
UN I V E R S I TÀ DEGLI STUDI DI MI L A N O
DIPARTIMENTO DI FISICA

REPORT 2006
DIPARTIMENTO DI FISICA

 



Introduction
Staff Members and Associates
Workshop and Computer Center
INFN
Courses and Degrees
Divisions and Current Research
Elementary Particle Physics 
Nuclear Physics
Accelerators and Related Technologies
Electronics
Structure of Matter
Quantum Optics, Coherent Phenomena,
and Optoelectronics
Optics
Plasma Physics and Astrophysics
Theoretical Physics
Medical and Health Physics
History of Science and Physics Education
Environmental Physics
Physics, Arts, and Cultural Heritage
Publications (2003-2006)

23

43

79

92

7

9

11

15

101

119

131

137

165

181

203

207

215

221

5

3Pagina

Copyright©
Università degli Studi di Milano,
Dipartimento di Fisica.
www.fisica.unimi.it

Editing: Marco Lombardi, Giuseppe Bertin
Progetto grafico: Filippo Bolzonella
Impaginazione: BLZ comunicazione e immagine
Stampa: Arti Grafiche Pinelli Srl, Milano
Dicembre 2006

 



3

The Department of Physics* was founded in 1924 by Aldo Pontremoli (1896 – 1928),
in response to the demand of science and technology from the social and industrial 
environment of Milan, the largest of the country. Pontremoli, who had lively interest in
different fields of physics **, introduced to the Department the research topics of major
interest in Europe, built the first experimental installations, and with the support of local
institutions founded a radiology laboratory for studies on UV and X radiations, and 
radio-active materials. He prematurely died in a dramatic dirigible accident during 
a scientific expedition to the North Pole.

In the following pre-war period further instrumental installations were set on and
studies on main classical physics subjects, such as electrodynamics and statistical physics,
were developed. At the end of the 40’s and the beginning of the 50’s, after a period of
reconstruction, the financial support and number of people were large enough to resume 
a well coordinated research activity. 

The main research lines started in the Department at different times. First were the
studies on nuclear and particle physics, based on the investigation of cosmic rays, given
the lack in Europe of particle accelerators at that time. This activity was favored by the
growing interest of the country towards the development of nuclear physics and its 
applications, which led in 1951 to the foundation of the National Institute of Nuclear
Physics (INFN), with the scope of funding and coordinating the research in the field.
From these first research lines the research in accelerator physics and related 
technologies, astrophysics, and medical physics later grew in the Department.

Although the electromagnetic properties of matter and gas discharges have been
among the preferred topics since the beginning of the Department, well organized
research in physics of matter began in the Department in the mid-50’s, with studies in
condensed matter. Quantum optics, plasma physics, and biophysics were introduced later,
in the 60’s and 70’s. A national institution for the co-ordination and support of the
research in the physics of matter (INFM) was founded in 1994. In this field
nanotechnology is a more recent research line. From the very beginning theoretical 
studies in nuclear and particle physics, in physics of matter and in more speculative areas
have received great attention. The most prominent scientists who contributed to the
growth of research in the Department from its beginning to the 80’s were Giovanni
Polvani (1892-1970), Giuseppe (Beppo) Occhialini (1907-1993), and Pietro Caldirola
(1914-1984).

In 2006 the Department staff is composed of 107 faculty members (30 professors,
37 associate professors, 40 assistant professors), 23 technicians, 11 administration 
officers, and 7 custodians. The number of professionals working in the Department is
quite larger than that of the Department staff. In fact, the Department hosts in its 
buildings several research institutions, which participate in joint research projects with
their own personnel and funds: the Interdisciplinary Center for Nano-structured Materials
and Interfaces (CIMAINA), a “Center of Excellence” of our University; the Milan
Division of the National Institute of Nuclear Physics (INFN); the Milan Division of the
National Institute for the Physics of Matter (INFM). The personnel of the nearby Institute
of Applied General Physics closely collaborates with the Department staff.

Most of the infra-structures and institutions of our University devoted to higher 
education in physics reside in the Department: a three year, first level, and a two year,
second level, Physics Degree Course; a three year Doctorate School in Physics,
Astrophysics, and Applied Physics; a four year Post-Graduate School in Health Physics,
and one year topical Master Courses. A Specialization Course for physics teachers 
is also held every year in the Department.

A Computer Center, with Department and INFN personnel, maintains the 
computational facilities and gives support to research and computer science laboratories.
Essential support to experiments and maintenance of laboratories is provided by the
Department Workshop, where technicians can design and produce high-quality tools and
components. 

The members of the Department are organized in different Divisions, on the basis 
of their scientific interests. The research is mostly performed in the framework of 

* The first name of the Department was
“Institute of Complementary Physics”. 
It was later changed in “Institute of
Physics”. In 1982 the Institute was split into
the “Department of Physics” and the
“Institute of Applied General Physics”. 
** Referring to the young physicist
Pontremoli, who spent a period of study 
at the Cavendish Laboratory, Rutherford
wrote that he shows “great fertility 
in speculation and suggestions for further
experiment”.
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international collaborations, both on large scale installations and on university scale
devices operating in the Department. Valuable support to research comes from graduate
students and research fellows.

Small-group research environments are equally supported by the Department as larger
groups; both can provide occasions for generating technological advances and new ideas.
The main characteristics of the Department are: a balance between research in basic
physics and applied physics and technological applications; a commitment to education 
in physics; and the diffusion of scientific issues in the community. In a recent evaluation
of the quality of the research carried out during a three year period in Italian universities,
by means of international peer review, our Department has been rated very 
close to the top level.

This Report refers to the scientific activity of the Department*** in the period 2005-
2006; most of the material (updated and abridged) originates from the presentations made
at the Department Congress in October 2005 (Highlights in Physics 2005), available
online at the address http://www.fisica.unimi.it/highlights2005/

Milan, July 2006

Roberto Pozzoli
Head of the Department

*** Research by members of the Institute 
of General Applied Physics is also included.
In particular, the contributions listed under
the headings “Environmental Physics”
and ”Physics, Arts, and Cultural Heritage”
refer to research carried out primarily
by scientists at the “Institute of Applied
General Physics”.
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Workshop 
Since 1995 the Workshop supports research and teaching activity in the Department. 
It uses traditional and computer assisted machine-tools, welding machines based on
electric gas metal and gas tungsten arc (TIG) processes, and advanced CAD/CAE design
tools. 

The Workshop can treat all metal alloys, steels, copper, thermoplastics and ceramics,
and build high-vacuum and technical apparatuses for experiments in different fields,
as nanotechnology, astrophysics, plasma physics, optics, medical physics.

Computer Center
The Computer Center supports the computational needs of the administration and of the
scientific and academic communities of the Department, provides hardware and software
solutions, and manages the local area network. The computer room houses 171
computers: 112 are calculation farms, 52 run the main Department computing services,
and 7 are single research groups dedicated servers. The local area network has 47
network switches and is distributed over 11 different buildings. Daily and weekly
backups are executed. The data storage holds about 1200 Gigabytes and is always
available. 

The Center operates in collaboration with the Milan Division of INFN. In the frame 
of the Italian LHC Computing Grid a Tier-2 facility will be completed by 2010, with
about 130 calculation nodes (dual processors), with a CPU total power of 1.6 MSI2k 
and about 800 TB of storage.

F. Cavaliere
G. Malvezzi
A. Gandini
S. Incorvaia
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The Milan Division of the 
National Institute of Nuclear Physics
(INFN)
INFN is one of the public research institutes in Italy. It is devoted to research in the 
fundamental area of nuclear and subnuclear physics and related applications. Almost all
of the Italian basic research in these fields is financed and organized through INFN,
which also has its own research and technical personnel.  

INFN has been operating in collaboration with the Physics Department of the
Università degli Studi di Milano since the birth of this institution, i.e. in the 50’s.

The INFN division of Milan is currently engaged in many different and important
activities, where both INFN and University scientists and technicians cooperate in
national and international projects.

The activity of INFN is normally divided into five independent sectors:
• Experimental subnuclear physics at accelerators
• Experimental neutrino physics and subnuclear physics without accelerators
• Nuclear physics
• Theory
• Interdisciplinary activities and applications

Experimental subnuclear physics at accelerators

At present there are two strong INFN groups who participate in the ATLAS collaboration
for the LHC proton-proton collider. ATLAS is a huge multipurpose detector, run by 
a large international collaboration, to be operated at the CERN European laboratory 
in Geneva starting in the fall of 2007. It has the purpose to investigate the mechanism 
of mass generation for Fermi particles and to explore the new scenarios, such as 
supersymmetry, which are expected beyond the so called “standard model”
of fundamental particles. The two groups in Milan are involved in two different 
contributions to the detector: calorimetry with lead and liquid argon detectors and the
tracking by means of silicon pixel detectors. After completing the construction, these
groups will be deeply involved in the analysis of data. 

Another group in Milan is active in particle physics at accelerators, participating in the
BABAR international experiment at SLAC (USA), which investigates the violation of the
CP symmetry in the decays of B mesons.

Experimental neutrino physics and subnuclear physics without accelerators

The main research project of this sector concerns the Borexino experiment at the Gran
Sasso laboratory of INFN, which is designed for solar neutrinos, to be detected by means
of a large volume of high purity liquid scintillator; it will start to operate in 2007. 
The Milan group has the leadership of the international collaboration which runs the 
experiment.

Another group in Milan is in turn involved in the ICARUS international project:
a large volume detector based on the liquid argon technology to be operated at Gran
Sasso for atmospheric and artificial (from a beam originated at CERN) neutrinos. 
This detector will also be used for other important topics such as the search for proton
decay, as predicted by Grand Unification Theories.

A third group in Milan then participates in the international collaboration for the
Auger project: a giant surface detector to investigate cosmic rays at the highest possible
energies (1020 eV or more).
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Courses and Degrees

Bachelor of Science

The aim of the Bachelor of Science program is to give students a broad background in
physics and related fields such as mathematics and computing. Students take a core
sequence of courses in classical physics, quantum physics, mathematics, and computing.
The program is designed to give students solid foundations to prepare them for work in the
field or for a physics graduate program. We believe that a physics degree should represent a
strong training for a broad range of careers. Our students develop strong mathematical and
analytical skills, very good laboratory and programming proficiency, and a solid knowledge
of the fundamental laws that govern nature.

Most of the students thus graduated in physics (Laurea Triennale) continue their studies
with an additional 2 year course leading to a Master (Laurea Magistrale). However, 10 to
20% of them look for a job immediately and find good opportunities in a variety of fields:
high-tech companies, electronics, information technologies, environmental research and
protection, and consulting.

Master of Science

The aim of this degree program is to provide the student with an advanced knowledge of
physics, as required to pursue a career in pure or applied physics, either in research or in
industry. The courses leading to this degree will provide the student with a thorough 
knowledge of classical and modern physics, as well as the necessary knowledge of 
mathematical methods, modern experimental tools, data analysis, and computing 
techniques. The student will also receive advanced training leading to the forefront of
research in at least one major subfield of physics, such as astrophysics, electronics, applied
physics, optics, quantum optics, condensed matter physics, plasma physics, nuclear physics,
particle physics, medical and health physics, biophysics, theoretical physics, geophysics,
environmental physics, and archaeometry.

This degree program aims at developing the modeling skills which characterize the
physical sciences and at learning how to apply them independently to problems in the fields
of fundamental and applied science and technology. These skills are useful and prized for a
variety of career choices, both in academia and in industry, including fundamental and
applied research, teaching, science journalism, and a variety of management and technical
jobs in industry, environment, health, and civil service.
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Nuclear physics

Traditionally this is one of the most important INFN sectors in Milan. At present there 
are nine groups that are active in different Italian and international collaborations 
investigating topics such as: nucleon strangeness, phase transitions in hadronic and
nuclear matter, meson properties in nuclear matter, multi-fragmentation processes,
nuclear structure and reaction dynamics, measurement of cross sections of interest for
nuclear astrophysics and, more recently, a test of the equivalence principle for antimatter
using anti-hydrogen atoms.

Theory

The theoretical group involves several scientists and is oriented along six main lines of
activity: (i) field and string theory; (ii) phenomenology of particle physics (with main
interest in the standard model, QCD, and new ideas); (iii) theoretical nuclear physics
(mainly for multi-body systems), (iv) mathematical methods (with particular concern 
for a rigorous formulation of quantum mechanics, chaotic classic and quantum systems);
(v) astro-particle physics (with emphasis on the study of star interiors); (vi) statistical
physics and applied field theory (mainly dedicated to biological applications).

Interdisciplinary activities and applications

The activities in this sector are several and diversified (more than 25). These include the
development of new particle detectors, electronics, with an important contribution to
medical physics, from hadron-therapy to radiobiology and radiotherapy with 
radionuclides. Also to be mentioned is the theoretical study of Free Electron Laser 
acceleration techniques in quantum regimes and the development of simulation tools for
particle transport and interactions. 

Special projects

The Milan division of INFN is also involved in several projects of special interest, such as
those of the NTA project, i.e. the development of new techniques for particle acceleration.
Some of these are mostly carried out at the LASA site in Segrate (resonant cavities, fast
pulsed magnets), with a strong connection with superconductive technologies. Other
related activities concern the research and development in the framework of the Global
Design Effort for a Linear Collider. The research in high brightness electron beams,
coherent X-ray production, and plasma accelerations are covered in the SPARC, SPARX,
and PLASMONX projects.

Of a totally different nature, i.e. information technologies, is the deep involvement of
the division in the GRID project, aiming at the development of a global system of
distributed computing.

INFN
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Post-Graduate School in Health Physics

The School of Health Physics of the Università degli Studi di Milano is a four year
post-graduate School that leads to a diploma in Health Physics. A maximum of ten students
are admitted per year. The School, with administrative seat at the Department of Physics,
operates within the Faculty of Science in cooperation with the Faculty of Medicine. 
In addition, structures and personnel of the National Health Service, as well as national 
and international, private and public institutions, contribute to this program, within suitable
cooperation agreements. The School serves a community that is not limited to the Milan
urban area or to the Lombardy region, attracting students from universities scattered across
Italy. In 2006 the Università degli Studi di Milano signed an inter-university cooperation
agreement with the University of Pavia and the Insubria University for a joint management
of the School.

With the aim of creating Health Physicists with the professional and the cultural 
expertise needed to manage the medical physics activities, each of the four years of the
School is based on about 200 hours of classes and a mandatory practical experience,
through residency traineeships in one of the more than thirty structures, among universities,
research centers and hospitals, that are partners of the School. In particular, the student is
asked to cooperate in specific professional actions related to: radiation therapy, nuclear
medicine, diagnostic imaging, medical statistics, and informatics. There are approximately
twenty well defined specific actions, some of which are listed here as an example:
personalized treatment planning; metabolic therapy treatment planning; process for patient
dosimetry; quality controls over computer tomography and magnetic resonance equipments;
biomedical image processing.

The main scope of the professional education at this School can be described as follows:
• The area of General Introduction provides the student with specific knowledge about 
the interaction of radiation with matter, radiobiology, biophysics, statistics, informatics,
and electronics applied to medicine. In addition, it provides fundamentals of physiology,
biology, anatomy, and biochemistry, as well as the main principles of radiation protection
and prevention, within the relevant national and international standards.
• The area of Oncological Therapies provides basic knowledge on dosimetry of external
beam radiotherapy and brachytherapy, basic theoretical and practical know-how allowing
the student to define and implement treatment planning for ionizing and non-ionizing 
radiation therapy, as well as the required expertise needed to instruct and implement 
therapeutic protocols and quality assurance programs for applications involving therapeutic
use of radiations.
• The area of Diagnostic Imaging provides fundamentals of tracer theory, nuclear medicine,
and clinical diagnostic systems (CT, NMR, gamma-camera, PET, IR radiometry, endoscopy
equipment, optical and electronic microscopy, fluorescence and spectrophotometry), as well
as the basis for quality assurance and control programs for diagnostic imaging, with partic-
ular attention to the protection of the patient.
• The area of Information Technology provides the basic knowledge for the treatment 
and processing of biomedical signals and for supporting the hospital management.

To obtain the Health Physics Diploma, the student is asked to prepare and to defend 
a thesis concerning one of the fields within the scope of the School, which is assigned at the
beginning of the last year. The thesis is prepared under the guidance of a tutor and is subject
to the independent evaluation of a referee.

Courses and Degrees
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Doctorate School in Physics, Astrophysics, and Applied Physics

The Doctorate School in Physics, Astrophysics, and Applied Physics is a joint initiative 
of the Department of Physics, the Department of Chemistry, Biochemistry, and
Biotechnology, and the Institute of General Applied Physics of the Università degli Studi 
di Milano and of the Department of Mathematics and Physics of the Brescia University. 
The Department of Physics is the administrative seat of the School.

The School offers a three year long international training curriculum, with intensive
courses, series of seminars, research stages in high-quality public and private laboratories
for fundamental and applied physics. The students are involved in research projects at the
Departments and Institutes of the Doctorate School, in practically all mainstream areas of
physics such as: applied superconductivity (magnets and accelerators), astroparticle physics,
astrophysics, biophysics, biotechnology, condensed matter, cosmology, electronics and
microelectronics, earth physics, elementary particle physics at accelerators and 
underground, environmental science, medical and health physics, nanotechnologies, nuclear
physics, optical methods, plasma physics, quantum optics, and theoretical physics.

Agreements have been signed with various European doctorate schools, with mutual
recognition of the doctorate qualifications, and with European networks aimed at a joint
organization of schools and exchanges of teachers and students. The number of the graduate
students admitted to the School ranges from 20 to 30 per year, coming from various 
Italian universities and foreign countries also outside Europe. Each year, the students 
admitted to the School are selected out of a number of candidates typically larger than one
hundred.

Courses and Degrees
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Divisions and current research

Divisions and Current Research

Elementary Particle Physics
Research in Elementary Particle Physics aims at the understanding of the elementary
constituents of our universe. This research is performed either at high energy accelerators 
or with apparatuses studying the cosmic ray radiation. Several groups of the Department are
active in the following experiments:

ATLAS: A high energy frontier experiment at the Large Hadron Collider (LHC), the new
accelerator currently near completion at the CERN laboratory near Geneva which will
reach, by far, the highest collision energy in the world, giving access to physics at an energy
scale about ten times higher than has been open to exploration so far. The main scientific
targets are the confirmation of the Standard Model, with the discovery and study of the last
missing piece of this model, the Higgs boson, providing a possible way to explain the
masses of particles. Another top priority is the search for phenomena beyond the SM such
as particles predicted by Supersymmetry. The lightest of these might be what makes the
dark matter that no telescope can detect but which must exist to explain the structure of the
Universe and the formation of sub-structures, like galaxies, within it. Other theories which
postulate the existence of extra dimensions of space can also be investigated. This may
allow LHC to enter the domain of quantum gravity, providing experimental data that will
help to understand how to reconcile quantum mechanics and gravity. Three groups are
present in Milan and working on the large Barrel Superconducting Toroid, the Liquid Argon
electromagnetic calorimeter and the Pixels Vertex Detector. The detector is in an advanced
assembly stage. First data are scheduled for 2007. Groups are also very active in preparing
for the data analyses particularly in the search of the Higgs boson and of particles predicted
by Supersymmetry models.

GRID: a new tool which in the frame of the LHC experiments aims at providing access
to computer resources at a world scale.

BaBar: experiment performed at SLAC (Stanford) Laboratory is investigating with very
high statistic the CP violation and the decays of particles with a Beauty quark. The
understanding of CP violation is a critical point toward the understanding of the 
matter-antimatter asymmetry in the universe.

The group present in the Milan Department is actively involved in the data analysis 
and in particular has measured the time-dependent CP-violating parameters in B0 decays 
to η’K0

S . This is the first observation of CP violation in this channel. The group has also
measured the branching fractions of B meson decays in final states involving η, η’, and a1
(1260) mesons, and also radiative B decays to η’ K γ and η K0

L.

ALEPH and DELPHI: these two experiments at the Large Electron Positron (LEP)
collider at CERN, provided a very solid experimental foundation to the Standard Model.
The accelerator has concluded the data acquisition in 2000 to allow the assembly of LHC.
The collaboration is currently completing the publication of final measurements.

The experiments studying the cosmic radiation either in underground laboratories 
or with surface detectors are:

BOREXINO: this is an experiment located at the INFN Gran Sasso laboratory planning
to study the Solar neutrinos below 1 MeV in real time. It also plans to study the Geo
neutrinos, by taking advantage of the lowest background in the world (due to the absence of
nuclear reactors in Italy), and neutrinos from possible Supernovae explosions. The detector
resumed its activity after a long interruption due to upgrading of the safety and service
plants of the laboratory. The final filling of the detector with scintillator will be completed
by the end of April 2007. In the meantime the Counting Test Facility (the more sensitive
detector in the world at ton level) continued its activity of checking the ultra low level
radiopurity of the scintillator, and produced several important physics results such as: the
world best limit on electron stability; the most stringent limit on neutrino magnetic moment
obtained with low-energy neutrinos; the first limit at low energy of antineutrinos from the

G. Bellini
L. Mandelli
E. Meroni
L. Perini
F. Ragusa
G. Vegni
S. Bonetti
D. Camin
F. Palombo
A. Andreazza
L. Carminati
M. Fanti
L. Miramonti
M. Delmastro
D. Franco
V. Grassi
A. Lazzaro

 



17

Divisions and current research

16

Accelerators and Related Technologies

The research on accelerator physics and the development of related technologies are carried
out at the LASA Laboratory and are mainly funded by INFN. Main research activities 
are on the future electron linear collider (ILC), high intensity proton beam accelerators
(SPL at CERN and European project EUROTRANS), magnets for LHC detectors (ATLAS
barrel toroid), proton therapy machine at CNAO (Pavia), RF compressors for electron
beams, applied superconductivity and radiochemistry.

Significant contributions have been produced for TTF at DESY, the machine built as a
test facility, in view of the future electron linear collider ILC: cryomodules and ancillaries
engineering and construction, superconducting cavity production in collaboration with the
Italian industry, and photocathode development and production. Superconducting cavity and
cryomodule design and production for low beta high intensity proton beams, accelerator
reliability studies, and lattice optimization are the main activities in the proton machine
field. 

The magnet group at the LASA laboratory has been active since the 80’s in the field 
of superconductivity applied to magnets. A high field laboratory is active, where we
currently perform measurements at liquid helium temperature on transport properties 
and mechanical characteristics of high-current superconductors. The facilities of the
laboratory include the unique SOLEMI solenoid system, which allows for a magnetic field
up to 18 Tesla. The group future plans include the development of high-performance
dipoles for future particle accelerators, for the LHC upgrade at CERN and the FAIR facility
at GSI (Darmstadt, Germany).

The radiochemistry group studies the optimisation of the cyclotron production and
quality control of short and medium lived radionuclides to be used in environment and in
nuclear medicine studies. In particular, alpha and beta emitting radionuclides for metabolic
radiotherapy are under investigation. The radioanalytical quality control of
radiopharmaceutical compounds labelled with beta, Auger and alpha emitters for metabolic
radiotherapy are made in collaboration with Nuclear Medicine Departments.  The
determination and speciation of radionuclides, like actinoids, in biological and
environmental samples by radiochemical and radioanalytical techniques,is also performed.

Electronics
Work in progress: Development of CAD tools for the dynamic characterization and control
optimization of power electronic circuits and realization of an apparatus for automatic tests
and measurements. Innovation of circuit topologies and control techniques for DC to DC
converters switching at high frequency. Radiation detectors using composite semiconductors
(SiC, CdTe). Low noise preamplification of nuclear signals by digital filters and relevant
front-end VLSI design. Techniques for optimal transmission of analog signals through
optical fibers. Development of low temperature opto-devices. Realization of electronic
subsystems for the AGATA Experiment. 

Main results: HV generator for ionic motor drive. Theoretical and experimental
characterization of lift converters. Experimental results on SiC and CdTe radiation detectors.
Realization of low-noise digital filters. Characterization of criogenic optoelectronic devices.

Structure of Matter
The research activity comprises theory and experiments on a number of topics 
in condensed matter physics.

Experimental activity
The molecular beams and nano-crystalline materials laboratory is active in the fields of gas
phase nano-particle synthesis, nano-structured films and micro-pattern formation by
Supersonic Cluster Beam Deposition (SCBD). The film properties are investigated 
by Raman spectroscopy, XPS, AFM and SEM. The electronic and structural properties of
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Sun; the world best limit on nn and pp decay into invisible channels; limits on the Pauli
Exclusion principle (improving up to three orders of magnitude the previous limits) and
limits on heavy neutrino mixing stronger than those obtained in experiments using
accelerators and reactors, in the energy range 4-10 MeV. 

ICARUS: a Liquid Argon drift chamber also located at the Gran Sasso Laboratory to
study neutrinos from cosmic radiation and from the CERN neutrino beam.

AUGER: this experiment which is dedicated to the study of very high energy cosmic
rays (1018 eV) at two different sites, one in Argentina (presently collecting data) and one
(planned) in USA. The research activity comprises both the contribution to the data taking
with fluorescence detectors, and the hybrid reconstruction of the events, to improve strongly
the data quality.

Nuclear Physics
The research activity of this Division is focused on the study (experimental and theoretical)
of nuclear structure and nuclear reaction mechanisms induced by accelerators or present in
astrophysical and medical environments. 

Nuclear structure studies focus on the collective properties of nuclei, namely vibrations 
and rotations, through the measurement of the electromagnetic decay of the excited nuclei
of heavy ions. In this way it is possible to study the shape and the deformation of the
nucleus, the relaxation mechanism of the degrees of freedom and the order-chaos transitions
that take place as the nuclear excitation energy increases, with special attention to exotic
nuclei far from the stability valley. In addition to the reactions induced by heavy ions, the
use of polarized protons makes it possible to analyze experimentally the predictions of the
microscopic shell model.

The research program in nuclear reaction mechanisms is based on heavy ion reactions
at intermediate and relativistic energy. In this energy range it is possible to study both
multifragmentation and chiral symmetry at high temperature and baryon density. 
In the field of experimental nuclear astrophysics activity we are measuring cross sections 
of the reactions involved in the stellar p-p chain and in the CNO and MgAl cycles (which
enter in the hydrogen burning of stars). The 12C induced reaction on nuclei of the biological
tissues are measured and studied for the improvement in the therapy of cancer (adrotherapy)
and to better understand the radiation damage in space environments. On the theoretical
side, the group makes use of a Boltzmann Master Equation approach and collaborates in the
development of the transport code FLUKA.

