
urgent problem

12. In the present Study we will try to demonstrate consistently a causal relation-
ship with explained physical processes and looking for a correlation between data
gathered simultaneously and continuously by space observations and ground-based
measurements.

13. From an objective standpoint, once these relationships and correlations will be
pointed out, we are confident that the combination of data from both Earth and
near-Earth space, with their inherent analysis, can provide the scientific basis to
establish a coherent interpretation of the assumed earthquake forerunners and, con-
sequently, to enable and pave the way to future applications and services on a sound
scientific basis.

The primary objectives of the Study are:

1. propose a physical model of earthquake forerunners on a scientific and determin-
istic basis, to define a method for future applications and services in earthquake
forecasting;

2. validate such a model, and consequent method, through coordinated and simulta-
neous ground-based and space observations

The methodology used to achieve these objectives is based on:

1. Ground-based observations of seismic precursors from different ground test sites, by
instrument monitoring networks working in different seismic areas of the Earth’s
surface.
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2. Space observations of seismic precursors from data collected on board of dedicated
satellites.

3. Search of precursor signals from the coordinated and simultaneous observations of
the previous two items.

4. Relative and absolute estimation of the reliability of anomalous signals as earthquake
precursors

5. Interpretation of the results within a ”unified” physical model and their possible
application in earthquake forecasting and early warning service.

4 List of Publications
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