The experimental research activity for the development of detection arrays is carried out
in collaboration with other European countries, in the framework of the Integrated
Infrastructure Initiative of the European Community. Several projects focus on the
construction of complex, new generation arrays for the measurement of gamma and charged
particles. Analogical and Digital electronics, Detectors and Pulse Shape Analysis algorithms
for the identification of the interaction particles and the gamma ray incident direction and
trajectory are developed.

The theoretical research activity concerns the collective and single particle properties in
exotic nuclei. The theoretical group performs systematic calculations on nuclear masses,
charged exchange transitions, and nuclear compressibility. The origin of pair interaction is
also studied.

The methods developed in the many-body approach to the description of nuclear matter
are applied to the many-body theory which is the core in the description of the nuclear
system and can be successfully applied to several other fields. In particular, it is possible to
use the many-body approach to study the metal carbon clusters. Many-body theory is also
used in the study of protein folding and protein building. These results are also relevant to
the development of medical drugs.
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C) Soft matter physics
Theory and simulation of models for complex fluids such as colloids, polymers and
biopolymers in solution. Special attention is given to phase diagrams, to critical phenomena
and to structural arrest in such systems. These problems are studied by our own
renormalization group liquid state theory and by the replica theory for the glass transition.
Another topic addressed in our research is the formation of micro-phase separation in the
presence of competing forces over different length scales. Since 2004, we are part of a
Marie Curie Network “Dynamical arrested state of soft matter and colloids”, funded by the
European Community under the 6th Framework Program. Recent achievements refer to:
Phase diagram of star polymers; Micro-phases of soft particles at an interface; Critical
phenomena in soft matter fluids. Work in progress focuses on: Theory of fluids with very
short range attraction; Micro-phases of soft particles in bulk and surface effects.

Quantum Optics, Coherent Phenomena,
and Optoelectronics
The interaction between radiation and matter is investigated both theoretically and
experimentally, with special focus on coherent phenomena and collective effects. Among
the main lines of research: interaction of atoms and photons in a cavity; quantum regime of
free electron laser dynamics and collective effects in the coherent interaction between laser
and atomic condensates; new protocols to characterize and exploit nonclassical light in
quantum information processing; Thomson scattering between high brilliance electron
beams and laser radiation; photoemission, photocathodes and laser applications to particle
acceleration; implementation of photonic crystal fibre systems; quantum computing and
cryptography.

Recent results: Generation and decoherence of mesoscopic superposition states in a
cavity field and atomic correlations; quantum purification of the free electron laser
spectrum, and collective recoil lasing with atoms in an optical cavity; novel, experimentally
realized schemes to obtain photon statistics without photocounters and realize telecloning in
a noisy environment; evaluation of the spectra for incoherent Thomson scattering;
generation of rectangular laser pulses for high brilliance electron guns and photoemission
from diamond films; microphotographic system for spectral analysis of photonic crystal
fibres; characterization and effects of errors in quantum computing and cryptography.
Work in progress: Generation and manipulation of entanglement in atoms-photons systems;
3D description of the quantum free electron laser, and self-induced focussing forces in
Bose-Einstein condensates; novel schemes to enhance entanglement and improve 
high-precision measurements; dynamics and radiation of particles in laser fields; spatial
modulation of laser pulses and laser excitation of positronium for experiments on anti-
matter; limits of single-mode behaviour in photonic crystal fibres; error-correcting codes
under multiple-errors conditions in quantum computing.

Optics
The research focuses on:
Non equilibrium fluctuations in stressed liquids, mainly within the ESA-NASA
sponsored GRADFLEX experiment to be flown in 2007. Giant large scale fluctuations will
be measured in a single component fluid and a mixture under a temperature gradient and in
microgravity conditions. Convective instabilities in complex fluids, such as large molecular
weight solutions where the Soret effect is very large and the primary source for buoyancy
forces. A model for Earth mantle dynamics. Extension of speckle methods to X-Ray
radiation, like synchrotron radiation. Development of innovative instrumentation, mainly for
particle size determination.

Specific results obtained recently are:
The definition of the selection of the flight hardware for the GRADFLEX instrumentation
and the beginning of the selection of tests and calibration procedures. A detailed study 
of scaling behaviour in the transient of a convective instability in a large molecular weight
solution. The scaling of the equivalent of the Nusselt number is reported. Near Field
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free particles are studied by Time of Flight Mass Spectrometry and X-ray Absorption
Spectroscopy by synchrotron radiation (at the ELETTRA facility), with special emphasis on
the study of growth processes and separation effects in gas-dynamics. The soft landing
conditions typical of SCBD allow the formation of metastable structures in the form of thin
filmsthat are reminiscent of the particle properties. The investigation of such correlations 
is one of the principal activities of the group. Other activities include the use and
development of AFM techniques for the investigation of tribological properties at the 
nano-scale, for the study of protein, DNA and cell interaction with nano-structured surfaces,
for the investigation and modification of electric transport properties and surface chemistry
at the nano-scale. Other fields of experimental activity (performed in collaboration with
European accelerator facilities) are: Photoemission spectroscopy of Mott compounds; 
Time-of-Flight Electron Spectroscopy on cathodic materials; Heterogeneous catalysis by
gold nano-particles; Quantum conductance studies on carbon nanotubes. Recent
achievements refer to: Gas phase NEXAFS on mass resolved transition metal particles,
development of microarrays for reverse infection on cell cultures. Work in progress focuses
on: Investigation of sp carbon formation and stability by gas phase light scattering
experiments; Unraveling the ns-TiO2 interaction with protein functional groups through in
situ XPS, XAS studies. 

Theoretical activity
A) Solid state

Ab-initio study of the excited state properties of solids, including low-dimensional systems
such as surfaces, nano-wires, and clusters. Most of the work is based on the Green’s
function approach, and/or on the Density Functional Theory methods. Our aim is to support
the experimentalist in the physical understanding of electronic excitations of real systems,
by calculating the relevant electronic and optical spectra. Applications to surfaces are
presently mainly directed towards semiconductors and metals, with emphasis on silicon and
silicon oxide. Other fields of theoretical activity are: Correlation effects in the dynamics of
fermions, in particular of electrons in the molecular orbitals of C60 and in solid fullerides,
and in droplets of ultra-cold alkali atoms; Electron-vibration effects in polyatomic
molecules, with particular attention to Jahn-Teller systems and non-adiabatic effects; 
Anharmonic vibrational spectra of polyatomic molecules; Investigation of a model for
lubricated nano-friction; Study of the optical absorption, photoluminescence, Raman
scattering spectra of carbon nano-tube-PPV composite films.Since 2004, we are part of a
NoE (Network of Excellence) named “Nanoquanta”, funded by the European Community
under the 6th Framework program. Recent achievements are: Implementation of a
numerical method for disentangling surface contributions to the optical spectra of solids;
Study of the local-field effects in the optical spectra of oxidized silicon nanoclusters,
including stoke shifts; Understanding of optical signatures related to oxygen adsorption on
the Silicon (100) surface; Realization of a model chemical potential for interacting atomic
fermions; Determination of the condensed fraction within the generalized BCS for
interaction fermions; Quantitative explanation of the observed changes in the optical spectra
of PPV and PPV-carbon nano-tube films as a function of the polymer conversion
temperature. Work in progress focuses on: Study of the optical anisotropy of the low-index
Silicon (113) surface; Study of the optical properties of the PPV film and PPV-SWNCT
composite films as a function of the precursor dilution.

B) Quantum many body systems
Study of superfluids and of quantum solids based on microscopic theories and quantum
simulations. We have extensively studied bulk superfluid 4He as well as droplets and 4He in
nano-pore and in thin films on graphite. Great attention has been given also to the solid
phases of 4He, especially in connection with the recently observed supersolid phase. These
studies have been performed by variational Monte Carlo and by exact projection methods.
Another area of interest is that of trapped quantum Bose gases. In this case, the mean field
approximation has been used to study problems such as the formation of solitons,
dimensional crossover, and quantum tunneling and coherence. Recent achievements refer
to: Development of the exact projection method Shadow Path Integral Ground State;
Vacancy induced Bose Einstein condensation in solid 4He; Layer by solidification of 4He in
nano-pores. Work in progress focuses on: Determination of presence of ground state
vacancies in solid 4He; Clarification of mechanism of supersolidity in 4He; Phases of boson
atoms in a toroidal trap.
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non-renormalizable gauge-invariant theories; algebraic approach to the Slavnov-Taylor
identities for multi-loop amplitudes in the standard model; physics beyond the standard
model.

Medical and Health Physics
The scientific activities of this Division are directed to studies of interest for radiotherapy
and radioprotection. Main topics are: Radiobiological properties of heavy ions relevant to
space radiation protection. One of the risks of prolonged manned space flight is the
exposure to high energy heavy ions. The biological impact of these particles is poorly
known, especially for the induction of delayed effects. Cultured human cells are exposed to
accelerated heavy ion-beams with energies up to 1 Gev/nucleon to determine survival of the
irradiated cells and of their progeny as a function of dose, particle type, and beam energy.

Some research projects are focused on novel techniques for radiotherapy and on the
related dosimetry. The main interest concerns Boron Neutron Capture Therapy (BNCT), a
new kind of radiotherapy that seems to be promising for diffuseand radioresistant tumours.
The Division is developing innovative dosimetry methods for BNCT and conformal
radiotherapies, aimed at achieving experimental imaging of the spatial distribution of
absorbed doses during treatments, and improved analytical methods for calculating dose
distributions.  

Biokinetics of incorporated radionuclides in humans are studied by using stable 
(non-radioactive) tracers. Nuclear analytical techniques, such as activation analysis and
mass spectrometry, are employed to measure the tracer concentration in biological samples.
The experimental studies are aimed at developing biokinetic models to provide a more
realistic estimation of the internal dose after incorporation of radioactive material 
(e.g., after a nuclear accident and in relation to diagnostic or therapeutic medical use).

History of Science and Physics Education
History of Science: analysis of the development of science in Italy; development
of an evolutionary model for science and culture; analysis of the evolution 
of scientific theories. Physics Education: preparation of lectures and selected experiments
for training the teachers of secondary schools; realization of a theatrical play where the
basic properties of matter and light are presented to elementary school children; 
study of the relationship between psychology and physics.
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Scattering speckles are observed in the deep Fresnel region of the synchrotron scattered
radiation from a statistical sample. This opens the possibility of performing static and
dynamic scattering at extremely small wavevectors where no alternative instrumental
methods are available. Innovative single particle scattering methods have been proposed,
capable of performing well into the submicron regime. The ideas are covered by two
international PCT procedures.

Plasma Physics and Astrophysics
The research focuses on the following topics: basic processes in plasma physics, dynamics
of non-neutral plasmas, formation and evolution of non-linear coherent structures in
electron plasmas, physics of thermonuclear plasmas, astrophysical plasmas, accretion disks,
dynamics of galaxies and other stellar systems, clusters of galaxies, dark matter,
gravitational lenses, cosmic rays, nuclear astrophysics of compact stellar objects,
gravitational collapse and supernova explosions, pulsar glitches and superfluid vortices,
observational and experimental cosmology, studies of the diffuse galactic microwave
emission, measurements of the anisotropies and polarization of the Cosmic Microwave
Background radiation. On the experimental side, two main projects are in progress:
ELTRAP, a small experiment for the study of non-linear phenomena in non-neutral plasmas
confined in a Malmberg-Penning trap; the design, construction and development of
instrumentation within the PLANCK project, an international space mission that will be
launched soon to measure the properties of the Cosmic Microwave Background with
unprecedented precision, with related activity referring to the Background Anisotropy
Scanning Telescope experiment and the development of corrugated feed horns, arrays, and
other RF components. In addition, we actively participate in the ULYSSES mission,
devoted to the study of the properties of the heliosphere outside the plane of the ecliptic,
and in the COROT mission, devoted to the study of asteroseismology and to the search for
extrasolar planets. Some observational projects address the study of distant galaxies and
clusters of galaxies with observations at the major telescopes from the ground and from
space. The research is carried out within national and international collaborations, in close
contact with the Italian Research Organizations INAF, INFN, INFM, and CNR.

Theoretical Physics
Theory of fundamental interactions, standard model and beyond: precision tests,
perturbative QCD, heavy quarks, neutrinos, confinement, supergravity and superstrings,
M-theory. General problems in field theory: gauge theories renormalization, renormalization
group and effective theories, geometric aspects of gauge theories, two-dimensional
problems, field theories for confined systems out-of-equilibrium. Statistical mechanics:
stochastic processes and dissipative systems, quantum Hall effect, mesoscopic systems,
phase transitions in polymer physics, quantum model for biological systems, Berry phase in
quantum computing. Foundations of Quantum Mechanics. Mathematical Physics methods
for Geophysics.

Recent results refer to: heavy-quarks effective-field theory, renormalization of the non-
linear sigma model in D = 4, formulation of the Electroweak model with an explicit mass a
la Stueckelberg; unitarity in Landau gauge and non-abelian gauge-theories with an explicit
mass a la Stueckelberg; study of partonic structure of the nucleons, superpotential in
supersymmetric gauge theories with N = 1, microsystem dynamics both at equilibrium and
out-of-equilibrium, decoherence; relativistic field equations for spin 1 massive particles 
in curved space-time; 1/N expansion for field theories with strong nonlinear interactions; 
O(N)-invariant models at negative N; counting Feynman diagrams in fermionic systems.

Work in progress: supersymmetry N = 3 in D = 4 and relation with QCD, AdS/CFT
correspondence. Field-theoretic approach to decoherence; application to the statistical
operator formalism out-of-equilibrium; study of the logical-chemical structure of networks
for cell regulation of transcription. Heavy-quarks effective-field theory on a lattice, effective
theory for adronic states over the threshold; quarkonium suppression in heavy-ion
collisions; realization of a Monte Carlo event-generator for a phenomenological study of
Drell-Yan processes at adronic colliders; analytical study of the next-to-leading order
correction to the process of the Higgs boson production via gluon fusion; quantization of
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accelerator, the LHC (Large Hadron Collider) is being built at CERN, using the same LEP tun-
nel. In this accelerator protons accelerated to 7 TeV energy, more than 7000 times their rest mass,
will collide providing 14 TeV energy in the center of mass frame of the collision. At such high
energy it will be possible to produce the Higgs boson in all the range of possible masses. Milano
groups are giving a big contribution to the ATLAS experiment, one of the two biggest appara-
tuses foreseen to operate at the LHC. 

Besides the above mentioned research topics, it is generally accepted the Standard Model is
only an effective theory that describes well the fundamental interactions up to the energy scale
of 100 GeV. It is therefore interesting to investigate how nature behaves at the energy scales
above its validity range. LHC will be the perfect tool for such exploration and to see which (if
any) of the many theoretical speculations about the physics at high energy will survive the exper-
imental tests.

The FOCUS and BaBar experiments: heavy quark physics
The FOCUS experiment (Fig. 2) is a fixed target charm photoproduction experiment, i.e. an
experiment in which charm quarks are produced by the interaction of a beam of high energy
photons on a target.

This experiment is mainly an USA-Italy collaboration, with participation also of Brazilian,
Mexican and Korean institutes. It involves approximately 110 physicists. Data taken was per-
formed in 1996 and 1997, and data analysis is still on going, having reconstructed more than one
million charmed particles.

Detailed information on the dynamics involved in charmed quark decays were gathered and
the strong interaction effects involved in these reactions are investigated, with the idea to apply
the same methods to the analysis of b-quark decays [4].

Decays of b-quarks are the main object of study of the BaBar experiment, which is located
at the Stanford Linear Accelerator Center. It uses colliding electron and positron beam with the
energy tuned to produce with high rate the ϒ(4s) particle: a bound state of b quarks. It is a col-
laboration consisting of about 660 physicists from 10 countries. It started collecting data in 1999
and will continue until 2008. Till now more than 250 million b quark pairs have been produced.

BaBar is the first experiment to have observed CP violation in a system different from the
K0 [5], measuring a difference in the time behaviour of the processes in which a B0 and an anti-
B0 decay into the same state of two particles J/ψ and K0

S (Fig. 3).
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Elementary particle physics:
from matter-antimatter asimmetry 

to the origin of masses

A. Andreazza1, for the BaBar, FOCUS, and ATLAS Milano groups

Two of the main lines of research in elementary particle physics concern the quest for answers
to fundamental questions:

•  According to quantum mechanics and to experimental evidence, particles and antiparticles
are almost identical: they have exactly the same mass, exactly the same lifetime, and their
charges are exactly opposite. Nevertheless, they are different, as we can infer from the fact our
universe contains almost exclusively matter particles and no anti-matter. The search of an asym-
metry between matter and antimatter, a phenomenon usually referred to as CP violation, is there-
fore fundamental in describing our universe.

•  The most successful theories in particle physics, the so-called gauge theories, describe the
fundamental interactions as mediated by the exchange of spin-1 massless “force” particles
between spin-1/2 massless “matter” particles. Nevertheless we know particles are not massless!
It is therefore of paramount importance to explain how particles get their masses. 

A guideline in this quest is the so-called Standard Model [1], which till now has been able
to quantitatively describe all known fundamental processes. In this model there are 12 funda-
mental spin-1/2 “matter” particles, 6 quarks and 6 leptons, grouped in three families. Quarks can
be found only in composed particles, like protons and neutrons, while lepton can exist in
unbound states. Ordinary matter is composed from first generation fermions. Interactions among
quarks and leptons are mediated by 12 spin-1 particles, named “vector bosons” (Fig. 1).

In the Standard Model a difference between particles and anti-particles may appear in the
transition processes mediated by the weak interaction, when a quark transform into a quark of
another type by emitting or absorbing a W± vector boson. The relative strengths of these transi-
tions form a matrix, named Cabibbo-Kobayashi-Maskawa matrix. 

The first evidence of CP violation was obtained in 1964 in the quantum mechanical process
in which one particle (in that case the K0) transforms into its anti-particle and vice-versa. The
discovery of the heavy quarks c, and b in 70’s and the t in 1995 [2], opened a wide range of
processes involving quark transitions and finally succeeded in confirming the CKM picture by
observing CP violation in many b-quark decays. The groups of the Department of Physics of the
Università degli Studi di Milano and of the Milano Section of Istituto Nazionale di Fisica
Nucleare, are involved in leading experiments in the study of c and b quarks: FOCUS and
BaBar.

The way of generating masses in the Standard Model is through spontaneous symmetry
breaking, the so-called Higgs mechanism. In this framework masses are not an intrinsic proper-
ty of particles, but are due to a new interaction mediated by a particle which, differently from
the other “force” particles, has spin-0. The experimental validation of this theoretical picture
requires the observation of such a particle, called Higgs boson.

Elementary particle physics groups of Milano have taken part in the search of the Higgs
boson at the LEP (Large Electron-Positron collider) at CERN in Geneva, which has explored
the mass range up to 114 GeV/c2 [3]. After the end of the LEP physics program in 2000, a new
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Fig. 1 
The particles in the Standard Model. 
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Fig. 2 
Layout of the FOCUS apparatus.

Fig. 3 
Different time distribution for the decay B0→
J/ψ K0

S and the one for its anti-particle:
a clear sign of CP violation.
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The outermost detector is the muon detection system which uses a toroidal magnet built by
the LASA laboratory of Segrate [11]. The muon system and the LAr calorimeter are the key
detectors for Higgs search in the mass region above 130 GeV, where the easiest process to
observe is the decay of the Higgs boson in a pair of Z vector bosons which both decay to µ+µ- or
e+e- pairs (Fig. 6).

From Fig. 4 you can see ATLAS is fully in the construction phases and this ambitious
project will become operational in 2007, when, together with the other LHC detectors,
ALICE, CMS and LHC-b will be the focus of the world of particle physics for a decade of
LHC operation.

Conclusions
After this review of the activities of the Università degli Studi di Milano and of the Milano
Section of Istituto Nazionale di Fisica Nucleare in particle physics at accelerators, it is clear how
research in this field is driven by the need to find answers to fundamental questions about why
the universe is the way it is.

Doing that requires a continuous interplay between experimental findings and theoretical
developments and also the design and construction of complex and technological state of art
apparatus, involving big international collaborations. Milano groups are in the forefront of this
intense field of research.
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To have a complete description both of the strong interaction dynamics and of the CKM matrix
this asymmetry must be tested in as many reactions as possible. The BaBar Milano group is
working on rare B0 decays containing the η and η’ particles [6], which is a channel very sensi-
tive to CP violation effects due to sources different from the CKM matrix and therefore is a
probe for the search of new physics. 

Besides the data analysis, the FOCUS and BaBar Milano groups both contributed to the ver-
tex detector of these experiments. These are silicon detectors with a very fine segmentation into
strips. They are able to reconstruct charged particle trajectories with few micrometers resolution.
Highly technological, they are a fundamental tool for detecting b and c quarks, by observing the
separation between the production and decay point of these short-lived particles.

The ATLAS experiment: Higgs search at the LHC
A Toroidal Lhc ApparatuS (ATLAS) is likely to be the most ambitious project for a detector at
the LHC. The apparatus size is 45 m length and 22 m diameter, as big as a seven storeys build-
ing. To reflect the complexity of the system, it also requires a strong collaboration of more than
2000 physicists from 150 institutions and 34 countries. It is currently under construction at
CERN and it is expected to become operational at the end of 2007.

Milano groups are strongly involved in the construction of some key parts of the detector
(Fig. 4). As a benchmark for discussing these components I will use the Higgs boson search for
different ranges of masses, but physics topics at the LHC are much richer and a small review
can be found in a separate article in this report [7].

Starting from the center of the apparatus, the ATLAS Pixel Detector is the vertex detector
for the ATLAS experiment [8,9]. It is a silicon detector with the active area segmented into 80
million pixels of 50 µm x 400 µm size. It uses a new technology requiring very fast custom made
electronics able to sustain both the high instantaneous rate of particles at the LHC and the very
harsh radiation environment. It provides reconstruction of charged particle trajectories with a
precision better than 10 µm. This is essential to identify the Higgs boson in the low mass region,
where the predominant decay is in b-quark pairs.

The Liquid Argon electromagnetic calorimeter [10] extends between a radius of 1.4 m and
2 m from the interaction point. It is an instrument devoted to measure with high resolution the
energy of electrons and photons. It also allows the distinction between electrons and other
charged particles. There is an intermediate range of Higgs masses, around 130 GeV, where a
promising channel for its discovery is via the rare decay H → γγ. The LAr calorimeter allows
reconstructing the mass of the Higgs boson from the two photons with a precision of about
1.5%, making possible the identification of its presence over the background (Fig. 5).
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Fig. 4 
Layout of the ATLAS Experiment. 
In evidence are, clockwise, the Pixel
Detector, the Liquid Argon Calorimeter 
and the coils of the toroidal magnets.

Fig. 5
Invariant mass peak for H→γγdecay
superimposed to prompt photons from the
LHC interactions.
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Fig. 6 
How a Higgs boson decay into a Z pair will
appear in the ATLAS detector.
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Fig. 1

Fig. 2

The amount of 14C/12C must be around 10-18 in order to reach the desired 250 keV thresh-
old (measured values of 1.85 ± 0.13 x 10-18 for the isotopic abundance of 14C relative to 12C
were obtained). Furthermore, radioactive noble gases content as low as 1.12+0.42

-0.37 x 10-7 Bq/kg
for 85Kr and 2.20 ± 0.29 Bq/kg for 39Ar have been obtained. The Borexino detector can inves-
tigate a wide range of open questions in particle physics, astrophysics and geophysics; in fact
besides solar neutrinos, Borexino will be able to detect neutrinos coming from Supernovae
and from the Earth (geo-neutrinos). For what concerns the antineutrino detection (actually
geo-neutrinos are antineutrino and they can be detected by the β-inverse reaction), Borexino
has the advantage to be located far away from nuclear plants which represent the most impor-
tant background to electron antineutrino detection.

CTF
In order to test the feasibility of the Borexino detector and to measure concentration smaller
than 10-16 g/g U/Th equivalent, a prototype was built: the Counting Test Facility (CTF). It con-
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Non-accelerator astroparticle physics:
Borexino, CTF, and ICARUS detectors

L. Miramonti1 (on behalf of the Borexino and ICARUS groups)

Borexino and ICARUS are two experiments both located at the Gran Sasso Underground
Laboratory in central Italy. Borexino is under commissioning in hall C; its main goal will be
the real time measurement of the low energy component of the solar neutrino flux. ICARUS
T600 is now in hall B and will be operating starting from the end of next year. It combines the
characteristics of a bubble chamber with the advantages of electronic read-out and represents
a multipurpose detector for non-accelerator astroparticle physics. In addition, the Borexino
prototype, the Counting Test Facility (CTF) is also presented. Thanks to the CTF, it was pos-
sible to measure very low contamination levels (~10-16 g/g U/Th equivalent) of radionu-
clides. Furthermore the very peculiar characteristics of this detector enable the search for
rare and forbidden processes with high sensitivity in the low energy region (i.e. below 1 MeV).

Introduction
Non-accelerator astroparticle physics encompasses a large number of areas including cosmic
ray physics, solar neutrino physics, dark matter, neutrino properties, nucleon stability, super-
novae, gamma ray and neutrino astronomy, astrophysics, cosmology and particle physics. I
will focus the attention on three experiments located in the Gran Sasso Underground
Laboratory (LNGS) in central Italy: Borexino, its Counting Test Facility (CTF) and ICARUS. 

Borexino is a scintillator detector designed for sub-MeV solar neutrino detection. Other
topics can be investigated such as supernovae neutrinos and neutrinos coming from the earth
(geo-neutrinos). A Borexino prototype, called Counting Test Facility (CTF), was built in order
to measure ultra-low level of radio contamination (radiopurities of the order of 10-16 g/g of 238U
equivalent) on the several-ton scale.

ICARUS is a liquid argon time projection chamber (TPC) detector able to provide a three
dimensional imaging and calorimetry of ionizing particles. A 600 tons module is now in hall
B and will be operating starting from the end of next year. With a detector of several kton
active mass, it would be possible to act as an observatory for astroparticle and neutrino physics
and a second-generation nucleon decay experiment.

Borexino
The main goal of the Borexino detector is the direct observation and measurement, in real
time, of the low energy component (< 1 MeV) of the neutrinos coming from our star; in par-
ticular the neutrino monochromatic line at 862 keV due to the electron capture of 7Be. Up to
now, less than 0.1% of the solar neutrino spectrum has been measured in real time. The long
standing solar neutrino problem (i.e. deficit in solar neutrino flux) is explained in term of the
neutrino oscillations in the frame of the so-called MSW-LMA solution; this model still need
to be confirmed with low energy solar neutrinos. Furthermore a real time measurement below
1 MeV region will allow the possibility to test at the level of few % the Solar Standard Model.
Borexino (for more information see for instance [1]) is a large unsegmented calorimeter fea-
turing 300 tons of liquid scintillator, contained in a 8.5 meter nylon vessel with a thickness of
125 µm. The scintillator is surrounded by a pseudocumene (PC) buffer fluid for shielding
external radiation. The buffer fluid is contained within a 13.7 m diameter stainless steel sphere
(SSS) which also serves as a support structure of the 2200 8-inches diameter photomultiplier
tubes (PMTs). An external tank contains high-purity water as a final shield against gamma
rays and neutrons from the LNGS rock. Thanks to the Cerenkov light the water also serves as
a muon veto (see Fig. 1 and Fig. 2).

The achievement of a high radiopurity level and the definition of the fiducial volume
allows a sensitivity as low as 0.1 events per day per ton via the ν + e- → ν + e- electroweak
scattering reaction. In order to allow the direct observation of the neutrino low energy com-
ponent, the uranium and thorium content for the scintillator must be in the range of 10-16 g/g
(values obtained were 3.0 ± 0.3 x 10-16 g/g and ≤ 4.8 x 10-16 g/g at 95% C.L. for 238U and 232Th
daughters, respectively).
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urement; the dE/dx measurement is performed for a large number of points along a given
track. Thanks to the simultaneous measurement of range and dE/dx then it is possible to
perform the particle identification (see Fig. 5). Another appealing feature of this technolo-
gy is the very good π°/e discrimination capability. This is interesting for the investigation
of νµ → νe oscillation.

Fig. 4

Fig. 5
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sists of about 4 tons of ultra high-purity liquid scintillator contained in a 1 meter nylon vessel
(500 µm thick), viewed by 100 PMTs (see Fig. 3). This detector is unique for its size and low
contamination levels. These characteristics enable the searching for rare and forbidden
processes with high sensitivity in the low energy region (i.e. MeV region). Since mid 90’s,
data collected with this detector have contributed in a significant way to the world best limits
on quantities such as electron stability, neutrino magnetic moment, nucleon decay into invis-
ible channels, violation of the Pauli exclusion principle and production of heavy neutrinos in
the Sun [2].

ICARUS
The ICARUS technology combines the characteristics of a bubble chamber with the advan-
tages of electronic read-out. It was proposed in 1977 [3] and represents an ideal device in
order to study particle interactions. This technology enables a very precise three dimension
reconstruction of the event. It is continuously sensitive, self-triggering and is also an excel-
lent calorimeter. Besides it is simple to build in modular form and sufficiently safe to be
installed in underground laboratories. The physics goals are studies of neutrino physics:
solar, atmospheric, supernova and from accelerator, and the study of nucleon stability. The
ICARUS T600 detector is a large cryostat divided in two identical, adjacent half-modules.
The internal dimensions are 3.6 x 3.9 m and 19.9 m long, each cryostat containing more
than 300 tons of liquid argon [4]. Each half-module contains an internal detector and is
externally surrounded by a set of thermal insulation layers. This detector is composed by
two Time Projection Chambers (TPC), purity monitors, probes and photomultipliers. Each
TPC is composed by three parallel planes of wires, 3 mm apart, oriented at 0° ± 60° angles,
of 3 mm pitch parallel wires, (see Fig. 4). The drift (maximum drift length: 1.5 m) of the
ionization electrons is obtained by a high voltage system (75 kV) that produces a uniform
electric field perpendicular to the wire planes. The ICARUS detector measures the total ion-
ization loss of a track with very high sampling, comparable to a bubble chamber. The num-
ber of ionization electrons, produced by charged particles traversing the liquid argon sensi-
tive volume, is proportional to the energy transferred from the particle to the liquid argon.
Thanks to the electric field, ionization electrons drift perpendicularly to the wire planes,
inducing a signal (hit) on the neighbor wires while approaching the different wire planes.
It is possible to reconstruct a three dimensional spatial and calorimetric picture of the event
knowing the energy deposited by the different particles and the point where such a deposi-
tion has occurred. Each wire plane constrains two spatial degrees of freedom of the hits, the
first common to all the wire planes (the drift time) and the second specific for each plane
(the wire coordinate). The identification and association of hits in the wire output signal of
the different wire planes gives the possibility to reconstruct the event in three dimensions.

For a given medium, the energy released per unit length (dE/dx) by the ionizing parti-
cles depends of the particle type and its momentum. In the ICARUS detector particle
momentum is measured from the range (for stopping particles) or multiple scattering meas-
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The Pierre Auger Observatory 
for the Ultra High Energy Cosmic Rays

F. Sanchez1, C. De Donato1, D. Camin1, and V. Grassi1

Introduction: what is a cosmic ray?
Since its discovery in 1912 by the Austrian physicist Victor Hess, the cosmic rays field has
been a long story of technology and experimental developments, mixed with many theoreti-
cal successes and some unavoidable wrong speculations. In fact, it was R. A. Millikan in 1926
who coined the name of cosmic rays reflecting the early belief that this extraterrestrial radia-
tion was made of gamma rays. Nowadays, we know that most of that cosmic rays detected by
Hess at altitudes close to 5300 m were subatomic particles, ranging from hydrogen to ura-
nium, with only a small fraction of gammas. Nevertheless, we still preserve the tradition of
calling rays every kind of unknown radiation arriving at the Earth from the outer space. This
is the case of the most energetic cosmic radiation we are able to measure with the modern
detectors and which is in the range of 1018-1020 eV (an energy scale much higher than the one
achievable with any kind of modern accelerator).

The fact that a single particle, most probably an atomic nucleus, can be accelerated to
nearly 16 J is one of the reasons why cosmic ray field has regained so much interest in the
physics community in the recent years. In the early days around the beginning of the 20th cen-
tury, astroparticle physics and fundamental particle physics shared common roots: observing
cosmic rays in a cloud chamber, in 1932, Carl Anderson discovered antimatter (the positron)
and only five years later, together with Neddermeyer, he discovered the moun. During the
1930s the dominant motivation for investigating cosmic rays was by the particle’s physic field.
It was not until 1938, when the energy scale known to the science was extended beyond 1015

eV thanks to the discovery by Pierre Auger of what was denominated as extensive air showers
(EAS), that the astrophysical interested revived.

Some of the crucial questions which play a major role in the cosmic rays puzzle are: What
is the nature of the particles which we observe as cosmic rays? What its chemical composi-
tion and its energy spectrum? How can they acquire such macroscopic energy? What and
where are their sources? Does the distribution of cosmic rays in the sky follow the distribu-
tion of matter within our galaxy or the distribution of nearby extragalactic matter? Or, is there
no relation with any distribution of known matter? Are there point sources or very tight clu-
sters? How do they propagate through interstellar and intergalactic space to reach the Earth?
Today there is a clearly great hope that the present and operating experiments, as the Pierre
Auger Observatory (PAO), will solve some of the still open question in astrophysics and even
cosmology and, at the same time, contribute to our knowledge of fundamental particle inte-
ractions at the highest energies. 

First results of the Pierre Auger Observatory
The existence of cosmic particles with energy 5 x 1019 eV is beyond any doubt [1]. Indeed, it
is probable that the cosmic ray spectrum extends to at least 3 x 1020 eV and there is no clear
evidence that this should be its end. One of the most striking facts is that the spectrum spans
over roughly 11 decades of energy with a flux that falls down from 104 particles per m2 per
second at 1 GeV to 10-2 particles per km2 per year at the highest energies. This is the reason
why a direct measurement of the end of the cosmic ray spectrum is unfeasible. Fortunately,
when an ultra high energy cosmic particle enters the atmosphere does not penetrate but colli-
des with air molecules to initiate shower cascades ending up with billions of sub-particles
before reaching the ground. These secondary particles can be sampled and the properties of
the primary cosmic ray inferred. Arrays of ground detectors supply the low event statistic with
large apertures. On the other hand, the air itself is a good calorimeter and the fluorescence
light produced by the de-excitation of nitrogen air molecules along the shower axis is another
way to detect the cosmic particles of extremely high energy. The Pierre Auger Observatory
combines in the same experiment these two detection techniques allowing an energy estima-
tion that does not rely on detailed numerical simulations (of the shower and the detector) or
any assumption about the primary chemical composition [2]. The events recorded by both the
surface (SD) and the fluorescence (FD) detectors are called the “hybrid data”. The distribu-
tion of the impact points of the hybrid events observed so far is shown in Fig. 1. The PAO has
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recorded 3525 events of energies above 3 x 1018 eV. The highest energy event observed by the
SD has 86 x 1018 eV and is shown in the top panel of Fig. 2. At the left of the figure are the
triggered stations where the arrow shows the fitted direction (the spacing of the stations is 1,5
km). At the right, the measured lateral distribution of particle density with its best fit is shown.
In the bottom panel of Fig. 2 is the second highest energy SD event with 79 x 1018 eV. The
longitudinal profile, as observed by the FD is shown in Fig. 3. The profile is shown as the
number of charged particles (which are proportional to the amount of fluorescence light in the
detector) versus the traversed depth in the atmosphere.

When using hybrid data to calibrate in energy the ground detector, the major source of
uncertainty comes from the fluorescence yield (15%) and the absolute calibration of the FD
telescopes (12%). Together with other smaller FD uncertainties, the total systematic energy
uncertainty is presently estimated to be 25%. Actually, because the limited available stati-
stics, the total systematic energy uncertainty grows from 30% at 3 x 1018 eV to 50% at 100
x 1018 eV [3].

The observed differential energy spectrum is shown in Fig. 4. As can be noted in the figu-
re, the low statistics does not yet allow to solve the discrepancy between the previous results
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Fig. 1 
Status of the Pierre Auger Observatory on
June 14, 2005. Each grey full circle
represents a surface station while each dot is
the core location of a reconstructed air
shower in the hybrid mode.

Fig. 2
The highest (top) and the second highest
(bottom) energy event recorded by the surface
detector. At left, triggered stations,
at right lateral distribution function. 

Fig. 3 
The highest energy event recorded by the
fluorescence detector with energy 
E >140 x 1018 eV.
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Limits on electron and nucleon stability,
neutrino magnetic moment, antineutrinos in

the solar flux; recent measurements at Gran Sasso

B. Caccianiga1, G. Bellini2, S. Bonetti2, D. Franco2, M. Giammarchi1, P. Lombardi1,
E. Meroni2, L. Miramonti2, M.E. Monzani1, L. Perasso1, and G. Ranucci1,

CTF (Counting Test Facility) is a prototype built to test the feasibility of the Borexino experiment. It consists
of 4 tons of liquid scintillator contained in a 1-meter-radius nylon vessel and surrounded by 100 photomulti-
plier tubes pointing towards the center (see Fig.1). 

CTF is a unique detector, whose size and low contamination levels make it capable of searching for rare
and forbidden processes in the low energy region (~ 1MeV) with high sensitivity. In particular,the data collect-
ed with CTF have contributed significantly to the world best limits on quantities such as neutrino magnetic
moment,electron lifetime,nucleon decays in invisible channels,violation of the Pauli Esclusion Principle,pro-
duction of heavy-neutrinos in the sun, flux of anti-neutrinos from the sun. As for the electron stability, the data
have been analyzed to search for the 256 keV line of the γemitted in the decay channel e-→γ+ ν. No signal
was found and this enabled us to set a limit on the electron lifetime of τ > 4.6 x1026 y (90% C.L.) which was
published in 2002 and is still the best limit in the world for the electron decay in this channel [1].

The analysis of the CTF data has also addressed the neutrino magnetic moment question:a non-zero neu-
trino magnetic moment would increase the cross-section of neutrino-electron elastic scattering by a term that
depends on µν. This effect becomes dominant at low energy (< 400 keV) which makes CTF particularly sen-
sitive to µν. In a paper published in 2003,we were able of setting the limit µν < 5x10-10 µνB [2] which is still a
very competitive result and in any case the only one obtained with low-energy neutrinos (MUNU uses low-
energy anti-neutrinos).

The possibility of heavy neutrinos (M > 2me) being emitted in the 8B reaction in the sun has been investi-
gated with CTF:heavy neutrinos would decay to light neutrinos via the reaction νH →νL + e+ + e-. The study
of CTF energy spectrum above 4.5 MeV has allowed us to enlarge the excluded region of the parameter space
(|UeH|2–M νH) with respect to previous experiments, especially for M νH in the interval (4-10) MeV [3].

The stability of nucleons bounded in nuclei has been studied in CTF searching for the decays of single
nucleon or pair of nucleons into invisible channels:if one of such decays occurs inside the 12C,13C nuclei of the
scintillator or in the 16O nuclei of the shielding water,daughter nuclei would be produced such as 11C, 10C, 12B,
11Be,14O which in turn would decay radioactively. The limits obtained with CTF are comparable to or improve
the previously set world limits [4].

The last article on CTF data was published in 2004 and concerns the search for non-Paulian transitions of
nucleons from 1P shell to a filled 1S1/2 shell to put limits on the Pauli Esclusion Principle. The analysis consists
in searching for α, p,n, γemitted in non-Paulian decays of 12C and 16O nuclei present in the scintillator and in
the shielding water. The obtained limits significantly improve (up to 3 orders of magnitude) the previously set
limits [5].

Several analyses are still ongoing on the last CTF data-taking campaign. For example, an article is being
prepared concerning the anti-neutrino flux from the sun:we know that in case of non-zero neutrino magnetic
moment, the transition nu →anti-nu would be possible, allowing us to see a small component of anti-neutri-
nos in the solar flux (which otherwise would be absent). The anti-neutrinos are detected via the inverse beta
reaction anti-ν + p →e+ + n whose strong signature makes the analysis virtually free of random background.
Furthermore, the Gran Sasso location is particularly favorable for this search, since it is almost free of back-
ground from nuclear reactors. 

Only one candidate event has been selected analyzing 687 days of data-taking,which allowed us to set an
upper limit on the solar anti-neutrino flux of 1.3 x105 cm2 s-1. This is the first result obtained at low energy (<
5 MeV).
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of AGASA (which is a surface experiment) and HiRes (which uses the fluorescence techni-
que) experiments. The former claims the existence of events above the GZK cutoff while the lat-
ter shows results that are consistent with the cutoff. If the primary particle is of extragalactic origin,
it must traverse the medium of the region where it was created, then traverse the intergalactic space
between the source and our galaxy, and finally, traverse the interstellar medium to reach the Earth.
But at 5 x 1019 eV the universe is opaque to cosmic rays (of any kind, with the exception of neutri-
nos) due to their interaction with the ubiquitous cosmic microwave background radiation (CMB).
Therefore, the spectrum should have a cutoff around 1020 eV or the sources should be within tens
of Mpc. But in the latter case, the arrival direction distribution of the highest energy events should
have the signature of their origin, i.e., a strong correlation with nearby astrophysical objects. This
is because at such energies the magnetic fields are not strong enough to bent the particle trajecto-
ries and make their propagation diffusive. Therefore cosmic rays should keep the “memory” of
their birth place. Astrophysical objects considered as accelerator candidates are active galactic
nuclei (AGN), shocks in the AGN jets, shocks in the cluster of galaxies or ultra-relativistic shocks
(gamma-ray bursters). Also large electric potentials, due to unipolar induction, could be the acce-
lerators in accretion disc around massive black holes. 

The long period of stable data acquisition, started on the beginning of 2004, allowed a syste-
matic data analysis in the search of significant deviations from isotropy in the arrival direction
distribution of the cosmic rays. Forerunner experiments as AGASA [4] and SUGAR [5], have
reported excesses in directions close to the galactic center within a limited energy range.
Nevertheless blind source searches with Auger data did not reveal any remarkable excess in any of
the energy bands 1 x 1018 eV ≤ E ≤ 5 x 1018 eV and E ≥ 5 x 1018 eV [6].

Conclusions 
The Pierre Auger Observatory is still under construction and growing rapidly. Its construction will
finish by the end of 2006. By the following 2 years its cumulative exposure will be approximately
7 times greater. The statistical errors will shrink accordingly, permitting a search in the southern
hemisphere skyes for energy spectral features (including the predicted GZK suppression), exces-
ses or deviations from isotropy of arrival direction distribution and finally composition studies of
the primary cosmic rays of the highest energies. Many of the still open questions in this fascinating
field will finally find a satisfactory answer. 
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Fig. 4 
First Auger estimated energy spectrum (blue)
with previous results from AGASA (red) 
and HiRes (cyan).
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3)The reconstruction of the cascade decays of the Supersymmetric partners of Standard
Model particles [2]. The production of strongly interacting Supersymmetric particles (gluinos
and scalar quarks) which decay into energetic jets and a pair of undetected LSP particles
should be observed as an excess of events with energetic jets and transverse missing energy.
The properties of Supersymmetric particles (masses, branching ratios…) will be studied using
the kinematical distributions of  their decay products, such as the invariant mass of lepton
pairs from the decay of an heavy neutralino into a lighter neutralino and two leptons (Fig. 2).

Fig. 2
Invariant mass of lepton pairs (3 years 
of data at high luminosity). 

Discovery Potential for Higgs bosons and Supersymmetric particles 

Discovery Potential for Higgs bosons and
Supersymmetric particles with the ATLAS

detector at the LHC 

G. Alimonti, A. Andreazza, D. Banfi, L. Carminati, D. Cavalli, M. Citterio, G.C. Costa,
M. Delmastro, M. Fanti, T. Lari, L. Mandelli, M. Mazzanti, C.Meroni, L. Perini,

F. Ragusa, S. Resconi, G.F. Tartarelli, C. Troncon, G.Vegni 

The Standard Model of Particle Physics successfully describes most of the experimental data
of high-energy physics, but the Higgs sector of the theory, which predicts the existence of a
new vector boson, is still untested. The Standard Model is also known to be incomplete. Its
most popular extension is Supersymmetry, which predicts the existence of at least five Higgs
bosons and a still unobserved partner for each of the Standard Model particles. Both the Higgs
bosons and the Supersymmetric particles are expected to be accessible at the Large Hadron
Collider energy scale. The two Milano ATLAS groups of the Department, the ATLAS Liquid
Argon and the ATLAS Pixel group, are working  to prepare the physics analysis of the LHC
data. 
In particular, the Milano groups are involved in three analysis:

1)  The reconstruction of the decay of the Higgs boson of the Standard Model (SM) in two
photons. This decay is expected to be a promising discovery channel in the low Higgs mass
scenario (110 < MH < 140 GeV) which is presently favoured by SM. It is a rare decay mode
which places severe requirements on the electromagnetic calorimeter performance in terms of
photons energy and position reconstruction accuracy as well as  identification capabilities.
The Higgs search in this channel is not straightforward: it has been estimated [1] that in a lead-
ing order inclusive analysis the Higgs boson could be discovered in ATLAS with at least 100
fb-1 (= one year in the high luminosity phase).

2) The reconstruction of the decay of the neutral heavy Higgs bosons of the Minimal
Supersymmetric Standard Model (MSSM), that is an extension of SM including SUSY par-
ticles. In MSSM  5 Higgs  are foreseen: h (neutral lighter scalar), H (neutral heavier scalar),
A (neutral pseudoscalar) and  the charged Higgs H+ and H-. ATLAS will be able to discover
the MSSM Higgs bosons in many different decay channels for almost the entire region of the
allowed parameter space (Fig. 1). One of the most promising channels is the H/A to tau-tau
[1]. The excellent capability of  ATLAS in identifying  tau-jets and the excellent  transverse
missing energy measurement allow the reconstruction of the invariant tau-tau mass, that
should appear as a peak over the large background for certain values of the MSSM parame-
ters.       
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Fig. 1 
MSSM Higgs discovery potential 
in ATLAS after 3 years of data at low 
luminosity.
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The ATLAS Pixel Detector

The ATLAS Pixel Detector

G. Alimonti, A. Andreazza, M. Citterio, S. Coelli, D. Giugni, T. Lari, C.Meroni,
F. Ragusa, C. Troncon, G. Vegni

ATLAS is a general purpose high energy particle detector presently under construction at the
Large Hadron Collider. ATLAS is expected to start taking data in 2007 and to provide an
answer to some of the most outstanding questions in  Particle Physics today, such as the origin
of particle masses, and how to extend the Standard model to incorporate gravity, neutrino
masses, a Dark Matter candidate and the required but unknown sources of matter-antimatter
asymmetry.
The reconstruction of charged particles produced in the pp collisions will be performed by
three concentric detectors inside a magnetic field sustained by a superconducting solenoid.
The innermost detector is the Pixel Detector, which will enhance the pattern recognition to
separate tracks in a high multiplicity environment and will provide high-precision
reconstruction of decay vertices allowing the identification of particle jets containing B-
mesons.
The pixel detector [1,2] will consist of three concentric cylindrical layers (barrel) and three
disks on each side. The silicon tiles (modules) will contain a total of 100 milion pixel cells,
each one connected to a dedicated readout electronic chain. The detector will provide three
measurement for each track, with a spatial resolution of about 10 mm  and an efficiency larger
than 97%. The signal must be associated to a unique LHC bunch crossing, whose frequency
is 40 MHz. These performances must be provided in an harsh radiation environment, with an
integrated particle flux of the order of 1015 charged hadrons per square centimeter and an
integrated dose of 500 kGy. No previous solid state detector was able to meet these
specifications.
The basic unit is the module [2,3], which is a complex object. Charged particle produce an
electric signal in the sensor [4], segmented into 50 x 400 mm2 pixel cells, each one connected
to a matching cell in the front-end readout chips by a solder or indium bump [5]. The module
signals are processed by the Module Controller Chip and sent off-module via an optic link. 
The group of Milano contributed in particular to
The design of the sensor [4], in particular the isolation between pixel cells 
The test of bare modules (sensor and electronic chips) during production [5], the development
of power supplies and regulator electronics board, and the tools to assemble the layer
modules, survey the module placement precision, and insert the detector into ATLAS
The analysis of test beam data [2,6,7,8,9,10], measuring the spatial resolution, the detection
efficiency, the high-rate data acquisition capabilities and the active thickness of the detector
after irradiation.
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Borexino: a real time solar neutrino
detector below 1 MeV

P. Lombardi1, G.P. Bellini2, S. Bonetti2, B. Caccianiga1, D. Franco2, M. Giammarchi1,
E. Meroni2, L. Miramonti2, M.E. Monzani1, L. Perasso1, and G. Ranucci1

The BOREXINO experiment aims to measure low energy solar neutrinos in real time by ela-
stic neutrino-electron scattering. The experiment’s goal is the direct measurement of the flux
of 7 Be solar neutrinos of all flavors in an ultra-pure scintillation liquid. The experiment, loca-
ted near L’Aquila in Italy in the underground laboratory LNGS (Laboratori Nazionali del
Gran Sasso) will use 300 t of liquid scintillator (fiducial volume 100 t) to detect the scattered
electrons. The energy window in which the 7Be neutrino induced events will be observed is
in the range of 250 keV to 800 keV, at an expected rate of a few tens of events per day. Since
these very rare events are practically indistinguishable from other ionizing events produced
by natural radioactivity at the same energy, extremely high radiopurity standards must be met
by the experiment. Muon induced background events are strongly suppressed (6 orders of
magnitude) by the overburden (~ 3500 meter water equivalent, m.w.e.) and by the aid of an
additional muon veto shield. The shell type structure of the detector will reduce the environ-
mental γ-ray and neutron fluxes to an insignificant level at the central fiducial volume. The
total shield thickness of ~ 5 m.w.e. consists of ~ 2.1 m pure water, ~ 2.6 m Pseudocumene
(1,2,4-trimethylbenzene, PC, p = 0.89 g/cm3) and the outer ~ 1.2 m of the liquid scintillator.
The latter is contained in a thin nylon wall inner vessel. The scintillation light is viewed by
2200 photomultiplier tubes (PMT) mounted on the stainless steel sphere (SSS). A muon veto
is formed by 200 outward looking PMTs detecting the čerenkov light of through-going muons
in the water buffer. The outer shell of the detector is a stainless steel tank of 18 m diameter.
The inner part of the PC buffer is protected against radon (222Rn) emanated from the PMTs
and the SSS by another nylon film (outer vessel). An elaborate system handles and purifies
some 300 tons of PC based scintillator and ~1040 tons of PC buffer liquid. Further ancillary
plants are a water purification system and a nitrogen plant to supply the experiment with high
purity water and nitrogen.
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Fig. 1
Sketch of the Borexino
apparatus with auxiliary plants.

Fig. 2
View of the internal apparatus; inner vessel
and photomultipiers are shown.
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The Pierre Auger Observatory:
a hybrid detector looking 

for the Ultra High Energy Cosmic Rays

C. De Donato1,2, F. Sanchez1,2, D.V. Camin1,2, and V. Grassi1,2

The Ultra High Energy Cosmic Rays (UHECR) form the tail of the cosmic ray spectrum, which
extends from 1 GeV to beyond 1020 eV. To solve the enigma of the origin of such energetic par-
ticles, the Pierre Auger Observatory (PAO) has been conceived to measure the flux, the arrival
direction and mass composition of UHECRs of E > 1018 eV with unprecedented statistical pre-
cision and full sky coverage. To obtain these goals the project foresees two sites, one in each
hemisphere, each one with an aperture of 7850 Km2 sr above 1019 eV. Actually only the Southern
site is under construction in Argentina (Malargue, Mendoza) and will be completed within the
end of 2006, while the Northern site in Colorado (USA) is in the first phase of design. The
Southern observatory comprises the Surface Detector (SD), a ground array of 1600 water-
Cherenkov detectors spaced each other by 1.5 km over an area of 3000 km2, and the Fluorescence
Detector (FD), consisting of 24 fluorescence telescopes (grouped in 4 optical stations) overlook-
ing the SD array. Optical systems for atmospheric monitoring and calibration and LIDARs,
complete the Observatory [1]. The SD provides the lateral density distribution of the shower par-
ticles at the ground level. On the other side, the FD detects the fluorescence light generated in
Earth atmosphere by extensive air showers (EAS), from which the longitudinal profile of the
EAS can be obtained. From the lateral density distribution and the longitudinal profile, informa-
tion about the EAS can be inferred independently from complementary set of parameters. These
two traditional techniques are combined for the first time in a unique hybrid detector to achieve
high resolution in the reconstruction of the parameters of the EAS with full efficiency above 1019

eV. The detection in coincidence of an EAS with the two techniques, possible for the 10% of the
events, allows the cross-calibration of the two detectors with a consequent reduction of the sys-
tematic errors. The Observatory began to acquire data regularly in January 2004. The data col-
lected up to June 2005, when the construction reached the 75% for the FD and ~ 50% for the
SD, allowed preliminary analysis and results for the PAO [2,3]. With 180000 SD events and
18000 hybrid events recorded, the cumulative exposure reached ~ 1750 km2 sr yr, ~ 7% more
than AGASA. The current rate of hybrid events (1800 events/month) increases as the construc-
tion proceeds. Despite the actual hybrid energy resolution is limited by the available statistics
and by the systematic uncertainties in the FD and SD reconstruction, the data acquired provid-
ed a first estimate of the primary cosmic ray energy spectrum above 3 EeV. 
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Fig. 1 
SD water-Cherenkov detector:
the main elements of the detector are shown.

Fig. 2 
FD telescope: the main elements of the
aperture and the camera, composed of 20 x
22 photomultiplier tubes (PMTs), are shown.
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The LHC Computing Grid 
and the ATLAS experiment

L. Perini1, T. Lari2, G. Negri3, F. Prelz2, D. Rebatto2,4,
S. Resconi2,4, and L.Vaccarossa2,4

The four experiments at the LHC collide located at CERN are now preparing for the first
collisions (pp at 14 TeV) scheduled in the second half of 2007. They are designed for get-
ting new results in many fields of particle physics, but the handling of their data is also an
informatics challenge that is being addressed with the new technology of GRID comput-
ing, developed in close contact with the experiments themselves. 

The LHC experiments involve 5000 physicists located in more than 400 institutions
spread in the five continents and the amount of data collected in each year of running is over
10 PB. This amount of data needs to be processed for getting the physics results, giving to
each physicist the possibility of acceding the data from his/her home institute, selecting and
analysing them with the algorithm of his/her choice together with the ones embodied in the
experiment software. 

The LCG (LHC Computing Grid project) has the mission of building up the hardware
and software infrastructure needed, in collaboration with the GRID projects funded in the
major regions of the world, and has just completed its prototyping phase. 

In Europe the major GRID project developing the middleware and infrastructure in col-
laboration with LCG is EGEE (Enabling GRID for E-science in Europe), a two year proj-
ect, started in April 2004, funded by EU with 32 M Euro, and expected to continue for 2
further year into EGEE2, with similar funding. 

The four experiments and LCG[1] have completed in June 2005 their Computing
Technical Design Report, describing the status and planning of their software and comput-
ing, and all of them adopt the GRID technology as basis of their computing model. 

To validate the computing and data model, test the complete software suite and its reli-
ability, ATLAS went through a series of Data Challenges. A data challenge consists in the
full simulation and reprocessing of data coming from the detector, carried out with the same
software and computing infrastructure expected to be employed during data taking. 

Up to now, ATLAS ran two data challenges, DC1 in 2002-2003 and DC2 in the second
half of 2004, followed by a large scale production to provide data for physics studies for
the ATLAS Rome Workshop in June 2005. 
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The Counting Test Facility: a world record 
in low radioactivity measurements

M.E. Monzani1, B. Caccianiga1, G. Bellini2, S. Bonetti2, D. Franco2, M. Giammarchi1,
P. Lombardi1, E. Meroni2, L. Miramonti2, L. Perasso1, and G. Ranucci1,

The Counting Test Facility (CTF) is a prototype built to test the feasibility of the Borexino
experiment[1], realized for the detection of low energy Solar neutrinos (Eν < 1MeV). The
CTF detector consists of 4 tons of liquid scintillator contained in a 1-meter-radius nylon
vessel and surrounded by 100 photomultiplier tubes pointing towards the center. The detec-
tor is placed inside a cylindrical tank, 10 m of height and 11 m of diameter, filled with puri-
fied water (232Th and 238U at the level of 10-14 g/gwater), which shields neutrons and gammas
from the rocks. All the materials have been selected to assure low radioactivity, while
during the construction special working procedures have been adopted to minimize the risk
of dust contamination. The location of the detector under the Gran Sasso mountain at a
water-equivalent depth of 3800 m provides shielding from cosmic rays.

The experimental quantities measured in CTF are essentially the number of photons
collected at the PMTs and their arrival times, from which it is possible to extract the energy
and position of each event occurring in the scintillator on a real-time basis. The energy reso-
lution is 8% at 1 MeV (and scales with,√N being the number of collected photoelectrons),
while position resolution is approximately 12 cm (at 1 MeV). 

Different methods for scintillator purification were tested (N2 stripping, water extrac-
tion, distillation) with good performances in reducing radioactive isotopes present in the
scintillator. The optical properties of a large volume of liquid scintillator and the propaga-
tion mechanism of the optical photon inside it were studied carefully for the first time.

The use of subsequent layers of increasingly pure materials to shield the innermost part
of the detector creates an environment almost free of background coming from outside:
thanks to these extremely clean conditions, the sensitivity of the CTF has reached records
never achieved until now with classic methods of measurements. The low half-life of 212Po
and 214Po (see fig. 1) allowed tagging of the Bi-Po delayed coincidences in the 232Th and 238U
chain: this made it possible to measure U and Th contamination down to the level of 
10-16g/g (assuming secular equilibrium of the chain) [2]. It was also possible to measure 14C
content in the organic scintillator to the unprecedented level of about 1 nucleus of 14C every
1018 nuclei of 12C[3]. 
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The production for the Rome workshop consisted of a total of 380k jobs submitted to
the LCG GRID infrastructure, out of which 109k simulation jobs (typical duration 20 hours
each), 106k digitization jobs, 125k reconstruction jobs and 40k pile-up jobs (the reconstruc-
tion has been performed on digitized events and only partially on piled-up events). In total,
1.4M files have been stored in LCG, both on disk-only and Mass Storage Systems corre-
sponding to an amount of data of about 45 TB.

Milan was the first Italian site to enter LCG for ATLAS computing resources (Tier2
prototype) and is giving important contributions to the Grid (responsibility of 1 of the 4
middleware activity of EGEE by F. Prelz, and of the ATLAS-LCG-EGEE task force by
L:Perini, 8 people funded by EGEE): the successful ATLAS Rome production on LCG
was for > 50% in charge of the Milan group.
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The ATLAS liquid argon electromagnetic
calorimeter

G.F. Tartarelli1, D. Banfi1, L. Carminati1, D. Cavalli1, M. Citterio1, G.C. Costa1,
M. Delmastro1, M. Fanti1, L. Mandelli1, M. Mazzanti1, L. Perini1, and S. Resconi1

The electromagnetic calorimeter of the ATLAS experiment is a lead-liquid argon sampling
calorimeter with accordion geometry that is expected to play a key role in the Higgs search
(in particular in the decay channels H → γγand H → 4e).

Intoduction
The ATLAS experiment is a general purpose detector designed to exploit the discovery
potential of the proton-proton Large Hadron Collider (LHC) at CERN. The ATLAS elec-
tromagnetic calorimeter is a lead-liquid Argon (LAr) sampling calorimeter with an accor-
dion geometry. It is composed by a Barrel and two End-Caps (see Fig. 1). The signal in the
detector is generated by the drift of ionization electrons between lead absorbers and read-
out electrodes.

The read-out electrodes
The read-out electrodes are custom-made three-layer copper-Kapton® electrodes. Their pro-
duction, carried out in a specialized company, was very challenging due to the large size of
the electrodes (about 1 − 2 m2). Our group has been a key player in designing and testing
the electrodes.

The preamplifiers
The analog signal generated in the LAr gap is preamplified by custom-made current ampli-
fiers. About half of the ~ 200,000 preamps needed by the LAr calorimeter were produced by
an Italian electronic company under our supervision and testing.

The signal reconstruction
The peak and the arrival time of the calorimeter signal are reconstructed using an Optimal
Filtering technique. The calculation of the optimal filtering coefficients requires the knowl-
edge of the normalized shape of the signal, and of the noise autocorrelation function. In the
method developed by the Milano group, the parameters needed to perform the ionization sig-
nal prediction can be directly retrieved from the calibration pulses.

Test-beam
Prototypes first and production modules of the calorimeters later were exposed to test beams
to assess the calorimeter performance. These studies included a cell-by-cell position scan of
an entire module at fixed electron energy to assess the uniformity of the response. The good
uniformity obtained (at the level of 0.6%) reflects the homogeneity of construction of the
detector and the effectiveness of our calibration strategy.
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Fig. 1 
The ATLAS Liquid Argon Calorimeter.

Fig. 2
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The HV system
In the LAr calorimeter the Detector Control System (DCS) controls high voltage, liquid
Argon purity and temperature and so on. The high-voltage system alone consists of ∼ 50,000
channels. A commercial Supervisory Control And Data Acquisition (SCADA) package,
PVSS-II®, has been chosen to control the system. Milano is responsible of the HV control
software for the entire LAr calorimeter system.

Conclusions
The calorimeters construction has successfully finished. The barrel is already in the ATLAS
pit at the interaction point (see Fig. 2). With the instrumented detectors in the pit ready to take
cosmic data, the year 2006 will be an exciting one for the ATLAS Collaboration. Summer
2007, when the first LHC beam is expected, is just around the corner. It will be the beginning
of a new era of discoveries that will lead us toward a deeper understanding of the forces and
the particles that govern the universe.

Elementary Particle Physics The ATLAS liquid argon electromagnetic calorimeter

Fig. 2 
The barrel calorimeter (shown inside 
the muon toroids) being moved towards 
the ATLAS interaction point.

 



    

and mass phenomena). It also plays an important role in closed shell nuclei plus or minus two
nucleons, where it gives rise to a pairing induced interaction. The associated zero point fluc-
tuations give important contributions to, among other things, the nuclear masses (see S.
Baroni et al, this Volume). All these effects can be systematically treated within the framework
of the Nuclear Field Theory (NFT), see [6-8].

Because collective vibrations (see the contribution of G. Colò et al. this Volume) are
displayed not only by spherical, normal nuclei but also by deformed, superfluid nuclei (β-, γ-
and pairing- vibrations), medium polarization effects and the corresponding dressing of sin-
gle-particle motion are expected to play a central role in the description of the nuclear struc-
ture, in particular in the case of highly polarizable systems like halo nuclei (11Li, 12Be). This is
true not only close to the ground state, but also in nuclei at finite temperature (see the contri-
bution of S. Leoni, this Volume and ref. [9]).

Pairing in finite (atomic nuclei, metal clusters) 
and compact (neutron stars) systems

The bare nucleon-nucleon interaction is essential for the production of pair correlations in
nuclei, but the induced interaction due to phonon exchange also contributes. As already men-
tioned, polarization effects are also important in the calculation of nuclear masses (S. Baroni
et al. in this Volume, see also [10,11]) as well as of superfluidity in the inner crust of neutron
stars (see also Fig. 1 and 2).

Rotation in a Fermi superfluid polarizes and eventually breaks Cooper pairs leading to a
phase transition between superfluid and normal systems. In the description of such a phase
transition one does not need the use of singular functions as in the case of infinite systems. In
fact, the phase transition is controlled by hot orbitals (e.g., i3/2(ν), h11/2(π)) and can be fol-
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Fig. 1 
(a) Cross section of a neutron star, (b) and (c)
schematic representation of a Wigner cell 
in the inner crust of a neutron star, (d) phase
transition (e.g. between spherical and
deformed nuclei) is controlled by (few) hot
orbitals.

Fig. 2  
(a) Backbending phenomenon associated
with the breaking of Cooper pairs in nuclei
(high-l, hot orbitals) as a function of the
rotational frequency (c). (b) Similar
phenomena seem to be associated with 
the rotation frequency changes displayed by
pulsars (neutron stars) and related with
vortices in these systems (d). Ir is the rigid
moment of inertia of the deformed system.
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From nuclei to proteins: interdisciplinary
research in finite many-body physics

R.A. Broglia1,2,3, G. Tiana1,2, P.F. Bortignon1,2, G. Colò1,2,
D. Provasi1,2, F. Marini1, and E. Vigezzi1,2

(The complete manuscript can be found at
http://merlino.mi.infn.it/papers/broglia_ea_060509.ps)

Concepts developed to describe the nuclear structure have been found to be rather universal
and particularly powerful to describe the properties of the finite many-body systems. In fact,
it will be shown that these concepts (like e.g., interwearing of single-particle and collective
motion, medium (surface) polarization induced interactions, hot orbitals and phase transi-
tions, etc.) can be used at profit to discuss the physics which is at the basis of neutron stars,
atomic clusters and fullerenes, nanomaterials, as well as protein folding.

Independent particle model
In classical mechanics, a system of particles of mass m which interact through a two-body
force (particle-particle potential) will find the lowest state at zero temperature, by minimizing,
for each particle, its potential energy with respect to all its neighbours. Such static, localized
particles, provide the basic design for the ground state of molecules and crystals. This pheno-
menon, known as spontaneous symmetry breaking, is at the basis of the emergent properties
of systems of many particles. In fact, a piece of condensed matter will display localization and
rigidity, properties not contained in each individual particle, nor in the Hamiltonian descri-
bing their interaction [1].

In quantum mechanics, momentum and coordinate are conjugate variables fullfilling
Heisenberg’s relation. From this relation one can calculate the (zero point) energy associated
with the localization of a particle. In the nuclear case, this quantity is of the order of the local-
potential energy. It is thus expected that nucleons, inside the nucleus, are delocalized. This is
an example of the fact that while potential energy always prefers special arrangements, fluc-
tuations, quantum or classical, favour symmetry.

Further examples of spontaneous symmetry breaking and its restoration are provided by
the atomic nucleus. These systems can deform in 3D- and in gauge- space. The fingerprints
of these phenomena is the presence of rotational bands excited through e.g. Coulomb excita-
tion, and of pairing rotational bands which can be excited in two-particle transfer reactions
induced by scattering of two superfluid nuclei [2,3].

Mean field and beyond
Mean field theory, where nucleons move independently of each other in an average potential
produced by the effect of all the other nucleons, is applicable to the description of the nuclear
structure. A powerful scheme to calculate the mean field potential is provided by Hartree-
Fock (HF) theory, and by HF-Bogoliubov (HFB) theory in the case in which pairing is con-
sidered. Within this context it is important to mention that a (non-constrained) solution of
HFB equations will, in general, display a lower symmetry than the original Hamiltonian. That
is, the lowest energy state will identify privileged direction in 3D- as well as in gauge space
(deformed, superfluid).

In fact, with the exception of very few doubly closed shell systems, the overwhelming
majority of all nuclei are described by states which are deformed in 3D- or in gauge spaces
or in both (rotational and/or superfluid nuclei), as well as localized in space. Not surprisingly,
there is a term in the residual interaction, neglected in HF as well as in HFB, which leads to
zero-point fluctuations in the orientation of the deformed nucleus in 3D-space and in gauge
space [2], as well as center of mass translation . Taking these fluctuations into account leads
to symmetry restoration [2,4,5].

The importance of the interweaving of single-particle and of collective motion, does not
reduce only to the case of static deformations, but it is also valid in the case of the dynamical
breaking of the symmetry (vibrations), as observed for example in the case of closed shell
nuclei plus (minus) one nucleon (e.g. septuplet of states in 209Bi, as well as effective charge
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Viruses and bacteria depend, for their reproduction, on specific enzymes, central for
their vital cycle. Drugs are molecules blocking their activity. These drugs, aimed at the acti-
ve site of the protein, develop, as a rule, resistance (think about antibiotics (bacteria) and about
the flu virus, let alone HIV).

If one would like to permanently inhibit the folding of a protein, one could use peptides
displaying identical sequence as that of a LES (called p-LES). Because LES are specific of
each protein, such peptides would be highly specific and effective, as they would attach to the
complementary LES with the strength associated with the corresponding LES, not allowing
the protein to fold, and thus blocking its biological activity. Furthermore, the virus or bacte-
ria expressing the protein should, to avoid its action, mutate some of the hot amino acids of
the protein, leading in this way to its denaturation. Note that if one blocks one or two of the
hot orbitals of a superfluid nucleus, this nucleus would not display any normal-superfluid
phase transition.

This strategy has been applied to an enzyme important for the maturation of the HIV.
Simulations as well as experiments in vitro [17,18], indicate the inhibitor properties of the cor-
responding p-LES (see the contribution of Tiana et al, this Volume).

Summing up, one of the most ambitious challenges posed by the present understanding
of finite many-body (complex) systems like the atomic nucleus, is prospecting, mapping,
colonizing and developing the “interdisciplinary” territory. To do so, bringing people from the
different disciplines together is not enough. These fields (nuclear physics, astrophysics, clu-
ster physics, proteomics, brain research, etc) have very different “cultures”: different objecti-
ves, criteria of success, techniques and languages. A deep shift in their way of thinking is
necessary.

To realize it requires “growing” a new generation of “bilingual” young scientists (inclu-
ding medical doctors) that will produce the necessary synthesis in their own minds.

Finite many-body (complex) systems induce also a new relation between theoretical and
applied science. In fact, the generality of concepts developed to treat “inanimate” objects (like
e.g. the atomic nucleus or fullerenes) are so general that they carry onto real proteins, provi-
ding brand new glasses to look at these systems, building blocks of life on earth.
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Fig. 3 
Snapshots of a Monte Carlo simulation
trajectory of a lattice model protein which
folds into the native structure shown in (d).
Hot, warm and cold amino acids correspond
to red, yellow and green beads. The coloured
surfaces are the LES.
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lowed in terms of the breaking of Cooper pairs associated with these orbitals [4].

A compact superfluid system, like the inner crust of a neutron star, rotates by generating
vortices. The study of the interaction of these vortices with the atomic nuclei immersed in the
sea of free neutrons is of central importance to understand the phenomenon of glitches obser-
ved in these systems [12,13]. HFB theory has been used to determine the properties of these
femtometer materials. Also in this case, the role of induced pairing correlations is a central
issue in the question of obtaining a quantitative description of these systems.

Making use of the ideas and techniques which are at the basis of the study of femtometer
compact systems, one can approach the question of designing nanometer materials with
customer tailored properties. In fact, with the help of mean field theory plus correlation effects
within the framework of density functional theory (DFT), new superconducting nanometer
materials are being designed, using as building blocks metallic clusters. In particular Au8 clu-
sters (see contribution, M. Bonomi et al, this Volume). Such materials are different from bulk
gold, displaying (calculated) properties quite different from this system.

Summing up, the treatment of finite many-body (complex) systems within the “mean
field” framework is very useful but lacks essential physics. This physics can be explained
as realization of a single dynamical concept: spontaneous symmetry breaking. In the case
of nuclear physics and neutron stars the corresponding emergent properties are: (a) genera-
lized rigidity in 3D- as well as in gauge space; (b) new dynamics i.e. long-wavelength col-
lective motions (rotations and GDR) which are Goldstone and Higgs modes of the system;
(c) order parameter singularities, leading for example to breaking of high-l Cooper pairs
(hot orbitals) as seen in the backbending phenomenon in atomic nuclei; (d) arguably,
unpinnning of vortices in the phenomenon of glitches associated with neutron stars. All the
above are subjects which lie at the forefront of today’s research.

One may argue that the “mean field”/continuum/linear way of thinking is what conser-
ved the classical sciences as independent subcultures. Indeed, the great conceptual jumps
separating the various sciences and the accompanying paradoxes connected to the nature of
life, intelligence, culture arise exactly from the failure of these assumptions. The study of
the emergence of new collective properties qualitatively different from the properties of the
elementary components of the system breaks the traditional boundary between sciences:
concepts developed in the study of one finite many-body (complex) system, like the atomic
nucleus (the fact that the normal-superfluid phase transition is controlled by few hot orbi-
tals), can be used at profit (see next section) to describe the folding of proteins.

Protein folding and non-conventional drug design
Proteins are chains made out of 20 different types of amino acids (primary structure) which,
starting from a denaturated (random) elongated conformation fold in short times (1 ms - 1
s) on the native, biological active, conformation. How does a linear sequence determine the
3D-structure is not known. This is the protein folding problem.

Because a protein, like an atomic nucleus is a finite many-body system, both under-
going phase transitions, e.g. superfluid-normal (atomic nucleus), random - good folder
sequences (proteins), one expects this last process to be controlled by few, hot amino acids.
This in keeping with the fact that few, hot (high-l) orbitals control nuclear phase transitions
of finite systems [14].

Making use of these concepts and of a simple model of proteins, where the 20 different
types of amino acids are represented by beads of equal size, forced to move on the vertices
of a lattice and interacting through a 20 x 20 contact matrix, one finds that good folders are
those sequences which, in the native conformation display a particular low energy [15,16].

With the help of Monte-Carlo simulations it is found that all proteins folding to a selected
native conformation display the same set of amino acids on few hot sites. At the very begin-
ning of the folding process local elementary structures (LES) are built stabilized by these hot,
highly conserved amino acids (Fig. 3b). LES, and not single amino acids, control from now
on the whole folding process. In this way the system reduces in an important way the degrees
of freedom of the chain and overcomes the highest barrier of the free energy associated with
the folding process, docking the LES in their native conformation (folding nucleus, Fig. 3c).
Shortly after, the remaining amino acids reach their native positions (Fig. 3d).
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Heavy ion interactions relevant
to hadrontherapy

F. Cerutti1,2, E. Gadioli1,2, E. Gadioli Erba1,2, M. Cavinato1,2, P. Colleoni1,
A. Mairani3, and A. Pepe1

There is an ever growing belief of the need of inclusive information on the nuclear reac-
tions induced by light ions for their relevance in interdisciplinary and applicative fields
such as hadrontherapy and space radiation protection. To these reactions a large variety of
different mechanisms contribute even at low energies, originating both by their fusion and
their fragmentation. We will show the results of a case study of the interaction between car-
bon and aluminium ions which show that the contemporary investigation of a reaction (12C
+ 27Al) and its inverse, at the same channel energy, greatly helps in identifying the contribut-
ing mechanisms and estimating the probability of their occurrence.

1. Introduction
The interactions of two light nuclei are of great interest not only for understanding the
underlying reaction mechanisms but also for their applications in fields such as hadronther-
apy and radiation protection of the crew and the equipment in space missions. In a recent
experiment performed at iThemba LABS [1] the interaction of 12C with 27Al was studied at
an incident energy of 13 MeV/n. This study suggested that the same mechanisms which
were found to dominate in the interaction of light nuclei (12C and 16O) with heavier targets
(complete fusion (CF) and break-up-fusion (BU-F) reactions) [2-6] could still account for
most of the reactions observed in the interaction of two light nuclei at energies of few tens
of MeV/n – corresponding also to the Bragg peak region (BPR) of higher energy ions inter-
acting with thick materials. Section 2 summarizes the experimental and theoretical back-
ground which led our group to identify the main interaction mechanisms of the light nuclei
12C and 16O with matter. In Sect. 3 we present the main results of the study of the interac-
tion between carbon and aluminium. Section 4 is devoted to a discussion of the perspec-
tives of these investigations.

2. Leading reaction mechanisms in the interaction of light nuclei with matter
The analysis of the ejectile spectra in heavy ion CF reactions leads one to recognize the
need of describing the nuclear thermalization of the nucleus which the two nuclei form
when they interact, i.e., the process through which the initial energy distribution of the pro-
jectile and target nucleons transforms into the thermal equilibrium distribution. This mech-
anism is assumed to consist of a cascade of nucleon-nucleon interactions simulated by a set
of coupled Boltzmann Master Equations (BMEs) [7,8]. Their solution gives the time evo-
lution of the occupation probability of predefined bins of nucleon states as a result of nucle-
on interactions which redistribute the nucleons within different bins and emission of parti-
cles into the continuum. The theory considers the possibility of emission not only of single
nucleons but also of clusters (including intermediate mass fragments, IMFs) which may be
formed by coalescence of nucleons, and evaluates their double differential spectra. Coupled
with a Monte Carlo calculation and a statistical evaporation code it allows to evaluate the
probability of particular sequences of events and thus of exclusive processes providing a
comprehensive description of all possible reactions. These calculations allow to reproduce
accurately a large number of ejectile spectra.

With increasing interacting ion energy, CF contributes increasingly less to the reaction
cross section and one must consider the possibility of different processes. The most proba-
ble of these alternative mechanisms are, in the case of 12C and 16O, BU-F reactions, i.e.,
binary fragmentation of the projectile followed by the fusion of one of the fragments with
the target nucleus, and inelastic scattering. The analysis of the IMF spectra, which (see Fig.
1) show two distinct contributions due to fragmentation at high energy and nucleon coales-
cence at energies slightly above the Coulomb barrier, suggests that before fragmentation the
projectile may suffer a quite considerable loss of energy [2-6].

A systematic study of 12C and 16O reactions allowed us to estimate the relevant parame-
ters for the theoretical calculations: the cross sections for fragmentation, CF and inelastic
scattering, the average energy loss before fragmentation and so on. Figure 2 shows, in the
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case of 12C reactions on 103Rh, the cross sections for the mechanisms which are found to con-
tribute to the reaction cross section [9]. These results indicate that the fragmentation process
is considerably more complex than thought before, not only for the presence of the quite sig-
nificant energy exchange before fragmentation, but also because 12C and 16O may fragmentate
in many possible ways and not exclusively into α-type fragments as previously assumed.

3. The interaction of 12C and 27Al at 13 MeV/n
In the low energy interaction of two light nuclei it is not possible to separate the IMFs pro-
duced in the fast stage of the reaction (both by projectile and target fragmentation and nucle-
on coalescence) from the evaporation residues, whose masses, in the interaction of a light pro-
jectile with a much heavier target nucleus, are considerably different. This complication may
be alleviated by studying (i) the interaction of nuclei with somewhat different masses such as
12C and 27Al because their fragments are more easily distinguished, and (ii) both the direct and
the inverse reaction exchanging the roles of the projectile and the target. In fact, for kinemat-
ical effects, in the laboratory system fragments originating from the projectile are mostly
emitted at very forward angles with considerable energy, while those originating from the tar-
get are emitted at larger angles with greatly reduced energy so that their spectra display quite
different features [1].

In spite of the enormous variety of processes which might occur, most of the measured
spectra are very reasonably reproduced simply considering the CF of the two ions as well as
BU-F reactions. These processes create with quite significant cross sections a large number
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Fig. 1
Spectra of boron, carbon and nitrogen
fragments produced in the interaction of 16O
with 59Co at an incident energy of 400 MeV
[3,4]. The experimental values are given 
by the solid dots. The theoretical prediction 
of the spectra of fragments produced 
by 16O break-up is given by the solid line
histograms extending up the highest emission
energies. The expected contribution 
of fragments produced by nucleon
coalescence is given by the solid lines
peaking slightly above the emitted fragment’s
Coulomb barrier.

Fig. 2
Reaction cross section and cross sections 
of the contributing reaction mechanisms 
in the interaction of 12C with 103Rh up to 
an incident energy of 400 MeV (cf =
complete fusion, in = inelastic scattering,
Be = incomplete fusion of a beryllium
isotope, α = incomplete fusion of one α
particle, p, n = transfer of a proton or a
neutron from the projectile to the target,
5,6,7Li = incomplete fusion of one of these
lithium isotopes, 3,5He = incomplete fusion 
of a 3He or a 5He).
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of ejectiles, ranging from fragments with mass smaller than the mass of the lighter interact-
ing ion to residues with mass exceeding that of the heavier interacting ion. To the lightest
ejectile spectra, break-up fragments from both interacting ions and fragments produced by
nucleon coalescence in CF reactions mainly contribute. Nuclei with mass intermediate
between those of the interacting ions may be produced by the heavier ion fragmentation, by
the nucleon coalescence in CF reactions, and as evaporation residues in CF and BU-F reac-
tions. As an example, the spectra of fluorine isotopes are shown in Figs. 3 and 4.
Evaporation residues heavier than 27Al are also observed with sizeable cross sections and
their spectra are reasonably well reproduced by our calculations.

Many different isotopes may be produced by coalescence or as evaporation residues. In
evaluating nuclear fragmentation, for sake of simplicity, we considered only the break-up
modes requiring the lowest fragmentation energies, and the spectator fragments are
assumed to be in their ground state.

Nuclear Physics Heavy ion interactions relevant to hadrontherapy

Fig. 3
Double differential spectra of F in the
12C+27Al reaction at ELab=156 MeV.
Experimental data (full circles with error
bars) are compared with the theoretical
prediction (solid line) which is the sum of
three contributions: fragments from 27Al
break-up (dashed line), from nucleon
coalescence in complete fusion reactions
(dotted line), and produced as evaporation
residues in complete fusion and break-up-
fusion reactions (dashed dotted line).

Fig. 4
Double differential spectra of F in the 27Al +
12C reaction at ELab = 348 MeV. Experimental
data (full circles with error bars) are
compared with the theoretical prediction
(solid line) which is the sum of three
contributions: fragments from 27Al break-up
(dashed line), from nucleon coalescence in
complete fusion reactions (dotted line), and
produced as evaporation residues in complete
fusion and break-up-fusion reactions (dashed
dotted line).
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The total cross section obtained by adding up the contributions of all the considered
mechanisms and the cross section for inelastic scattering, pick-up as well as stripping reac-
tions amounts to about 80% of the reaction cross section estimated to be 1700 mb [10]. The
results of this analysis are encouraging because the qualitative features of all observed spec-
tra are satisfactorily reproduced and the theory seems to be able to provide also a reason-
able quantitative account of them in spite of the simplifying assumptions which are made.
Some results were rather unexpected such as the sizeable production of evaporation
residues with mass exceeding the interacting ion masses, as a consequence of the leading
role of complete and incomplete fusion reactions.

4. Perspectives
Extension of this study to the interaction of even lighter systems (12C + 12C and 16O + 12C) is
of the uttermost importance for hadrontherapy for the following two reasons: (i) firstly and
more importantly in order to obtain information about the production of positron emitters
used for visualizing the beam during irradiation through PET techniques, and consequent-
ly allow a better conformation of actual dose delivering to the tumour volume, (ii) second-
ly in order to evaluate the amount of fragments with mass greater than those of the inter-
acting ions which are mainly produced as evaporation residues with relatively low energies
and may thus considerably increase the relative biological effectiveness of the beam in the
Bragg peak region, which otherwise might be noticeably reduced due to reactions occur-
ring along its passage through the healthy tissue before reaching the tumour.
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However, as emerged from the results of this work, as well as of large amount of work
appeared in the literature under the main title of particle-vibration coupling (PVC) [6], the
practical implementations of DFT, in which the effective interactions are trated at the mean
field (HF or HFB) level, cannot be considered as a complete theory. Correlations effects are
taken into account only in an average, energy-independent fashion, and this approximation is
bound to fail in case in which particular orbitals close to the Fermi energy play a relevant role,
or in other cases like in the description of the damping phenomena (see below). Coming back
to the main subject of the present contribution, the small oscillations around the ground state,
that is, the nuclear vibrations, can be studied within DFT as well. These oscillations are pro-
duced if an external field induces an initial displacement of the density: as the system is
moved from equilibrium, the second derivative of the total energy with respect to r provides
the restoring force for the vibrational mode. The self-consistent theory of small nuclear vibra-
tions is called Random Phase Approximation (RPA) and generalizes to quasi-particle RPA
(QRPA) when the pairing force is taken into account. 

Vibrational modes of nuclei are characterized by different quantum numbers: angular
momentum DL, spin DS and isospin DT (Fig. 2). In particular, states with isospin equal to zero
(isoscalar) correspond to neutrons and protons which oscillate in phase, whereas states with
isospin equal to one (isovector) are characterized by neutrons and protons which oscillate in
opposition of phase. For each set of quantum numbers, normally there exist few states which
are associated with large collectivity, i.e., which involve a large fraction of nucleons and have
large probabilities to be excited. These are called giant resonances and have energies of the
order of 10-20 MeV [7]. Their width (of few MeV) is associated with the fact that the energy
of the ordered collective motion can be transferred to more complicated degrees of freedom

Nuclear Physics
Fig. 1 
The isotope chart (Z vs. N plane). 
The location of stable (black) and known
(pink) nuclei is indicated, together with
the regions in which unstable or unbound
nuclei have still to be identified (green). 
The link with nuclear astrophysics (properties
of infinite matter in stars, and location 
of the nucleosynthesis paths) is evident.

Fig. 2 
See the discussion in the text.
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The physics of nuclear collective states:
old questions and new trends 

G. Colò1, P.F. Bortignon1, R.A. Broglia1, and E. Vigezzi1

It has been known for many decades that atomic nuclei display collective vibrational modes.
These modes carry different quantum numbers and a major goal of the nuclear structure com-
munity has been, and still is, to try to obtain information about the nature of the correlations
associated with those quantum numbers, and about a proper nuclear effective Hamiltonian,
from the analysis of the vibrations which are experimentally observed. These issues have been
studied by the Nuclear Theory Group of our Department for quite a long time, in the context
of various international collaborations. In the present contribution, emphasis will be put on
(a) the monopole vibration and the extraction of the nuclear compression modulus, and on (b)
the dipole vibration and its properties in neutron-rich nuclei. This latter theme is quite impor-
tant as the physics of neutron-rich, unstable isotopes lies at the forefront of nuclear research.
This study allows exploring nuclear matter in novel and unprecedented conditions of large N-Z.

Introduction
Our understanding of the structure of atomic nuclei is limited by our incomplete knowledge
of the effective nuclear Hamiltonian. The bare interaction between two nucleons in the
vacuum has not yet been derived from first principles, that is, from low-energy QCD. There
exist, however, phenomenological forces, which have been fitted to the nucleon-nucleon
(NN) scattering data with remarkable accuracy. These forces can be employed in calculations
of light nuclei (up to mass number A ≈ 12: cf., e.g., [1]). Not only the large amount of mutual
correlations among nucleons prevents from applying these “ab-initio” methods in medium-
heavy nuclei: we can say that the bare force is so strongly renormalized that, repeating the
words of Ben Mottelson (Nobel prize winner of physics), “we are simply forced to simplify
the force”. In fact, aside from the bare NN force, there exist correlations which have long-
range character and that have their origin in the polarization of the nuclear medium as a
whole [2].

For all these reasons, there exists some consensus nowadays among nuclear theorists that,
to explore the nuclear isotope chart, the most “microscopic” method which is feasible is den-
sity functional theory (DFT) based on an effective interaction Veff [3]. In this scheme, one can
start from an effective interaction which already contains a number of important correlations
and eventually improve on it. In practice, Veff contains a small number of parameters (less
than ten) and is used to build the energy functional E[ρ], where ρ is the density, as the expec-
tation value of H = T + Veff on a given model wavefunction (T denotes the kinetic energy).
The simplest choice is that of a Slater determinant. Since in this case the one-body density
matrix ρ (with ρ2 = ρ) is the single physical quantity which determines the properties of the
system, we have indeed defined a density functional. The condition that the energy is mini-
mum with respect to density variations defines the nuclear ground state. In practice, different
kinds of densities must be introduced (spin and isospin densities, kinetic energy densities,
abnormal densities). The minimum condition corresponds to the Hartree-Fock (HF) equa-
tions, which generalize into the Hartree-Fock-Bogoliubov (HFB) equations - also known in
literature as de Gennes equations - in the case of open-shell isotopes where the nuclear “pai-
ring” force gives rise to nuclear superfluidity. Relativistic covariant density functionals (based
on the description of nucleons as Dirac particles, and of their mutual interactions as mediated
by the exchange of effective mesons) have been studied in recent years [4]. The parameters
of non-relativistic or relativistic functionals are fitted to reproduce basic properties of nuclear
matter and selected observables of a small set of magic nuclei, and then used to predict a
variety of properties displayed by nuclei throughout the mass table. In the non-relativistic fra-
mework, the most widely used parametrizations of the two-body effective forces are of the
so-called Skyrme type (zero-range) or Gogny type (finite-range) [5].

The global aim of this approach is to find a “universal” functional - which can account for
the large variety of phenomena displayed by the nuclear species throughout the isotope chart
(Fig. 1). It would be desirable to reproduce the behavour of the nuclear masses, also in the
regions far from stable nuclei, of the different nuclear shapes (i.e., for static quadrupole and
octupole deformations), as well as for the vibrations and rotations of all these systems.
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In fact in light nuclei with large values of (N-Z)/A the phenomena of neutron “skins” or
“haloes” have been observed. These are caused by loosely bound neutrons whose wavefunc-
tion extends much further outside the nucleus (compared with the standard cases in which the
radius is well described by the usual formula R = R0 A

1/3). In these systems, the dipole respon-
se at low energy is characterized by a marked “threshold” effect, that is, it is enhanced becau-
se of the optimal matching of the initial wavefunction with that of a scattering state in the con-
tinuum. However, in these systems the neutrons which form the halo are one or two (in cases
like 11Be, 11Li) and, by definition, the dipole state cannot be highly “collective”. A case in
which more “valence” neutrons are decoupled from a “core” with N ≈ Z, and can vibrate inde-
pendently, would be ideal for the study of the evolution of the symmetry energy when the ratio
(N - Z)/A increases. The recently discovered isotope 132Sn could have been a candidate.
However, both the experiment [10] and the theoretical study [11] have suggested that the
excess neutrons are relatively tightly bound and do not give rise to an independent, well deve-
loped collective state. The comparison between experiment and theory is shown in Fig. 3.
There are differences in the predictions of relativistic and nonrelativistic theories [12]. In the
case of [9], the coupling between different vibrational modes calculated in RPA, that is, the
anharmonicities of the system, have been taken into account [13]. In this sense, we have
extended the usual implementation of DFT. 

We conclude by mentioning that the low-lying dipole is also important for astrophysics,
since the cross sections for the neutron capture process and its inverse, that is, (n,g) and (g,n),
affect the nucleosynthesis r-process (“rapid” process).
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or to a particle which leaves the nucleus, being emitted in the continuum. These resonances
are usually excited by means of different reactions (mainly inelastic hadron scattering). In this
contribution, we will discuss the giant monopole (GMR) and dipole resonances (GDR).
Charge-exchange resonances are considered in [8].

The monopole resonance and the nuclear incompressibility 
The simplest part of the nuclear energy functional is the one which describes the uniform
nuclear matter (that is, a system with equal number of neutrons and protons without the
Coulomb interaction) close to the saturation point. The curvature of the energy per particle
E/A as a function of the density defines the compression modulus, or the “incompressibility”
of nuclear matter: the precise definition of this quantity is K∞ = 9r2 (d2E[r]/dr2). 

There have been many attempts to extract K∞ from different kinds of empirical data: the
most natural are the data concerning the GMR, that is, the isotropic compression of finite
nuclei, which are quite selectively excited by a-particle scattering at small angles. However,
the relationship between the compressibility of a finite system and of infinite matter is not at
all straightforward. Self-consistent RPA calculations using an effective force provide a link
between these two quantities which is physically sound: if a parametrization of Veff is able to
reproduce the experimental value of the monopole energy in a set of nuclei, the associated
value of K∞ should be the proper one. Of course, in such a framework a critical assessment
of the approximations involved in developing a concrete scheme for solving the HF-RPA
equations must be made.

For some time, predictions coming from relativistic and non-relativistic models seemed
to predict values of K∞which were very different. Recent work seem to have solved this pro-
blem [9], leading to the conclusion that K∞ = 240 ± 20 MeV. The remaining uncertainity is
mainly due to the fact that measuring the monopole in finite nuclei brings the asymmetry part
of the energy functional into play (see below).

The dipole states and the nuclear symmetry energy
Apoorly known part of the nuclear energy functional is the one which describes the neutron-
proton asymmetry. In fact, having simplified for the above discussion, we have not said expli-
citly so far that the dependence of E on the density is actually on the proton and neutron den-
sities rn and rp, or on the total density r = rn + rp and on the isovector density r- = rn-rp.
The part of the microscopic functional which depends on the isovector density is the so-cal-
led symmetry energy - which gives rise to the symmetry term in the nuclear mass formula.
There is an intense effort to determine the features of the density dependence of the symme-
try energy: this behavior determines at the same time both the limits of the nuclear existence
and the properties of exotic objects like the neutron stars. The new radioactive beam (RIB)
facilities aim at studying this problem, together with the many other prominent features
displayed by neutron-rich (and proton-rich) isotopes. 
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Fig. 3 
Photoabsorbtion cross section, associated
with the dipole excitation, in 132Sn. 
The experimental data (crosses) are compared
with the theoretical calculation of [11].
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Measurement of cross sections 
of nuclear reactions of astrophysical interest

(LUNA experiment)

A. Guglielmetti1 and R. Bonetti1 for the LUNA collaboration

It is well known [1] that stars generate energy and produce elements by means of thermonu-
clear fusion reactions which start from the most abundant and lightest element, Hydrogen, and
gradually synthesize heavier elements. All fusion reactions occur in stars in a very well defi-
ned energy range, the so called Gamow peak, which is the result of the overlapping between
the energetic distribution of nuclei in stars at a given temperature and the energetic dependen-
ce of the reaction cross section. The first, given by the Maxwell-Boltzmann distribution, has
a maximum for E = kT (where T is the star temperature) and then decreases exponentially for
increasing energy while the second, given by the tunneling probability through a Coulomb
barrier, decreases exponentially for decreasing energy. In particular the reaction cross section
for charged particles can be written as:

σ(E) = (S(E)/E)exp(-2πη)
where S(E) is the astrophysical factor which contains the pure nuclear behavior of the cross
section and η is the Sommerfeld parameter given by:

η = (31.29/2π) Z1 Z2 (µ/E)1/2

being Z1 and Z2 the charges of the interacting nuclei, µ the reduced mass and E the interac-
tion energy in keV. As an example, in our Sun whose temperature is 1.5 x 107 °K the maxi-
mum of the Maxwell Boltzmann distribution occurs at about 1 keV, the Coulomb barrier for
the 3He + 3He reaction (one of the most important reactions in the p-p cycle, which converts
4 protons in Helium with a net energy release of about 27 MeV) is 1500 keV and the Gamow
peak (21 ± 5) keV: the cross section at the minimum energy of 16 keV is 20 femtobarn. Such
low value of the cross section at the Gamow peak has always prevented a direct measurement
in a laboratory at the earth surface where the signal to background ratio would have been too
small due to cosmic ray interactions. Instead, the observed energy dependence of σ(E) at high
energies is extrapolated to the low energy region, leading to substantial uncertainties. In par-
ticular, a possible resonance in the unmeasured region is not accounted for by the extrapola-
tion, but it could completely dominate the reaction rate at the Gamow peak. Therefore the
search for narrow resonances demands the direct measurements of the nucleosynthesis cross
section in the low energy range of few tens of keV.

To fulfill such goal, the LUNA (Laboratory for Underground Nuclear Astrophyisics) col-
laboration installed two small accelerators underground in the INFN Gran Sasso National
Laboratory. Here the mountain provides a natural shielding of 1400 m of rock equivalent to
at least 3800 m of water which reduces the muon and neutron fluxes by a factor 106 and 103,
respectively. The two installed accelerators with maximum terminal voltage of 50 kV and 400
kV respectively, produce very intense and stable beams (current of the order of 250 µA) with
very low energy spread (0.1 keV), these features being very important for measuring low
cross sections strongly energy dependant.

With the first 50 kV machine the LUNA collaboration studied two key reactions of the p-
p cycle: 3He + 3He and p + d at the relevant Gamow peak energies by using gas targets and
very efficient particle or gamma detectors. The first reaction plays a big role in the proton-pro-
ton chain strongly affecting the calculated solar neutrino luminosity. A resonance at the ther-
mal energy of the Sun was suggested long ago [2] to explain the observed 8B solar neutrino
flux: it would have possibly decreased the relative contribution of the alternative reaction 3He
+ 4He which generates the branch responsible for 7Be and 8B neutrino production in the Sun.
The LUNA result [3] shown in Fig. 1 inferred the absence of resonances up to the lower limit
of the Solar Gamow peak thus excluding the old possible explanation of the solar neutrino
puzzle now ruled out by the recent discovery of neutrino oscillations [4]. At the lowest energy
the count rate was of 2 events/month, rather low even for the “silent” experiments of under-
ground physics.
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The p+d reaction is fundamental for regulating the life of a proto star before the main
sequence is reached. This reaction allows the burning of primordial deuterium by conversion
into 3He with a net energy release : in such way the gravitational contraction of the protostar
is slowed down and its life made longer. The measured astrophysical factor [5] is shown in
Fig. 2 together with older results. Also in this case the Gamow peak was reached.

The 400 kV accelerator was up to now mainly used for measuring the p + 14N reaction,
the bottleneck of the CNO cycle which, as the p-p cycle, converts 4 protons into Helium with
a net energy release of about 27 MeV. This cycle becomes important for massive (M > 1.1
Msun) and quite “hot” stars (T > 1.6 x 107 K). The p + 14N reaction is the slowest reaction of
the CNO cycle, the key one to determine the age of globular clusters, 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 hydrogen in the center via the p-p 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 p-p chain to the more efficient CNO burning. Thus the
escape from the main sequence is powered by the onset of the CNO burning whose bottle-
neck is the p + 14N reaction. In particular, a rate modification of this reaction changes the lumi-
nosity of the turn-off point in the Hertzprung-Russell diagram of a globular cluster. The lumi-
nosity of this point gives then the age of the cluster: the higher the cross section is, the youn-
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Fig. 1  
Astrophysical factor for the 3He + 3He
reaction measured by the LUNA
Collaboration at the Gamow peak energy. 
No resonance was found in the Sun
energetically interesting region.

Fig. 2  
Astrophysical factor for the p + d reaction:
The LUNA collaboration results are shown as
open circles.
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Nuclear structure at extreme conditions
through γg spectroscopy measurements 

S. Leoni1,2, G. Benzoni2, A. Bracco1,2, N. Blasi2, F. Camera1,2, F. Crespi1,2,
B. Million2, and O. Wieland2

The atomic nucleus is a unique laboratory for studying different fundamental physics phe-
nomena. Being made of a finite number of strongly interacting fermions (protons and neu-
trons), it allows to study the interplay between single particle and collective degrees of free-
dom, under the influence of electromagnetic, weak and strong interactions. Most of our cur-
rent understanding of nuclear structure results from the study of reactions between stable
nuclei, which until now have allowed to produce ~ 3000 radioactive nuclides, at quite low val-
ues of excitation energy and angular momentum (spin). The availability of beams of unstable
ions (see Wieland et al.) has recently opened up the possibility to explore the properties of the
atomic nucleus far away from the stability line, gaining access to a much wider region of exot-
ic, loosely bound nuclear systems, at the limit of the proton and neutron binding. The study
of nuclei far away from stability and under extreme conditions of excitation energy and angu-
lar momentum is important not only for a full comprehension of the nuclear many-body sys-
tem, but also for their astrophysical implications, not least the nucleosynthesis of the heavy
elements in the stellar environment. 

In this contribution we will present selected studies of the collective response of the atom-
ic nucleus under extreme conditions of temperature and angular momentum [1], so far exper-
imentally investigated through the γ-decay of excited nuclei formed by nuclear reactions
between stable ions only. In particular, the temperature degree of freedom allows one to study
the order-to-chaos transition and the persistence of collectivity and damping mechanisms,
while the angular momentum induces changes in pairing correlations and in the nuclear
shape. As schematically shown in figure 1, fast rotating nuclei can be formed at the highest
values of angular momentum and excitation energies by fusion reactions between heavy ions,
with typical beam energies of 5 MeV/nucleon. After rapid evaporation of light particles
(mainly neutrons), the warm nucleus de-excites emitting long sequences of γ transitions, end-
ing up in discrete regular rotational bands when the nuclear temperature T of the system is
almost zero. Therefore, by detecting the largest number of γ-rays emitted by the excited nucle-
us, nuclear structure properties can be investigated as a function of angular momentum and
excitation energy. This can be achieved by the use of high-efficiency Ge-array spectrometers
(such as EUROBALL [2] or AGATA [3], see Crespi et al.) consisting of more than 100 Ge
crystals in 4π geometry around the reaction center usually combined with other types of
detectors.

A statistical analysis of the nuclear level distribution has shown, both experimentally and
theoretically, that the atomic nucleus displays properties typical of an ordered system at T =
0, as shown by the corresponding Poisson level spacing distribution (see Fig. 1a) [4], and of
a chaotic systems at the compound nucleus level, as shown by the Gaussian Orthogonal
Ensemble (GOE) distribution of energy levels of p and n-resonance states (see Fig. 1c) [5].
Therefore, the γ-decay of the nucleus at high spins and moderate excitation energy (represent-
ed by the yellow area labelled WARM in Fig. 1) offers a unique possibility to study the tran-
sition between order and chaos in a finite quantum system. 

The WARM region above ≈ 1 MeV internal excitation energy is where the nuclear rota-
tion becomes damped and the rotational decay is fragmented over a large number of states
with an energy spread Γrot ≈ 200 keV, as a consequence of the rapidly increasing level densi-
ty and of the presence of a residual two-body interaction mixing the nuclear states (see Fig.
1b) [1]. A powerful experimental way to study the warm rotational decay consists in con-
structing γ-γ spectra from the measured energies of high-fold γ cascades, such as the one
shown in Fig. 2a In fact, from the spectrum landscape one can distinguish between the con-
tribution from the COLD region of regular decay (“ridges”) and the one from the WARM
region of damped rotation (“valley”), as a consequence of the constant spacing between con-
secutive transitions emitted by a perfect-rotor [1,6]. As shown in Fig. 2b, the analysis of the
valley region corresponding to different nuclear configurations, namely characterized by dif-
ferent values of the K-quantum number (being K the projection of the angular momentum on
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ger 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. The total amount of CNO solar neutrinos directly depends on the value of the p
+ 14N cross section. CNO neutrinos from the Sun play important role in the solar neutrino
experiment detecting neutrinos at about 1 MeV energy, e.g. BOREXINO, where the CNO
neutrino flux was calculated to account for about 20% of the expected neutrino signal.

Two different apparata were used to study this reaction: a solid target coupled with HPGe
detector in the energy region from 140 to 400 keV [6] to measure single gamma transition and
angular distribution and a gas target with very efficient BGO detector down to 70 keV [7] to
obtain the total astrophysical factor at the lowest measurable energy. The two results (the first
of which in shown is Fig. 3), in very nice agreement in the overlapping energy region, deter-
mine a value of the astrophysical factor lower by a factor 2 with respect to that given in most
recent compilations [8]. The astrophysical consequences are significant: the CNO neutrino
yield in the Sun is decreased by about a factor 2 and the age of the Globular Clusters is increa-
sed by 0.7-1 Gyr [9] with respect to current estimates. This last result reflects in an increase
of the lower limit on the age of the Universe.

The LUNA collaboration is now measuring with the 400 kV machine another very impor-
tant reaction of the p-p chain, namely the 3He + 4He. This reaction, as reported by J. Bahcall
[10] “is the largest nuclear physics contributor to the uncertainties in the solar model predic-
tions of the neutrino fluxes in the p-p chain”. The uncertainty on its astrophysical factor
reflects almost linearly in an uncertainty on the 8B neutrino flux from the Sun. Previous mea-
surements have been performed using two different techniques: the detection of prompt
gamma or the measurement of 7Be produced activity. The values obtained with the first
method are systematically lower than those obtained with the latter giving an overall uncer-
tainty of about 10%. The LUNA measurement will use both techniques at the same time and
will try to diminish at the lowest possible value all systematical sources of errors giving an
overall uncertainty of about 5%. The investigated energy region will be lower than the one of
all previous measurements due to the possibility of measuring underground with very well
shielded gamma detectors.
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Fig. 3  
Astrophysical factor for the p + 14N reaction:
The filled points refer to LUNA measurement
with solid target and HPGe detector while the
open triangles are previous measurements
done in laboratories at the earth surface.
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Figure 3:
Panel a): at low rotational frequencies nuclei
with stable deformation show moment of
inertia with values intermediate between a
rigid rotor and an irrotational fluid, as a
consequence of the strong pairing correlations
giving rise to a superfluid system in the
ground state (Adapted from ref. [10]). Panel
b): by setting the nucleus into rotation the
Coriolis force can break the Copper pairs
inducing a transition from a superfluid to a
normal system (Adapted from ref. [11]).
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reversal orbits, as shown in the inset of Fig. 3b, with a strength proportional to the rotation-
al frequency ωrot. For values of the Coriolis force of the order of the pairing strength, the
Cooper pairs will be broken, and the atomic nucleus will cease to be in a superfluid phase.
This results in a discontinuity in the smooth increase of the moment of inertia ℑ with rota-
tional frequency, known as backbending. As an example, in the case of the nucleus 158Er,
shown in figure 3.b, the first abrupt change in the moment of inertia, occurring at spin I =
14\ (\ωrot ≈ 0.25 MeV), corresponds to the break of a pair of neutrons in i13/2 orbitals,
which suddenly decouple from the superfluid core and start participating to the nuclear
rotation contributing 10 units of angular momentum, thus inducing a sudden increase in the
nuclear moment of inertia. At frequencies of the order of \ωrot ≈ 0.4 MeV (corresponding
to spin I = 28\) a pair of protons in h11/2 orbitals break, producing a further sudden increase
in ℑ [11].   

Pairing correlations also play a central role in the understanding of exotic phenomena,
such as the sudden disappearance of intensity of rotational bands associated to the rotation
of nuclei with largely elongated rugby-ball shapes (with a 2:1 ratio between the major and
the minor radius), usually named superdeformed (SD) [9]. As shown in the inset of Fig. 4a,
superdeformed nuclei manifest themselves with amazing long sequences of γ transitions
with almost constant spacing, implying a constant moment of inertia consistent with a rigid
body rotation. The observation of such weakly populated structures (at the level of ≈ 1%
intensity) is confined at rather high spins, where changes of the nuclear shells favour the
existence of nuclei in such elongated shapes. The study of superdeformation has therefore
became a key issue in recent nuclear physics research, not only because the existence of
largely deformed nuclei in different regions of mass is a test bench for modern shell model
calculations, but also because their population and decay require a deep understanding of
the evolution of the collective response of the atomic nucleus with both angular momentum
and temperature [12,13]. 

As an example, in the case of 152Dy, shown in figure 4a, after the SD band has been pop-
ulated at the highest spins (above 60 \), the nucleus remains in it through a sequence of 19
γ transitions and suddenly, at spin 24 \, it terminates abruptly, decaying into a large num-
ber of states of much lower deformation. Such an observation has been interpreted as a tun-
nelling through a potential barrier separating the superdeformed and the normal deformed
minima, as depicted in Fig. 4b, resulting in a phase transition between a normal and a super-
fluid phase in the nucleus (namely the superdeformed configuration and the one with low
deformation). In fact, a superfluid system will find it much easier to tunnel through a bar-
rier than a normal fluid, implying that the sudden depopulation of the SD band is associat-
ed with a condensation into the superfluid states at low angular momenta [9]. Such a mech-
anisms has also been found to apply to excited superdeformed bands. This is shown in 
Fig. 4c, where the number of excited SD bands in the nucleus 143Eu is found to gradually
decrease with spin, as a consequence of their decay-out into the low deformation minimum
[12]. Therefore, the study of the evolution of pairing correlations with angular momentum
and temperature in the atomic nucleus is one of the central topics in modern nuclear struc-
ture studies, being also connected to similar phenomena in other physics research fields
[14].

In conclusion, the study of nuclear structure properties of excited nuclei at extreme con-
ditions of temperature and angular momentum makes it possible to investigate the interplay

the symmetry axis, as sketched in Fig. 2b) has revealed a marked difference in the number
of states populated in the warm rotation up to Eγ ≈ 1.1 MeV, corresponding to spin I ≈ 40\
and internal excitation energy U ≈ 1.2 MeV, while a convergence is observed at higher ener-
gies. This points to a vanishing of selection rules on K and to the onset of a chaotic regime,
in which quantum numbers and selection rules loose their meaning [7,8].

The study of the properties of the COLD atomic nucleus as a function of angular
momentum also offers unique opportunities to learn about the interplay between collective
and single particle degrees of freedom, particularly in connection with the phase transition
between a superfluid and a normal system [9]. In the atomic nucleus, pairs of protons and
neutrons tend to bind together with angular momentum zero, forming Cooper pairs simi-
larly to electrons in a superconducting metal. This is revealed by a number of properties of
the nuclear system, not least the fact that in nuclei with stable deformation (such as the rare
earth nuclei with A ≈ 160) the moment of inertia at low rotational frequencies is interme-
diate between the limiting values corresponding to rigid rotation and the ones correspon-
ding to the hydrodynamical picture of irrotational flow, as illustrated in Fig. 3a [10]. This
is because the superfluid state is the natural state for nuclei in their ground-state configura-
tions. In fact, as illustrated in the inset of Fig. 3a, the spherical superfluid core of the nucle-
us does not rotate, resulting in a large reduction of the moment of inertia. The easiest way
to induce in a nucleus a phase transition from superfluid to normal is to spin the nucleus to
high rotational frequencies. The Coriolis force acts in fact in opposite ways on states in time

Fig. 1 
Left panel: schematic representation in the
excitation energy versus spin plane of the
formation and decay of a compound nucleus
by heavy ion fusion reaction: after light
particles emission the major part of the decay
proceeds through γ-ray cascades which
rapidly cool the nucleus from the WARM
region at the highest spins and excitation
energies down to the COLD region of regular
rotational bands. The energy and spin values
refer to a typical nucleus of mass A = 160.
The time scale of the various steps in the
process is also given. The right column shows
the experimental level spacing distributions of
energy levels, for COLD states (panel a)) and
compound nucleus states (panel c)), revealing
the typical properties of an ordered and
chaotic system, respectively. On the x-axis s/d
is the ratio between the level spacing s and
the average spacing d among levels. Panel b)
shows the highly fragmented rotational decay,
characteristic of the damped rotation in the
WARM region.

Fig. 2 
Left panel: region of a γ-γ spectrum showing
the different contributions from the COLD
regular decay at zero temperature (ridges) 
and from the WARM region of rotational
damping (valley), where the transition
between order and chaos is expected to take
place. Right panel: number of strongly
interacting bands (indicated by N(2)

path),
obtained from the analysis of the valley
region of γ-γ spectra corresponding to
different values of the K-quantum number
(shown in the inset), pointing to an onset of
chaos at internal excitation energies higher
them 1.2 MeV (corresponding to Eγ ≈ 1.1
MeV) .
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Study of exotic nuclei with radioactive beams 

O. Wieland2, G. Benzoni2, N. Blasi2, A. Bracco1,2, S. Brambilla2, F. Camera1,2,
F. Crespi1,2, S. Leoni1,2, B. Million2, and M. Pignanelli1,2

The nucleus is a finite many body system of strongly interacting particles described by quan-
tum mechanics. It consists of an ensemble of protons and neutrons and its structure combines
macroscopic features like collective vibrations or rotations and microscopic properties asso-
ciated to the motion of very few nucleons in a potential well (see also A. Bracco et al. and S.
Leoni et al.).

The nuclear chart of isotopes, shown in Fig. 1, organizes all nuclei as a function of number
of proton (Z) and neutron (N), the vertical and horizontal axis respectively. Theoretical predic-
tions indicate that there could be up to 10000 nuclei, however, only 280 of them are stable and
lie in the so called “valley of stability”, while 68 are naturally radioactive. Using stable ion accel-
erators it has been possible so far to access to not more than 3000 nuclei, the yellow region in
figure 1. The rest of the nuclides are still completely unknown and lie in a territory represented
in green in the figure. In fact, in any nuclear reaction performed with a stable beam accelerator
facility, both the beam and the target species must be in the ensemble of the 280 stable + 68 nat-
urally radioactive nuclei, thus limiting the number of nuclei possibly created. Nuclei away from
the valley of stability are commonly referred to as “exotic” or “radioactive” nuclei.

The importance of studying exotic nuclei, which constitute the majority of the unknown iso-
topes, lies in the fact that for these systems particular aspects of the nuclear interaction and
dynamics are expected to be amplified, therefore favouring the occurrence of new symmetries
and phenomena [1]. In particular, the structure and dynamics of loosely bound nuclei is very dif-
ferent from that of stable nuclei, giving rise to rather diffuse surface zones (the so-called halos
and skins, observed so far mainly in light neutron-rich unstable isotopes), novel types of shell
structures, new collective modes, new kind of pairing phases (due to the proton-neutron interac-
tion) and possibly new decay modes (double proton emission), as schematically illustrated in
Fig. 1. In addition, since the majority of the nuclei have not yet been studied, one of the funda-
mental open questions is the location of the “drip lines” which define the limits of the nuclear
stability. They mark, in fact, the region outside which the nuclear binding forces are no longer
strong enough to hold the nuclei together, leading to prompt decays by emission of protons and
neutrons. This is particular important for its astrophysical implications, not least the nucleosyn-
thesis of the heavy elements in the stellar environment which follows the r-process line, as indi-
cated in Fig. 1. 

The most straightforward way to study exotic nuclei is to overcome the limitation that both
beam and target must be stable. Therefore, accelerator facilities which are able to produce and
accelerate not only stable beams, but also radioactive beams are currently under development in
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Fig. 1
The nuclear landscape. Stable nuclei, as
found on earth, are marked by black squares,
while the yellow area covers unstable
(radioactive) nuclei already produced in the
laboratory. Many more unstable nuclei are
predicted to exist (green area), up to the limits
for binding of protons or neutrons 
(the so-called proton or neutron driplines). 
The different neutron driplines shown in the
figure illustrate the uncertainty of theoretical
predictions. Also shown are: the magic proton
and neutron numbers (2,8,20…), the observed
unstable doubly magic nuclei (full white
dots), the N = Z line, where proton and
neutron numbers of a nucleus are equal, and
the superheavy elements (SHE) synthesized
so far. A major goal of future rare isotope
beam facilities is the exploration of the limits
of nuclear stability when approaching either
of the borderlines. Some examples of specific
questions are illustrated in the figure: two-
proton decay; isospin T = 1 and T = 0
pairing, production of superheavy elements,
formation of neutron skins and halos,
disappearance of shell gaps (50, 82, 126) 
or modification of shell structure with
increasing neutron number [2].
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between single particle and collective degrees of freedom in a many-body finite system.
Such studies, carried out so far in nuclei close to the stability line, become particularly
important in weekly bound systems far away from stability, not least for their astrophysical
implications. Therefore, one of the main tasks of the present research projects is to produce
in laboratory nuclei that are only present in stellar environment, and to study their proper-
ties at extreme conditions. 

Fig. 4
Panel a): Schematic illustration in the
excitation energy versus spin plane of the
depopulation of a superdeformed band into
lower deformation states. The inset shows the
long sequence of equally spaced γ transitions
of the SD band of 152Dy. The decay-out
process has been interpreted as a tunnelling
through a potential barrier separating the SD
and the ND (low deformation) minima, as
shown in panel b). This mechanism is also
responsible for the gradual decrease in the
number of excited SD bands as a function of
γ-energy (spin), as shown in panel c) in the
case of the superdeformed nucleus 143Eu.
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us. At variance from the ISOL method many more nuclear species are accessible by the in-
flight technique. One advanced facility based on this technique is currently in operation at the
GSI laboratory in Germany. 

The intensities of the first generation Radioactive Beam Facilities are typically 4 to 5
orders of magnitude smaller than the ones commonly achieved with stable beams (≈ 1010  par-
ticles per second). In addition, the radioactive nature and the production process of the sec-
ondary beams generate a background that cannot in many cases be disentangled from the real
signals. New and more powerful detection devices are therefore under development, in order
to maximize the efficiency and to suppress as much as possible the background radiation. As
an example, the European project AGATA is a 4πGe array for γ-detection studies, which will
substitute the traditional Compton suppressed germanium spectrometers [6]. It will be consti-
tuted by 180 high purity segmented germanium detectors and will be based on γ-ray tracking
techniques, as discussed in F. Crespi et al. 

One of the first experimental setup for γspectroscopy with radioactive beams is the “Rare
Isotope Investigation” (RISING) setup placed at the GSI laboratory in Germany [7]. This
setup consists of an in-beam spectroscopy detector system for relativistic exotic beams, and it
is located at the “Fragment Separator” (FRS), a large angle acceptance magnetic separator for
fragments [8]. The RISING spectrometer, shown in Fig. 3, is a combination of different γ-ray
and particle-tracking detectors. The exotic beam, produced by fragmentation in a primary tar-
get, is selected and transported by the FRS system. In the focal plane of the spectrometer a
secondary target is placed allowing to perform Coulomb excitations or secondary fragmenta-
tion. After the secondary reaction, the final products are stopped and identified using a ∆E-E
telescope.

Due to the relativistic Lorentz boost of the excited fragments moving at a high velocity
(typically v/c > 0.4 for fragment energies E > 100 MeV/u), the γ-rays emitted after the sec-
ondary reaction are mainly forward focused. Therefore the γ-detection array has been placed
at forward angles as close as possible to the beam line, in order to increase the detection effi-
ciency. In particular, 15 high purity Ge detectors of composite type (clusters) are mounted at
forward angles, while at 90 degree around the target area 8 segmented Ge are positioned. In
the backward direction 8 large volume BaF2 scintillators have been placed for high energy γ-
ray detection and fast timing measurements. The typical full energy peak efficiency achieved
with such a set up is ≈ 3% for 1.3 MeV γ-rays emitted in flight (v/c > 0.4). 

The array is employed for high-resolution γ-spectroscopy experiments on exotic nuclei.
Several nuclear structure research topics are addressed, as (i) changes in the shell structure and
appearance of new shapes, (ii) isospin symmetry in mirror nuclei and (iii) evolution of the col-
lective response of the nucleus as a function of N/Z (as for example the strength distribution
of the giant dipole resonance (GDR)). 

One of the recent results obtained in an experiment with the RISING array is the evidence
for a change in the shell structure of very neutron-rich nuclei along the N = 20 and 28 isoton-
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Fig. 3 
Picture of the Rising γ-detection system. 
The exotic beam coming from the right hand
side is produced by fragmentation on a
primary target and is then transported by 
the FRS magnetic system before impinging
on the secondary reaction target. 
The outgoing products after the target are
tracked and identified inside calorimetric and
position sensitive detectors. The emitted 
γ-rays are measured with Ge and BaF2
detectors placed at different angles (see text). 
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Europe, North America and Japan. Such facilities, called “Radioactive Ion Beam” (RIB) facili-
ties will offer unique research opportunities in nuclear physics and nuclear astrophysics [2].

Two basic techniques to produce radioactive beams are mainly used: the ISOL (Isotope
Separation On Line) method and the “in-flight” method [3]. The basic steps of the two different
processes that lead to the production and acceleration of radioactive nuclei are sketched in figure
2. The two techniques are complementary in terms of production methods and lifetime ranges.  

The ISOL method, which was developed first, uses either ions beams from a primary accel-
erator or neutrons from a nuclear reactor [3]. The primary beam is impinging on a very thick tar-
get or catcher arrangement which stops the recoils and reaction products. The produced activi-
ty is transported from there into an ion-source via physical and chemical diffusion, by jet trans-
port or similar techniques. Chemical selectivity in the transfer process to the ion-source can be
obtained by a suitable choice of the target material, of its operating temperature and of the “con-
nection” to the source. A broad variety of ion sources and production techniques is available
today, offering additional selectivity. After the extraction, the radioactive nuclei can be used for
experiments at low energy or can be re-accelerated by a secondary accelerator system. Due to
the nature of the extraction processes this method is suitable to produce radioactive species with
a relative long half life (of the order of 100 ms of longer) and the corresponding accelerated
beams have good optical qualities.

Several European laboratories currently use the ISOL technique to produce radioactive
beams: among them there are GANIL in France, the REX-ISOLDE facility at CERN and
EXCYT at the South Italian National Laboratory (LNS) of the Italian Institute of Nuclear
Physics (INFN). Two new generation facilities based on the ISOL technique are presently under
development, namely SPIRAL2 at GANIL and SPES at the Legnaro National Laboratories
(LNL) of INFN [4,5]. SPES will produce neutron rich isotopes in the mass region A ~ 80-160,
via the fission process induced by neutrons in a thick uranium target. In the post accelerating
process the radioactive beams extracted from the target-source system will achieve a maximum
final energy of 20 MeV/u.

The second technique, the so called “in-flight” method [3], is well suited for the produc-
tion of secondary beams of energy typically around a few hundreds of MeV/u. The “in-flight”
method uses fragmentation of intense energetic heavy-ion beams on a thin light target (few
gr/cm2). The fragmentation process creates simultaneously a large number of different nuclear
species ranging from the beam down to the lightest nuclei, the so-called “cocktail beam”. The
reaction’s products are forward focused and usually identified and separated in a 0-degree
spectrometer. The properties of these nuclei, such as their masses and lifetimes, can then be
studied or they can be used to make secondary reactions. These beams are independent of
chemistry and allow the study of short living isotopes (<1µs). As a drawback they do not have
good optical qualities, and need carefully designed mass separators with high acceptance. The
intensity of such beams varies a lot and depends strongly on the nature of the produced nucle-

Nuclear Physics Study of exotic nuclei with radioactive beams

Fig. 2 
Schematic illustration of the ISOL (left) 
and in-flight (right) methods. Future planned
ISOL and fragmentation facilities will also
make use of storage rings and/or high
intensity linear accelerators to expand the
types of research and application that can be
done with the rare isotopes.
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Contribution to nuclear binding energies
arising from surface and pairing vibrations

S. Baroni1,2, F. Barranco3, P.F. Bortignon1,2, R.A. Broglia1,2,4

G. Colò1,2, and E. Vigezzi2

During the last years, much effort has been made to develop a microscopic description of the
nuclear masses based on mean field theory [1]. The accuracy achieved, when phenomenolo-
gical parameters are added to take specific effects into account (Wigner term, cutoff in pai-
ring space, etc.) leads to a rms of 0.6-0.7 MeV [2]. Important steps to provide a solid basis to
this development, steps which follow the LDA philosophy of developing an accurate exchan-
ge-correlation term, have been also carried out during the last years (see e.g. [3]). 

The agreement between theory and experiment is achieved in refs. [1,2] by means of
effective interactions whose parameters are fitted to force mean field predictions to reprodu-
ce experimental masses. However, mean field theory does not include the contribution of the
collective modes to the nuclear binding energy, which cannot be ignored in a consistent treat-
ment. It is as if one wanted to cover a large table with a short and quite elastic tablecloth: one
would probably manage to cover the table, but the result will appear quite unnatural with
respect to the coverage obtained with a larger tablecloth, which fits better the board and doe-
sn’t need to be stretched so much. In the same way it seems quite unnatural to force mean
field theory to account for experimental binding energies all over the table of nuclei, because
this approximation lacks important ingredients able to describe collective modes of the
nucleus.

The aim of the present contribution follows these lines, providing detailed results to assess
the importance correlation effects have on nuclear ground state energies (see also [4]). For this
purpose, we perform a mean field calculation for the ground state of 121 stable spherical even-
even nuclei and evaluate the zero point fluctuation energies arising from two well-known
nuclear collective modes: surface and pairing vibrations [5,6].

The main goal is to expand the theoretical framework beyond mean field and only in a
second step to fit the force parameters to better reproduce experimental masses. We compute
the correlation energies in the (Q)RPA approximation, built on top of a HF + BCS treatment
of the nuclear system, making use of a Skyrme-type interaction supplemented by a contact
pairing force. Concerning surface vibrations, the most collective quadrupole and octupole
(Q)RPA phonons up to 10 and 7 MeV respectively have been taken into account, while, for
pairing addition and removal modes, contributions of the lowest monopole pairing vibration
phonon have been considered for neutron and/or proton closed shell nuclei [7].

Although the absolute value of these corrections represents a small fraction (from 0.3%
to 1.5%) of the total binding energies, their contribution is large enough so as to modify
conspicuously the mass dependence of specific isotopic chains improving the overall agree-
ment between theory and experiment by a small but finite amount (reduction of the rms by
about 8%).
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ic sequence (Fig. 4). Modifications of the shell structure have far reaching consequences for
nuclear properties and also for the understanding off rapid neutron capture process (r-process)
of stellar nucleosynthesis and the resulting isotopic abundance of the elements in the universe. 

In the experiment the first excited 2+ states in 54,56,58Cr were populated by Coulomb exci-
tation at relativistic energies. As shown in figure 4, the Cr isotopes have first been identified
among the different fragments and their γ-decay have been measured in the RISING Ge detec-
tors. The obtained results are consistent with a newly discovered subshell closure at neutron
number N = 32 [9].

We can conclude pointing out that the next generation of exotic radioactive beam facili-
ties together with the new detection systems, such as γdetectors arrays like AGATA, will give
a more deep insight into the problem of nuclear structure far from stability, which is a funda-
mental question in nuclear physics. In particular, the study of the properties of exotic nuclei
will allow to learn much more about the origin of the elements in the cosmos and the limits
of nuclear stability. Theoretical predictions on such limits are extremely challenging since
they require accurate solutions of the many-body quantum problem for strongly interacting
particles. Finally, it is worth noticing that the intensive technological research and develop-
ment in the field of production and measurement of exotic nuclei, especially in connection
with γdetection techniques, have given rise to new important applications in medicine, human
science, industry and applied research.

Nuclear Physics Study of exotic nuclei with radioactive beams

Fig. 4 
The top panel shows the measured
distribution of fragments with different
charge and mass/charge ratio. In this way one
can identifify and select specific isotopes 
and their respective γ-ray spectra. The bottom
panels show examples of Doppler- and
efficiency-corrected γ-ray spectra of 56Cr and
58Cr, in which the 21

+→0+ transition is
highlighted. It is found that the intensities of
these peaks are consistent with a sub shell
closure in the exotic system with N = 32 [9].
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Quantum methods in protein science

C. Camilloni1,2, P. Cerri1,2, D. Provasi1,2, G. Tiana1,2, and R.A. Broglia1,2,3

The study of phenomena taking place in proteins which can only be described by quantum
mechanics is particularly complicated, due to the large size of the system and the lack of
symmetries. In these cases, a possible approach is to describe quantum-mechanically only
a part of the whole protein, accounting for the rest of it in an approximated way. 

One example is the calculation of the binding free energy of small ligands to the Carbonic
Anhydrase (HCAII) [1], a protein involved in the glaucoma disorder. Due to the presence of
a zinc atom, standard methods based on classical empirical potentials fail to predict correctly
the binding free energy. The use of density functional theory, together with a novel conforma-
tional sampling algorithm, allows for a description of the interaction consistent with the exper-
imental data. Metadynamics [2] approach to quantum molecular dynamics allows the explo-
ration of the free energy surface as a function of a selected set of collective variables (CV). A
fictitious time-dependent potential acting on the CVs is added to the Lagrangian in order to
escape free energy minima. In an ideal (infinite time) metadynamics simulation, after filling
free energy wells, collective variables evolve in time with brownian motion. Keeping track of
the hills allows the reconstruction of the free energy surface. Results for HCAII with trifluo-
romethane-sulfonamide: ∆F0 ~ 21.1 kcal/mol T ∆S ~ 15.5 kcal/mol, at room temperature
(300K) ∆F ~ 5.5 kcal/mol. Experimental values of ∆F are on the order of 5 kcal/mol [1].

Another example of this procedure is the description of the fluorescence properties of
the Green Fluorescent Protein [3], a protein widely used in biology to detect the expression
of genes. Time dependent density functional calculations highlight the mechanism which
allows to switch on and off the fluorescence by means of beams of different wavelengths. The
protein can be in a fluorescent (BRIGHT) and non fluorescent (DARK) conformations, which
can be switched by appropriate wavelength. The dark state corresponds to an absorption peak
at 3.5 eV [4]. To compute absorption we use the Time Dependent Density Functional Theory.
Studying the chromophore alone we have observed the absorption peak at 3.5 eV and identi-
fied the dark state of the protein with the trans conformation of the chromophore.

We have then improved the degree of approximation, considering: Fig. 1 the amino acids
close to the chromophore, in particular the hydrogens bond network, Fig. 2 the chromophore
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Fig. 1
The free energy of carbonic ANYDRASE
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Design and characterization 
of nanostructured solids assembled 

from metallic clusters

M. Bonomi1,2,3, D. Provasi1,2, R.A. Broglia1,2,4, and G. Onida1,3

This research is aimed to the study of nanostructurated solids assembled from metallic cluster
of non-alkaline elements, starting from the impossibility of building stable periodic solids
using clusters of alkaline elements in which the binding electron lies in a spherical-symme-
trical orbital. 

In fact, previous works have brought to light that the only stable solid which can be built
using a cluster of eight atoms of sodium is the common (bulk) metallic sodium and that this
result depends essentially on the elevated symmetry of the cluster’s orbitals. Therefore, in
order to produce metallic nanostructurated crystals, is necessary to take into consideration clu-
sters whose electronic structure has directional orbitals. Gold clusters of 8 and 20 atoms are,
for the large stability coming from the elevated homo-lumo gap (larger than C60), the two
ideal candidates.

Using ab-initio tecniques, we have studied periodic solids assembled using a cluster of
eight atoms as building-block, exploring face-centered, body centered and simple cubic cells:
for all these symmetries we have discovered an equilibrium structure. Here we focus on the
simple cubic solid, for which we obtained the electronic structure, vibrational properties, sta-
bility studies and electron-phonon coupling.

The crystal assembled with Au8 cluster is a metal: the density of state at Fermi energy
is 2.4 states/(eV spin). The binding energy per atom for this structure is bSC = 3.46 eV/atom,
slightly less than the bulk gold one (recall that bbulk = 3.81 eV/atom), while the density of
this crystal is dSC = 8.23 g/cm3, much smaller of the bulk one (dbulk = 19.28 g/cm3). Also
phonon dispersion has been calculated in density-functional perturbation theory; we have
found very flat bands, which suggests a weak interaction between different clusters in the
crystal. In this case, we can estimate the value for the electron-phonon coupling λ from a
calculation made only at Γ point. This estimation gives λSC = 0.5 ± 0.1 (again, compare to
bulk λSC ≈ 0.15).

In conclusion, we have found a new nanometer material assembled from Au8 clusters
in a simple cubic symmetry, stable and with different properties with respect to the com-
mon bulk gold.
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Fig. 1
Ionic structure of the stable simple cubic
super lattice (left). Valence electronic density
isosurfaces (right).
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Fig. 2
The experimental and predicted spectra of
two conformers of GFP.
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Fig. 1 
The picture in the left panel displays an
AGATA capsule containing the segmented
HPGe detector. In the middle panel a picture
of the single cryostat used for the acceptance
tests is shown. In the right panel the triple
cryostat, which is the basic module 
of the AGATA array, is displayed.
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Future developments in γ-ray spectroscopy:
the European project AGATA

A. Bracco1, F. Camera1, F. Crespi1, S. Leoni1, M. Pignanelli1, G. Benzoni2, N. Blasi2,
Brambilla2, B. Million2, and O. Wieland2

The study of nuclei far from stability in extreme conditions of temperature and angular
momentum has a very bright future due to the developments in the production of second gen-
eration radioactive beams leading, in the next future, to new facilities worldwide. However,
experiments with radioactive beams need detector technologies which are very different from
those typically used with stable beams. Besides, the experiments are particularly difficult for
the measurement of γ-rays because very often the nucleus to be studied is characterized by
very high levels of background and very high velocity (up to relativistic energy) and require
very accurate Doppler Broadening corrections. A completely new technology for γ-rays
detection, based on digital electronic and electrically segmented HPGe detectors, which is
capable to reconstruct the path of the γ-ray , needs to be developed. 

The AGATA project (Advanced GAmma Tracking Array) is a collaboration between 12
European countries and more than 30 institutions which has been established for the construc-
tion of a detector array based on tracking-digital technologies. AGATA is also a Joint
Research Activity in the EURONS Integrated Infrastructure Initiative of the European
Community. The AGATA array in its final configuration will consist of 180 HPGe detectors
(see Fig. 1). 

The reconstruction of the γ-ray track inside a HPGe detector could be schematized, in a
simplified way, with five steps: i) the pre-amplification, ii) the digitization of the electrical sig-
nal, iii) the Pulse Shape Analysis (PSA) process for the identification of the coordinates of the
interaction points and the energy there deposited, iv) the clusterization and tracking procedure
and the v) acquisition and storage of the data [1]. In the AGATA collaboration, the nuclear
structure group of Milano is active in the design of the pre-amplifier (see the contribution of
A. Pullia), in the Pulse Shape Analysis and Tracking procedures. A new PSA procedure which
is able to extract the number of γ-ray hits and their radial coordinates has been developed. The
new PSA procedure has produced encouraging results in term of efficiency and CPU require-
ment [2]. Different tracking γ-ray techniques have been tested and particular effort has been
dedicated in the analysis of the consequences that incorrect PSA results could introduce in
tracking efficiency [3]. The first short term objective in the AGATA project is the construction
of the “Demonstrator” which consists on 5 clusters (15 capsules) fully coupled to the new
developed AGATA digital electronics. This AGATA sub-array is scheduled to be ready for
tests in 2008.

The development of a γ-ray tracking technology is of extreme interests also in fields dif-
ferent than nuclear physics. For example, satellites for the measurement of γ-ray sources in
the universe could benefit from this technology as well as medical diagnostic or industrial non
destructive assessments applications.

and the Coulombian field of the whole protein, showing that the two effects are complemen-
tary on the absorption spectrum prediction and must be accounted in a realistic description
of the optical properties of the system.

                         



Calculations of the Gamow-Teller resonance (Fig. 1c), and, for the first time in this frame
work, of the states with ∆L = 1 are presently under investigation. The comparison with new
experimental data [4] will be discussed also by properly matching the description of the
nuclear response with the reaction dynamics. This will allow to overcome the lack of system-
atic microscopic calculations of hadronic charge-exchange cross-section, providing more
realistic comparisons between theoretical predictions and data, and the estimate of the errors
often introduced by many approximations done while extracting the information about the
nuclear structure from the measured observables.

Nuclear Physics Microscopic theory of charge-exchange nuclear excitations
Fig. 2
Energy trend of the isobaric analog state
(IAS) in Sn isotopers.
Predictions (2) and the comparison with 
the presently available experimental data (3)
are shown.
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Microscopic theory of charge-exchange 
nuclear excitations

S. Fracasso1,2 and G. Colò1,2

Charge-exchange nuclear transitions from the ground state of the (N,Z) nucleus excite states
in the near isobaric nuclei (Z 6 1, Ν 7 1) (Fig. 1a) and are in general difficult to be experi-
mentally investigated. In fact, reactions like (p,n) and (n,p) populate states with different angu-
lar momentum ∆L and spins ∆S, in presence of a strong continuum background. Since the
isospin degrees of freedom ∆Tz and ∆T are involved, these are isovector excitations, eventu-
ally with a collective character. Their study is so expected to improve the understanding of the
role played by fundamental symmetries in nuclei, such as the isospin symmetry, and of the
isospin dependence of the N-N effective interaction. These excitations occur also in weak
processes mediated by charged-currents; in particular they can be the final states of β- or ββ-
decays. Therefore, their investigation is also aimed to solve open questions for particle physics
(Majorana neutrinos, unitarity of CKM matrix, ...) and astrophysics (weak processes govern-
ing stellar evolution: neutrino-nucleus interactions, electron capture). 

We have developed a model [1] to microscopically describe the charge-exchange excita-
tions in the standard framework of the linear response theory (that is, the non-relativistic ran-
dom-phase approximation), including both the isovector and isoscalar pairing correlations,
built on a Hartree-Fock-Bardeen-Cooper-Schrieffer (HF-BCS) ground state. Our model is
fully self-consistent, which means that the residual interaction, which acts as restoring force
against the small oscillations around the ground-state solution, is derived from the same
mean-field employed in the HF-BCS equations, without neglecting terms. The consequent
restoration of the symmetries spontaneously broken at the ground-state level provides the
removal from the calculations of the (not negligible) spurious contributions.

The model have been tested on the Fermi transitions (Fig. 1b), which excite the isobaric
analog state (IAS), in the even-even 104-120Sn isotopes (Fig. 2). The IAS is a serious bench-
mark because of its strict relation with the isospin symmetry: it would be degenerate with the
parent ground state in absence of the explicit breaking due to the Coulomb interaction and the
electromagnetic corrections to the strong N-N effective force (mass difference between neu-
tral and charged mesons, the ρ-ωmixing, etc). We have discussed how these isospin non-con-
serving terms in the nuclear Hamiltonian affect the IAS energy and the isospin admixture in
the parent ground-state [2]. Our results reproduce well the presently available experimental
data [3], making us confident to extend the investigation to the unstable isotopes which may
be produced in the next future by means of the new radioactive beams facilities. 
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Fig. 1
Schematic representation of charge-exchange
transitions (red line in Fig. 1a) induced
between a generic (Z, N) target ground state
and states in the neighbouring isobaric nuclei.
In particular, the case of zero orbital
momentum transfer in the ∆Tz = -1 channel:
Fermi (b) and Gamow-Teller (c) modes.
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Nuclear Physics Digital pulse shape acquisition from the telescopes of CHIMERA AZ-4 detector
Fig. 2  
(ESi-RT) scatter plot for products stopping 
in silicon (left), compared with the
corresponding (∆ESi-ECSI) scatter plot for
reaction products punching through silicon
(right).

Digital pulse shape acquisition from 
the telescopes of CHIMERA AZ-4 detector 

P. Guazzoni1, S. Russo1, M. Sassi1, and L. Zetta1

Aim of the present contribution is to present the preliminary tests done with the
Superconducting Cyclotron beam at LNS in Catania for time measurements using digital
pulse shape acquisition technique for CHIMERA multidetector [1] large area detection
cells, made of silicon detector (300 µm x 5 cm x 5 cm) and CsI(Tl) scintillator up to 12 cm
thick, read by a photodiode. From this kind of telescopes, different physical information
can be extracted. In our previous work [2], matching properly the acquired information, we
have verified the feasibility via digital pulse shape acquisition of: a) charge identification
for product crossing the silicon (∆ESi-EC1I technique), and stopping in silicon detector (ESi-
RT technique); b) light charged product isotopic identification for products leaving an
under threshold energy in silicon, by means of the charge comparison method (Fast-Slow
technique). In view of measuring also the time of flight of the reaction products, to obtain
mass identification (measurement allowed by CHIMERA and to date analogically done)
and the silicon rise time with a better accuracy, we have used two different sampling ana-
log to digital converters, SIS3301 and CAENV1729. SIS3301 is an 8-channel
digitizer/transient recorder with a sampling rate of up to 105 MHz for the individual chan-
nel, 14-bit resolution, 80 MHz of analog bandwidth and 5V dynamical range. CAENV1729
is a module suited for sampling acquisition of fast analog signals based on a circular buffer.
The board performs the coding of 4 analog channels of bandwidth up to 300MHz over 12
bits at a sampling frequency reaching up to 2GHz with a 1V dynamical range. The on beam
tests have been done at the LNS Superconducting Cyclotron in Catania, with a 21.1 AMeV
20Ne beam on 12C target. The time difference between the rising edge (Start) of the silicon
pulse and one of the bumps of the radio-frequency (Stop) is assumed as a time of flight
measurement. 

To perform time of flight computation we use algorithms based on polynomial fitting
and Fast Fourier Transform (FFT). The Start time is calculated for SIS3301 and CAEN
V1729 in the same way. A 3rd degree fitting algorithm and a bisection method are used to
calculate the point on the leading edge of the input pulse where the input pulse has risen to
30% of its maximum amplitude. For the Stop Time calculation different algorithms are
used. For SIS3301 the radio-frequencies wave is reconstructed with MATLAB, using stan-
dard FFT algorithms, to allow for a better interpolation of the sampled signal. For CAEN
V1729 it is used the same algorithms as for Start Time. As previously said, to obtain Start
Time, the silicon rising edge is reconstructed. In this way it is easy to obtain the silicon rise
time too. Consequently, (ESi-RT) and (ESi-ToF) scatter plots for the three different set-ups
have been collected at the same time. In Fig.1 the (ESi-ToF) mixed scatter plot for a 27Al
target, obtained with the SIS3301 (14-bit, 100M Sample/s) for pulse height reconstruction
and CAENV1729 (12-bit, 2GSample/s) for ToF measuring is shown. We have to note that

it is the first time the time of flight is computed with data collected on beam via digital pulse
shape technique and that a high quality mass identification (up to 16O at least) is performed
with this method. In Fig. 2 the (ESi-RT) scatter plot for products stopping in silicon is com-
pared with the corresponding (∆ESi-ECSI) scatter plot for reaction products punching
through silicon. Good charge identification up to Z = 10 is possible for the stopping prod-
ucts. For punching through products a good isotopic identification is also possible.
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Fig.1  
(ESi-ToF) scatter plot. Mass identification up
to A = 20, at least, is clearly possible.
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Recent results of HADES and future 
upgrading of the spectrometer

I. Iori1,2, M. Cavinato1,2, S. Riboldi1,2, D. Maiocchi1,2, R. Bassini2,
C. Boiano2, S. Brambilla2, and A. Bortolotti1

HADES (High Acceptance DiElecton Spectrometer) [1] is designed for a systematic study of
e+e- pair production in hadron and heavy ion induced collisions : it is installed at the heavy ion
syncrotron SIS at GSI. The aim of the activity with HADES is to study the hadron properties
in nuclear matter in extreme conditions of high density and/or temperature: in these condi-
tions , theoretical models predict a partial restoration of the QCD chiral symmetry and a mod-
ification of hadron properties as effective mass and decay width.The energy regime available
at SIS allows to access densities up to 3 times the normal density of hadronic matter and tem-
peratures of up to 80 MeV: this gives the possibility to investigate precursor effects of chiral
symmetry restoration.

HADES is composed of different detectors forming a hexagonal structure (Fig.1) It cov-
ers polar angles 18° < θ < 85° and has 2πazimuthal acceptance. Starting from the target, there
is a hadron blind RICH, two layers of MDC ( Mini Drift Chambers) with six wire planes each,
a superconducting toroidal magnet with Bmax = 0.7 T and bending power 0.34 Tm, two more
layers of MDC, a time of fight detector, TOF [2,3] and a SHOWER detector for small polar
angles (18°-45°). The TOF, with all the front end electronics, has been built in our physics
department: it is used for particle identification as well as first and second level trigger based
on the multiplicity of charged particles and particles identification. It consists of ~ 400 plas-
tic scintillators oriented perpendicular to the beam axis: each of them is read by two photo-
multipliers.

The magnet with the two modules of MDC in front and two planes of MDC behind the
magnet, measure the momenta of charged particles. The lepton identification is made with
RICH+TOF+SHOWER. The total number of detector channel in HADES is about 100.000.
The second level trigger is functioning [4]. The start and veto detectors are CVD (polycrys-
taline chemical vapor deposition diamond) placed in front and behind the target. The position
resolution is provided by the segmentation of the start and veto diamond into 8 strips.

To quantitatively understand and interpret the measured e+e- spectra, elementary reactions
(pp,π p), hadron induced reactions (pA) and heavy ion collisions (A,A) are investigated.
The reaction 12C + 12C at 1 and 2 A GeV, the p + p at 2.2 GeV and Ca + Ca at 2 AGeV have
been studied. 

The p + p reaction ( with a liquid Hidrogen target) has permitted to verify the reconstruc-
tion efficiency and to optimize the alghorithm of analysis. The cross section for the produc-
tion of the η both in the hadronic (η→π+π-π0) and in the leptonic (η→e+e-γ) channels have
been investigated with the missing mass approach. The h peak is well visible at the expected
mass value; the angular distribution has been evaluated.These mesurements will be extended
from 1 to 5 GeV and to the (pn) reaction.
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Fig. 1
HADES.
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Spectroscopy of 120Sn homologous levels via
the high resolution 123Sb(p,α) 120Sn reaction

P. Guazzoni1, L. Zetta1, A. Covello2, A. Gargano2, G. Graw3, R. Hertenberger3,
H.F. Wirth3, B. Bayman4, and M. Jaskola5

The (p,α) reactions on nuclei around closed or semi-closed shells display several properties
that make it a useful spectroscopic tool for supplementing level structure information
obtained by other charged-particle reactions. In our previous work concerning Z = 40 and
Z = 82 regions [1-3] we have shown that an interesting behavior can be observed for a num-
ber of transitions induced by (p,α) reactions on near magic target nuclei having one nucleon
outside a completely filled magic shell. In this case the unpaired nucleon, slightly bound, may
act as spectator in the process. In this framework, in order to complete spectroscopic study of
120Sn, a high resolution experiment was carried out with the 24 MeV polarized proton beam
of the Munich MP Tandem accelerator, using the new Stern-Gerlach source, the Q3D mag-
netic spectrograph and the new light ion focal plane detector to study l23Sb(p,α)l20Sn, to be
compared with 122Sn(p,α)119In. This has allowed a remarkable increase of the knowledge of
120Sn nucleus, because 19 new levels have been identified, with the attribution of energy, spin
and parity. To 16 levels spin and parity have been attributed, while the only parity has been
attributed to 11 levels. For the attribution of spin and/or parity the methodology introduced by
our group for homologous states has been applied. In such a way multiplets of states of 120Sn
homologous to the low-lying states of 119In have been identified. In case of weak coupling the
cross section of a homologous state with spin Ji in a given multiplet can be related to that of
the corresponding parent state by the following expression: σ(Ji)120Sn = [(2Ji+1)σ119In]/Σi
(2Ji+1). In Fig. 1 the quantities [σ(Ji)120Sn/σ119In]/Σi (2Ji+1) are reported for each member of
the multiplet vs. Ji, together with the straight (2Ji+1) line. The good agreement between the
experimental data and the prediction of the weak coupling model supports the spin and/or par-
ity assignment of 120Sn homologous levels.

In order to analyze the transitions populating the homologous levels for both differential
cross sections and asymmetries, microscopic DWBA calculations have been performed using
spectroscopic amplitudes obtained from a shell model study of the 22- and 20-neutron sys-
tems outside the N = 50 major neutron shell, in 123Sb target nucleus and 120Sn residual nucle-
us, respectively. Fig. 2 shows the comparison between experimental and microscopically cal-
culated angular distributions of cross section and asymmetry for the transition to 120Sn 0+G.S.
together with the cumulative angular distributions for the 119In G.S. homologous multiplet.
The calculations were done in finite range approximation, with the previously described
microscopic configurations. The overall multiplicative factor, used to give a reasonable fit to
the experimental data, is the same for the cumulative and G.S. cross sections.
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Fig.1
Plot of the quantities [σ(Ji)120Sn/σ119In] Σi (2Ji
+ 1) for each member of the multiplet 
of parent 119In G.S. vs. Ji (dots), together with 
the straight (2Ji + l) line.

Fig.2 
Comparison between experimental and
microscopically calculated angular
distributions of cross section and asymmetry
for the transition to 120Sn 0+ G.S. (bottom)
together with the comparison for cumulative
angular distributions of the 119In G.S.
homologous multiplet (top), obtained in finite
range approximation (dots represent
experimental values, solid lines microscopic
calculations).
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Physics of protein folding and drug design

G. Tiana1, D. Provasi1, L. Sutto1, A. Amatori1, and R.A. Broglia1,2

Each protein is characterized by a one-dimensional sequence which determines completely
its unique three-dimensional conformation. The underlying mechanism is an intriguing prob-
lem of biological physics. Studying simplified models of the protein chain and comparing the
results with the experimental data, it was found that a hierarchical mechanism, involving a few
local elementary structures (LES, folding units stabilized by strongly interacting and highly
conserved amino acids), can explain the fast and efficient folding of protein chains. But the
protein folding problem is not only of academical interest. Exploiting the associated hierar-
chical mechanism, it is possible to design non-conventional drugs which inhibit a selected tar-
get protein by destabilizing its active conformation. This is particularly useful in the case of
viral proteins, like HIV protease [1] (see Fig. 1). For this protein it has been possible to design
a folding-inhibitor which is as efficient as traditional drugs but which likely does not suffer
the uprising of resistance [2] (see Fig. 2).
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Fig.1 
The HIV-1-Protease homodimer in its native
conformation. 

Fig. 2 
The inhibitory effect of small peptides with
the same sequence of one of the LES:
by competing with the corresponding LES 
in binding the rest of the protein, they
destabilize the native state of the protein
(above) blocking its biological activity.
Spectrophotometric experiments can be used
to quantify the inhibitory ability of such
peptides (below).
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The analysis of C + C at 2AGeV has been completed. In Fig. 2 the invariant mass spec-
trum toghether with a simulation is reported. The region of small masses is dominated by the
π0 Dalitz decay; at intermediate masses an excess of masses is visible: it could be due to the
reaction dynamics or to effects of the nuclear medium. Calculations based on different theo-
retical models (HSD,RQMD,URQMD) are in progress. The analysis of the reaction C + C at
1AGeV is almost completed and Ca + Ca is in progress.

To extend the study to nuclei heavier than Ca the forward part of the TOF, now TOFINO
with low granularity, will be substituted with glass RPC: a sector prototype made of 180 cells,
2x60 cm2 each, has been tested. The time resolution, the efficiency as a function of the count-
ing rate, have been measured. The position resolution obtained is less than 6 mm and the time
resolution 50-75 ps, the crosstalk is less than 0.4%. The proposed design is made with 180
cell/sector that is 360 channels/sector for a total of 2160 channels.

Nuclear Physics Recent results of HADES and future up grading of the spectrometer

78

Fig. 2
e+e- invariant mass distribution in 12C + 12C 
at 2AGeV.
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Nuclear structure at finite temperature
probed by the Giant Dipole Resonance

A. Bracco1, F. Camera1, F. Crespi1, S. Leoni1, M. Pignanelli1, G. Benzoni2, N. Blasi2,
Brambilla2, B. Million2, and O. Wieland2

The Giant Dipole Resonance (GDR) is the simplest nuclear collective excitation mode.
Macroscopically, it is described as an oscillation of protons against neutrons while,
microscopically, a GDR state is a coherent superposition of many particles-holes (p-h) states.
Experimentally, the GDR can be observed as an increase in the photo-absorption/photo-
emission cross section between 10-20 MeV. The strength function of a GDR state built on
ground state nuclei can be parametrized as a superposition of three Lorentians associated to the
vibrations along the three principal axes. The centroid of each component is inversely
proportional to the length of the oscillation axis, consequently, the more the nucleus is deformed,
the more splitted will be the components of the GDR strength function. At zero temperature, the
width of each component (damping width) is between 3-5 MeV and reflects the damping of
such collective and ordered state to more complicated np-nh states. As the coupling of the GDR
to the quadrupole deformation is a property independent on spin and temperature, the GDR is
an unique tool to study nuclear structure in hot rotating nuclei. The major difference between the
GDR properties in hot and ground-state nuclei concerns its width. In fact, it has been
experimentally observed that the GDR width in exited nuclei is larger than the width measured
in ground states (generally indicated as G0) [1]. 

The group of nuclear structure of Milano has a well established tradition in the study of the
γ-decay of the GDR in hot rotating nuclei. To perform a systematic measurement of the GDR
properties as a function of temperature, angular momentum and isospin the group has
constructed a system of BaF2 detectors which has been coupled to large detectors arrays for the
measurement of coincidence with particles, residues or low energy γ-rays. Some of the latest
results of the Milano group experiments concern the study of the damping properties at high
temperature, T > 2 MeV. In that region, the few existing studies did not give a clear picture of
the evolution of the width as some data indicated a saturation of the width temperature while
others indicate a continuous increase. The data shown in Figs. 1 and 2 refers to an experiment
performed at the Legnaro Laboratories of INFN with the detector system GARFIELD-
HECTOR using heavy ions beams from the Tandem and LINAC accelerators [2].

The experimental data are well described in the framework of the thermal fluctuations model
(TFM) first developed by the group of theoretical nuclear physics of Milano. In particular, it has
been found that the observed increase of the width with temperature is not an additional GDR
damping mechanism but an effect only due to the 'hot and rotating' environment in which the
collective state happens to be [3]. In fact, the hot rotating nucleus does not have a fixed shape
and orientation but feels a whole distribution of shapes with a probability proportional to the
Boltzmann term exp(-F/T) where F is the free energy and T the nuclear temperature. The
measured GDR is consequently a weighted average of the GDR built on this ensemble of
shapes.  
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Fig. 1
The high energy γ-ray spectra measured 
in the reactions 64Ni+ 68Zn at beam energies
300, 400 and 500 MeV are displayed. 
In the inset the extracted GDR line-shapes 
are shown [2].
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Fig. 2
The dependence of the GDR width on 
the average nuclear temperature 
in medium mass nuclei A ~ 130 is shown. 
The thick continuous line indicates the results
of theoretical TFM calculations including 
the compound nucleus width. 
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At LASA, as a matter of fact, both test of RF superconductive (SC) cavities and SC cables
are possible. Moreover, using the class 10 clean room, with the ultra pure water high pressu-
re rinsing (HPR) system, the final cleaning treatment of SC cavities is also possible. 

In the last 10 years, the most meaningful contributions in the accelerator technology and
physics field are relative to SC magnets, SC cavities and ancillaries, photoemissive films for
high brightness electron guns and medical accelerators.

Superconductive magnets
The magnet group at LASA has been active since the 80’s in the field of superconductivity
applied to magnets, and works in strong collaboration with the Italian industry. The group has
had major responsibilities in the design, manufacture and servicing of a number of world-rank
superconducting magnets for research applications, as the first long prototypes of the LHC
accelerator (CERN) main dipole and many NbTi and Nb3Sn solenoids for laboratory use. In
the last years the activity concerning magnets was concentrated on the ATLAS detector
magnet system (LHC, CERN), the largest superconducting magnet ever realized. The con-
struction and test of the prototype B0, the construction and delivery of SC cables, coils, ther-
mal shields of the BT (Barrel Toroid), together with the participation to the cryostat integra-
tion and test, was responsibility of LASA magnet group. It worked in strong collaboration
with industrial partners as ETH and Zanon. The high magnetic field laboratory group at
LASA currently performs measurements, at liquid helium temperature, on transport proper-
ties and mechanical characteristics of high-current superconductors using the SOLEMI sole-
noid system.

The magnet group future plans include the development of high-performance dipoles for
next particle accelerators, among which LHC upgrade at CERN and the FAIR facility at GSI
(Darmstadt, Germany).
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LASA activity on accelerators

P. Michelato1 for the LASA Laboratory

Introduction
The accelerator physics and the development of the related technologies are the main fields
in which the “Laboratorio Acceleratori e Superconduttività Applicata” (LASA) is involved.
LASA researchers are involved in different projects, ranging from the future electron linear
collider (ILC, in the past TESLA) to the high intensity proton beam accelerators (as SPL),
from magnets for LHC detectors (as the ATLAS barrel toroid) to proton therapy machine as
CNAO, from RF compressors for electron beams to applied superconductivity and radioche-
mistry. 

LASA activities
LASA, the acronym for Laboratorio Acceleratori Superconduttività Applicata, is located in
the neighborhood of Milano (Segrate) and its activity, mainly funded by the INFN Sezione di
Milano, is dedicated to the development of superconducting particle accelerator physics and
technology, in strong cooperation with the industry. LASA counts a staff of 30 peoples (from
Università degli Studi di Milano-UNIMI and INFN) plus temporary positions as PhD, gra-
duate and diploma students. 

Founded in the 80’s, the laboratory was first dedicated to the K800 superconducting cyclo-
tron (CS) project, whose construction started under the direction of Francesco Resmini. After
the first magnet and RF system tests, the accelerator moved to Catania, at INFN Laboratori
Nazionali del Sud (LNS), where it is still in operation.

After the CS project, LASA concentrated its activity in the design, development and test of
accelerator components and ancillaries like superconductive cables and magnets, RF supercon-
ducting cavities, cryomodules, photoemissive films for high brightness electron sources, etc.
The laboratory infrastructures includes Liquid Helium (LHe) plants with an He liquefier, a
high magnetic field solenoid system (SOLEMI) up to 18 Tesla, a class 10 clean room, an ultra
pure water plant, and an X ray shielded cryostat for cavity test. A 1000 m3/h pumping system,
for LHe sub cooling, gives the possibility to test components in superfluid helium.
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Fig. 1 
View of the LASA building.

Fig. 2 
The K800 superconducting cyclotron 
iron yoke.

Fig. 3 
View of the LASA experimental hall: on the
left the SC cavity area, on the right the
SOLEMI facility and the SC magnet activity
area.

Fig. 4 
LASA class 10 clean room operation:
components for SC cavity are cleaned before
the assembly.



Cryomodule design
Cryomodule design, development and production, in collaboration with the Italian industry,
was one of the most successful activities worked out at LASA in the framework of the
TESLA collaboration. Three cryomodule generations, with increased reliability and perfor-
mances, have been designed and produced. The last generation, the third one, is characte-
rized by extremely low static cryogenic losses for a 12 m long cryostat (as low as 2 W at 2
K), reduced production cost and simplified assembly and alignment procedure. They repre-
sent at the moment the state of the art in this field. They are characterized by original fix-
tures as finger welded thermal contact on the shields, braided thermal connections, sliding
system for the mechanical decoupling of the cold mass, etc. Seven cryomodules have been
produced and used in the TTF facility. Two more are under construction, while the genera-
tion four, the one foreseen for the ILC, the acronym of the International Linear Collider
(TESLA in the past) is under development with a strong involvement and responsibility of
LASA.

Ancillaries for SC cavities
The monitoring of the cold mass position, movement and vibration is a crucial problema-
tic in “cold” accelerator structures. LASA has developed a special device, called WPM
(Wire Position Monitor), that gives the possibility to acquire, monitor and analyze the cold
mass position and vibration. WPM diagnostics have been installed and are routinely used
to monitor cold mass position in all cryomodules used at TTF.

The control of the correct tuning condition of the SC cavity is another crucial argument
in a SC accelerator. The high quality factor (Q) of the cavities implies that their bandwidth
is quite small. So a low speed device (tuner) acts on the cavity to maintain it tuned with the
RF generators. Moreover a fast tuning system, counteracting for the deformations produ-
ced by the electromagnetic field (Lorentz force detuning) and vibrations, have to be imple-
mented. LASA has designed and built a special high stiff tuner (blade tuner): it is based on
the deformation of titanium blades and will be able to make both slow and fast corrections.
A stepper motors acts on the blade structure for the large cavity frequency compensation
while two piezoelectric actuators compensate the fast perturbing components.
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Cryomodules, SC cavities and ancillaries for electron and proton
superconductive cavities

SC cavities development at LASA started in the 80’s, with the collaboration with Ansaldo, for
the production of copper niobium sputtered and bulk niobium SC cavities, both for the LEP
upgrade at CERN (350 MHz) and the ARES INFN project (500 MHz). Afterwards, LASA
joined the TESLA collaboration, whose mission was the design of the TeV- Energy
Superconducting Linear Accelerator (TESLA) and the development of the related R&D acti-
vities. Core fields of the TESLA collaboration were the SC cavities, the cryomodules and the
SC cavities ancillaries. The experimental demonstration activity was carried out mostly at
DESY (Hamburg), with the construction of the TESLA Test Facility (TTF), a machine build
to provide a test bed for the TESLA linear collider project. TTF was especially dedicated to
the superconducting niobium cavities. In this framework LASA, with its experience in SC
components and cryostat design, has produced significance impact in different fields.
Production of high quality niobium bulk SC cavities is now routinely performed by the Italian
firm Zanon at Schio, thanks to the LASA collaboration. More than 1/3 of the cavity produ-
ced for TTF comes from this firm.

The experience acquired with the contribution to the TESLA Collaboration, gave the pos-
sibility for an active involvement of LASA also in the field of SC cavities for high intense pro-
ton beam with the TRASCO/ADS project. An ADS, (Accelerator Driven System), consists of
a sub-critical nuclear reactor maintained critical by the intense neutron flux produced by the
interaction of the high power proton beam (MW) with a liquid metal target. TRASCO/ADS
was dedicated both to the project of an accelerator for an ADS (lattice and optics, reliability
analysis, etc.) and to the design and construction of low beta proton SC accelerating structu-
res (from mechanical and electromagnetic to the industrial production). Two 5-cells SC cavi-
ties have been produced and successfully tested, with high level results. In the field of SC high
power low beta cavities, LASA has active collaboration for the design and development of
pulsed proton accelerator structures, as the one used for the SNS (Spallation Neutron Source)
at Oak Ridge.
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Fig. 7 
The TRASCO/ADS low beta SC cavity for
high power proton beams.

Fig. 8 
Cryomodules at the TESLA Test facility 
(DESY Hamburg).

Fig. 5 
ATLAS detector magnet system (BT) during
the installation at CERN.

Fig. 6
TTF SC 9-cell niobium cavity before 
the integration in the helium tank



Photocathode for high brilliance electron gun
Besides cryomodule, SC cavities and ancillaries, LASA has done in these years strong acti-
vity on high brilliant electron sources. TTF operates using a RF gun, where a thin (30 nm)
high quantum efficiency (QE) semiconductor photocathode (Cs2Te) is placed in a RF acce-
lerating structure. Photoemitted electrons are then immediately accelerated, preserving the
quality of the electron bunch and reducing the negative effects of space charge and other phe-
nomena. LASA is responsible for photocathode production for DESY. They are used daily for
the operation of the TTF, now known as the FLASH FEL facility.

Photocathode are currently produced at LASA and transported in UHV (ultra high
vacuum) to DESY Hamburg and DESY Zeuthen. Moreover, a dedicated preparation system
was designed and built for Fermilab and is in operation in the A0 facility. The photocathode
system at FNAL will be soon integrated in the cryomodule test stand SMTF (superconduc-
ting module test facility).

Photoemissive film quality (lifetime, QE, uniformity, etc), thanks to a strong activity of
R&D applying surface analysis techniques and developing dedicated instrumentation, like a
low energy time of flight spectrometer, was greatly increased. For instance the photocathode
mean operative lifetime is longer then 4 months of continuous operation and usually do not
represent a serious limit factor in the RF gun operation.

The SC RF group future plants foreseen a strong participation and involvement in the
International Linear Collider (ILC) collaboration and in the possible developments of the high
power proton machine (neutrino factory, neutron spallation source, ADS).

Other activities at LASA
LASA is active in other high impact accelerator activities as the TERA-CNAO (Centro
Nazionale di Adroterapia Oncologica) hadron therapy facility under construction at Pavia, the
LIBO compact booster accelerator for adroterapy and the radioisotope preparation and cha-
racterization in the class 2 radiochemistry lab.

Applied superconductivity for particle
accelerators and detectors: the Milan role

L. Rossi1

Superconductivity has become an enabling technology for particle accelerators and detectors.
The possibility to generate dissipationless high magnetic fields – from 2 to 10 tesla – has
greatly improved the momentum precision and particle recognition in detectors and has given
access to unprecedented energy range to particle accelerators. With the LHC, the new circu-
lar superconducting collider, 27 km long, under construction at CERN, superconductivity will
allow us to reach 14 TeV energy and to explore matter in conditions that took place only 1
picosecond after the big bang! And for the next decade we hope to build a new linear collid-
er 30 km long based on superconducting radiofrequency cavities, to explore with more pre-
cision the energy range open by the LHC. Milan has had a seminal role in the R&D for super-
conductors, magnets, cavities and photocathodes and a key role in the industrialization phase
of such a complex apparata. Milano has been at the crossroad of the international collabora-
tions supporting these projects and, with a proper organized program, can play an even more
decisive role for future application in researches and applications. 

Particle accelerators
Accelerators concentrate energy into beams of electrically charged particles. The main com-
ponents of an accelerators are the following:

• The vacuum chamber: ultra-high vacuum is extremely important to allow colliding beams
circulating for hours without significant losses, and has to reach level around 10-10  torr.

• The accelerating structures, constituted by cavities where an e.m. standing wave resona-
tes. The electric field component of the e.m. field transfers energy to the particles.
Therefore the cavity has a shape that maximizes the integrated electric field along the par-
ticle trajectory and that minimizes it on the cavity walls, in order to avoid power losses as
much as possible.

• Quadrupole magnets (and magnets of higher order: sextupoles, octupoles, etc.) which
focalize the beam and correct the aberrations. Light beams need lenses and other optical
devices in order to avoid excessive divergence and increase of the size; similarly, a char-
ged particle beam (which has also internal repulsive electrostatic forces, although weake-
ned by the internal magnetostatic ones) need magnetic lenses to stay focussed along the
whole trajectory.

• Dipole magnets which are needed to bend the beam, keeping it in circular trajectory.
Through beam re-circulation, the very expensive accelerating structure is used by the par-
ticles many times to increase the energy up to desired level. 

In circular accelerators the dipole magnets are the backbone of the machine and determine
the final beam energy which is approximately given by E ≅ 0.3 BR (TeV, T, km) for relativis-
tic protons. From this formula it is evident the interest in increasing the magnetic field well
above the 1.8 T attainable by mean of ferromagnetic alloys. Actually, thanks to the develop-
ment of superconductors and associated technologies, the LHC dipoles, which fill 18 of the
27 km of the tunnel length, will operate at 8.3 tesla, with possibilities of reaching 9 T in a sec-
ond phase. In Fig. 1 an artistic sketch of the LHC dipoles is shown, while in Fig. 2 the first
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Fig. 1  
Artistic view of the LHC dipoles, showing 
all main components.
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Fig. 9
Blade tuner design using CAD and FEA
(finite element analysis) at LASA.

Fig. 10 
Photocathode transfer system: cathodes are
prepared at LASA and transported to DESY

REFERENCES AND LINKS 

Information about activities can be easily
found on the web. Here are some useful links.

LASA:
http://wwwlasa.mi.infn.it/
LASA SC RF group:
http://wwwsrf.mi.infn.it/
ILC:
http://www.linearcollider.org/cms/
DESY TTF:
http://tesla.desy.de/TTF_intro.html
DESY FLASH:
http://flash.desy.de/
SNS:
http://www.sns.gov/
CNAO/TERA:
http://www.tera.it/

 



Fig. 4 
The ATLAS barrel toroid during assembly 
in the CERN cavern.

Fig. 5 
One of the first cryomodules completed under
INFN-LASA supervision, in Desy during
installation in the test facilitiy.

TRASCO, Tesla and ILC collaboration
Concerning the superconducting RF structures, LASA has played an important role for

the design and e.m. optimization of the cavity, with development of original codes in which
the e.m. design is coupled to the beam dynamics. This allowed the evolution of two research
lines. One is constituted by the development of cavity for electrons, pursued in the frame of
the Tesla (now ILC, International Linear Collider) collaboration. Of great importance are the
studies of the LASA group on the cryostat and on the cavity integration in the cryomodules.
A variety of developments stemmed out from these studies, like the special RF sensors for
precise alignment, as well as a strong push for industrialization of the Tesla project. All this
is complemented by a number of studies on materials and cryogenic test of cavities, that make
the group a key component of the ILC collaboration. In Fig. 5 a cryomodule, the accelerating
structure complete of all power and cryogenic services, is shown during installation in TTF
(Tesla Test Facility) at Desy, Hamburg. 

A slightly different accelerating structure has been developed for TRASCO, a linear accel-
erator for proton at medium energy (1-2 GeV) and high intensity, developed in the frame of
an European collaboration for new techniques of radioactive waste incineration. The group is
responsible of the e.m. design and of the cryomodule. These superconductivity studies are
completed by a very advanced R&D on high quality electron sources based on photo-cath-
odes, which require vacuum of 10-11 torr and are ideal to be coupled to superconducting accel-
erators. 

The group will continue the development of cavity for proton linacs (for incineration or
as injector for synchrotrons, like the SPL at CERN) and will participate to the industrializa-
tion of the electron cavities for the X-FEL of Desy and, primarily, for the ILC project that will
be based in a site to be established around 2009.
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LHC dipole prototype CERN-INFN 1 (manufactured in Italy under INFN and university of
Milan supervision) is shown during first cold test at CERN.

Linear accelerators are the only machines that can accelerate electrons beyond 100 GeV,
because of the synchrotron radiation limit for light particles, and they features accelerating
cavities as backbone. The maximum energy is indeed given by the total voltage: E = E L
(GeV, MV/m, km). In order to maintain the accelerator within acceptable size and cost – let’s
say 2 x 15 km – we need electric field of at least 35 MV/m. Again, this would be impossible
to be reached, with accelerators working in a continuous mode or with high duty cycles, with-
out the use of superconductivity. In Fig. 3 a superconducting accelerating structure designed
for the Tesla project.

The contribution of Milan
The group of Milan, LASA laboratory (which is formed by a university component and
an INFN one) has been in the year 1990-2005 strongly engaged in International collabo-
rations for LHC and Tesla. Let’s review in the following the main action taken by LASA
in these collaboration.

LHC, ATLAS and CERN collaboration
For the LHC, LASA was responsible of the industrialization and construction of the first three
superconducting dipoles, entirely manufactured by Italian industry, included the 13 kA super-
conducting cable based on 250,000 fine filaments (6 to 7 mm in diameters) of Nb-Ti alloy
embedded in a pure copper matrix. This prototype work has launched the Italian industry in
a privileged position in many high-tech works in the LHC construction.

In more recent years the LASA team has developed the superconductor for the toroidal
magnet of the ATLAS experiment (the largest detector on the LHC machine). The conductor
is constituted by a superconducting cable in Nb-Ti/Cu, somehow similar to the one employed
LHC dipoles except that filaments have standard 30-40 mm size, however with current of 60
kA and with a super-stabilization obtained by adding a large very pure aluminum matrix. Just
in 2005 the group is finishing the engineering, construction and test of the magnet itself, the
world largest coil with its 25 m of length. The LASA group has designed the conductor and
the coils, which generate 3.8 T of peak field, as well as the thermal shield and the protection
unit (dumper). In Fig. 4 the giant ATLAS coil is shown in an intermediate phase of assembly
in the 100 m underground gallery. One of the reasons for the huge size is the fact that momen-
tum resolution scales as: Λp/p } B L2: therefore large volumes pays off better than high fields.
The detector works indeed at “moderate” field, 4 T against the 9 T of the machine magnets,
in exchange of getting considerable dimensions.

An important role in all these developments and constructions, was played by apparata for
evaluating the critical surface of superconductor, with field up to 15 T , test currents up to 30
kA and temperatures as low as 2 K. Also important have been the apparata for cryogenic char-
acterization of materials and the development of an original numerical code for evaluation of
the quench behaviour (quench is the sudden lost of the superconductive state, with consequent
need of protection of the magnet).

Future collaborations in this sector aim to the upgrade of the luminosity of the LHC, by
means of 12-15 T magnets, and to the project of the pulsed magnets for the FAIR project at
GSI (Darmstasdt, De).

Accelerators and Related
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Fig. 2 
The LHC dipoles, manufactured under
supervision of the LASA Milan group, during 
the first cold test at 1.9 K in the CERN
cryogenic station.

Fig. 3 
Accelerating structure in pure niobium at 1.3
GHz developed for the Tesla project.
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Fig.3 
Globalstar boost pre-regulator schematic.

Fig. 4 
FREDOMSIM forecasts vs experimental 
data of the frequency responses of input
admittance a) and audio-susceptibility 
b) transfer functions.

Fig. 5 
Typical scheme of a distributed power
assembly.

Fig. 6 
Example of the input admittance frequency
responses of a closed-loop buck converter.
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Power electronics CAD: from space
applications to industrial applications

P.G. Maranesi and M. Riva1

Electronic devices era either employed to process the information associated to electric signals
or to process the electric power. The latter role is that of Power Electronics. Its applications span
over several areas: power semiconductor devices, power supply, control of power networks, HV
dc systems, automotive, aircraft electric power systems, spacecraft power systems, biomedical
instrumentation, etc. Constraints and critical aspects are related to each specific application.
Space applications are most demanding in terms of reliability, efficiency and radiation hardness
for the apparatus. The electronic section of the Department of Physics in the University of Milan
has been involved in the last years in electronic power applications for space: the design of power
converters and distribution apparatus aboard satellites and the International Space Station and
also of HV supplies for ionic propulsion. 
In the figure 1a) a DC-DC converter payload supply circuit, proposed by the power electronics
laboratory of the Department of Physics and installed aboard the International Space Station,
(ISS) is shown; in 1b) the schematic of a HV generator for Radiofrequency Ion Thruster (RIT),
developed in the same lab, is given. 

Another field of the activities of the lab is the development of automatic CAD tools for the
analysis and the design optimization of electronic power systems. The main product of this acti-
vity is an innovative CAD tool (FREDOMSIM) for the characterization in the frequency domain
of the dynamic behaviors of the switched converters. Starting from the schematic entry accor-
ding to the SPICE simulator of the circuit considered (in fig. 2 an example is represented), FRE-
DOMSIM provides forecasts of the frequency responses of the transfer functions, characterizing
the circuit with the feedback loops open. The high degree of compliance with real life can be
evaluated in the fig. 3, where the plots are relevant to the boost converter in the fig. 2. The appli-
cation of FREDOMSIM is user friendly (its visual interface is shown in the fig. 4) and it sup-
ports the designer in the optimization of the inner and external feedback loops. Even though the
automatic tool was devoted to space applications, it demonstrated validity for the design of elec-
tronic circuits for terrestrial application too. The fig. 5 shows the block scheme of a distributed
power assembly developed for industrial applications in cooperation with a semiconductor
manufacturer. The high efficiency reached at 500kHz of switching frequency has been made
possible by the technologies and the automatic  tool originally developed for the design aid of
space power circuits.

1 Dipartimento di Fisica, Università 
degli Studi di Milano

Fig. 1 
Examples of power electronics converter; 
a) a phase-shifted full-bridge applied aboard
the ISS and b) HV generators for ion thruster
drive.

Fig. 2 
Some of the FREDOMSIM features.
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3. Large signal measurement technique
In Fig. 2a we show the typical reset transient seen at the P/Z amplifier output, when a large indi-
vidual signal (H) occurs upon a tail of a regular signal (h). Figure 2b shows the corresponding
waveform seen at the Schmitt-trigger comparator output, which delivers a rectangular pulse of
width T, corresponding to the pulsed-reset time. The regular signal which provides the tail h does
not exceed the threshold corresponding to ADC saturation and has the typical exponential decay
time of about 50 µs. The large signal H is instead over threshold and puts the preamplifer into
the pulsed reset mode. In the figure the ADC saturation at a voltage level of about 1V is not
shown, as the signal has been acquired through a digital oscilloscope. But in the real acquisition
chain, the preamplifier output is directly sampled by the ADC module and so it would not be
possible to directly estimate the amplitude of the over-threshold signal. However, the energy
information can be indirectly obtained. By accurately calculating the expression of the reset tran-
sient at the P/Z stage output, we can derive the exponential relation between the reset time T and
the sum of the energy ES of the large event and the energy EC of the tail:

ES + EC = A (exp (T/τ) – 1), (1)

where A and τ are coefficients depending on circuit parameters. As the reset time T results
substantially shorter than the time constant τ, the relation can be linearized by expanding the
exponential term with no loss of accuracy. We can then express the large signal energy ES as
a function of the reset time T and the energy of the tail EC, obtaining

ES = b1 T + b2 T
2 – EC, (2)

where b1 and b2 are the first and second order coefficients. The reset time T can be obtained
through a time over threshold measurement performed on the waveform acquired at the com-
parator output (see Fig. 2b), while the tail energy EC can be obtained from the difference of
the pre and post large event voltage levels evaluated on the output signal of the preamplifier.
So Eq. (2) can be written as

ES = b1 T + b2 T
2– (V1 – V2) /G + E0, (3)

where (V1 – V2) is the voltage amplitude of the tail, G is the energy-to-voltage gain of the pre-
amplifier and E0 is an offset term. We can conclude that (3) permits to indirectly derive the large
signal energy ES. In this relation T, V1, and V2 must be evaluated any time an over-threshold sig-
nal occurs, while b1, b2, G, and E0 are parameters which must be obtained through preliminary
calibrations.

Electronics High dynamic range low-noise preamplification of nuclear signals
Fig. 1 
Architecture of the time-variant preamplifier.
The connection cable and the ADC are also
shown.

Fig. 2
(a) Large signal (H) upon a tail (h) 
at the PZ stage output. (b) Schmitt-trigger
comparator signal.

High dynamic range low-noise
preamplification of nuclear signals

A. Pullia1,2, F. Zocca1,2, C. Boiano2, R. Bassini2, S. Riboldi1,2, and D. Maiocchi1,2

We have developed and realized a new mixed continuous-pulsed reset preamplifier purpose-
ly conceived for advanced multi-channel gamma-ray sensors. The continuous-reset mode is
used for typical signal amplitudes within the ADC input range, or from a few keV to a few
MeV. The pulsed-reset mode works on larger signal amplitudes, up to 100 MeV caused by
either individual events or by bursts of piled-up events. Such operation mode maximizes the
live time in the typical energy range and minimizes the dead time caused by ADC saturation
on large individual signals or at high count rates. The amplitude of large individual signals
can also be estimated from the reset time still achieving a high resolution. Using this tech-
nique and a bulky HPGe detector we got a “continuous-reset” range of 2 MeV with a reso-
lution of 2.02 keV fwhm at 1.408 MeV, and an extended “pulsed-reset” range of 27 MeV, with
a typical resolution of 0.3% at 27 MeV.

1. Introduction
The development of advanced segmented detectors for the new generation of nuclear physics
experiments with exotic beams (AGATA, GRETA) [1,2] poses challenging requirements to
the front-end electronics, including an extremely high dynamic range and an ultra low noise
over the whole range. The typical energy range of a digitized preamplifier for γ-ray spec-
troscopy is from a few keV to a few MeV. Individual highly energetic events which exceed
this range or bursts of piled-up events at high count rates can easily cause ADC saturation
and introduce a significant system dead time. We suggest that a mixed reset technique for
the preamplifier can address these issues. The idea consists of using a simple continuous
reset in the typical amplitude range and a fast pulsed reset for larger signals. When the
amplitude of the preamplifier output signal is within the ADC input range, the circuit works
in the classic continuous-reset mode, i.e. with the typical resistive continuous discharge of
the feedback capacitance. But when the preamplifier output signal exceeds the ADC volt-
age range, the pulsed-reset mode intervenes which yields a fast recovery (in a few µs) of
the output voltage to its floor level. The amplitude of a large individual signal can be indi-
rectly estimated from the reset time, when the ADC overflow condition would give no pos-
sibility to make a direct measurement of the pulse height. Using this technique, we were
able to measure highly energetic signals up to 30 MeV, still achieving a high resolution. As
a result the dynamic range of a digitized preamplifier is substantially increased, as given by
a “continuous-reset” range of a few MeV and a “pulsed-reset” range which can reach 30
MeV or more. Such a large energy range is of interest for the last generation of nuclear
physics experiments with bulky 4π germanium detectors. In fact, Montecarlo simulations
show that a 9 cm germanium layer still has a detection efficiency of 9 to 14% for γ-rays
photons of 20 to 30 MeV. This large dynamic range is required for a class of experiments
where giant-dipole resonances can produce γ photons of energies up to 30 MeV.

2. Architecture of the time-variant charge preamplifier
The architecture of the proposed time-variant preamplifier is shown in Fig. 1. Continuous
reset is ensured through the feedback resistance RF, while pulsed reset is realized through
an add-on switchable device we called Large-Signal Manager (LSM). It consists of an
inverting Schmitt-trigger comparator and a temperature stabilized switchable current
sink. The LSM senses the amplitude of the preamplifier output signals. On small-ampli-
tude signals the current sink is in the off condition. In this case the circuit behaves like a
classic charge preamplifier, with resistive continuous reset of the detector charge stored
on the feedback capacitance. But when a large signal arrives, which exceeds the com-
parator threshold, the LSM switches the current sink on and puts the preamplifier into a
pulsed-reset mode, so as to swiftly desaturate the ADC. As shown in Fig.1, in this phase
the current sink continuously absorbs charge from capacitance C of the P/Z stage until
the preamplifier output voltage is brought back to its DC level. At this point the compara-
tor automatically turns over and switches the current sink off so completing the fast reset
procedure.  
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We then irradiated the detector with a 152Eu source placed in such a way to get an event
rate of 6 kHz, and injected large pulser signals in the energy range from 5 to 27 MeV. All
signals from the 152Eu source were “under threshold” and have been acquired in the continu-
ous-reset mode, while the pulser signals were “over threshold”, and have been acquired
through the pulsed-reset technique, as explained before. As a result we got the overall spec-
trum shown in Fig. 6 in the extremely wide range from 10 keV to 27 MeV. All 152Eu lines
are well resolved, the 1.408 MeV line having a fwhm of 2.02 keV. The high-energy pulser
lines are also finely resolved, having a relative fwhm of the order of 3 perthousand. 

Electronics High dynamic range low-noise preamplification of nuclear signals

Fig. 6 
Spectrum of 152Eu with high-energy pulser
lines. The average event rate is 6 kHz.

4. Gamma spectroscopy with mixed continuous and pulsed reset:
experimental results

We tested the mixed-reset technique by using a custom-made preamplifier equipped with the
add-on LSM device sketched in Fig. 1, connected to a state-of-the-art closed-end cylindrical
HPGe detector. We used 152Eu and 60Co calibration sources placed at different distances from
the detector, obtaining overall counting rates in the range 1 kHz to 32 kHz. We could also arti-
ficially simulate energetic events in the range 5 MeV to 27 MeV by providing large signals
at the preamplifier input with a spectroscopy-grade pulser and a calibrated test capacitance.
The pulser signals were large enough to trigger the LSM device. The fast-reset transients were
superposed to the tails caused by the distribution of γ photons delivered by the mentioned
radioactive sources. 

In Fig. 3 we show the result of the algorithm for the estimation of a ~ 10 MeV signal
injected at the preamplifier input, when a background of 32 kcounts/s of 60Co signals is pres-
ent. As evident, if we try to reconstruct the large signal energy only by evaluating the reset
time with no tail correction, the line completely disappears, as the stochastic distribution of
tails due to 60Co signals scrambles it out. When the tail correction from (3) is made, the line
gets nicely reconstructed showing a relative fwhm of 0.56 % @ ~ 10 MeV. As shown in Fig.
4, the resolution improves if the counting rate of the 60Co regular signals is reduced, which
diminishes the disturbing effect of the tails. In Fig. 5 the obtained resolution is shown in an
energy range of 5 to 27 MeV. 
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Fig. 3 
Large pulser line. A background of 32
kcounts/s of 60Co signals is present which
destroys the large signal resolution if no
correction is made.

Fig. 4 
Obtained energy resolution at 10 MeV 
for increasing counting rates of the 60Co
regular signals.

Fig. 5 
Obtained energy resolution at high energy 
for two different values of background event
rate.
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Ion thruster high voltage drive

F. Belloni1, P.G. Maranesi1, and M. Riva 1

Electrostatic Radiofrequency Ion Thrusters (RIT) have been introduced in the last years for
propulsion, orbit control, and orientation of space vehicles. This type of engines is characterized
by the generation of a heavy ion plasma which is accelerated by the electric field of the high
voltage supplies before ejection from the spacecraft. Accelerating forces in the order of several
tens of millinewtons, as required by interplanetary missions, can be obtained by RITs of a few
Kilowatts. The propellant is an inert gas, such as Argon, Krypton or most commonly Xenon that
is ionized by a radiofrequency (RF generator) and then accelerated by two high voltage grids.
The first (beam grid) is maintained at a positive voltage (Positive High Voltage Generator -
PHVG) and the second one (extraction grid) at a negative level (Negative High Voltage
Generator - NHVG). The schematic of the RIT, with HV and RF generators is shown in Fig. 1.

Short circuit between the positive and the negative voltage grids happens not rarely and the
capacity of withstanding such occurrence is mandatory as well as of removing the short circuit.
Due to the threshold effect of the positive grid, the beam current decreases by increasing the volt-
age generating a negative resistance behavior. Moreover, the plasma accelerated from the
PHVG, constitutes a non-linear load. It’s advisable that the high voltage cell consists of a
transconductance power stage supplying current to the load and to the output capacitance with
a single pole behavior. The proposed solution for a module PHVG module is a phase-shift PWM
controlled converter switching at the frequency = 65.5 kHz, rated power of 1.5kW and Vout =
1500V. The input DC voltage is 100V, the output is obtained by the connection in series of two
750V transformer coupled half bridges. The former is active and it uses MOS switches, the lat-
ter employs rectifying diodes. Zero voltage switch-on and voltage clamping characterize the
switching transients. The IGBTs, in series to the output, avoid to overcome the load current limit
in cases of short circuit or overcurrents and provide prompt switch-off of the output currents.
The NHVG consists in a flyback topology, operating in discontinuous conduction mode, mod-
ified to achieve zero voltage transitions. The switching frequency is 65.5 kHz, the rated power
is 300W at maximum load and the output voltage can vary between -150V and -800V. The out-
put voltage rectification is made by two passive single-ended rectifiers, in order to reduce the
voltage stress on each diode. Schematics of both the PHVG and the NHVG are represented in
Fig. 2.

Short circuits between the two grids can happen due to impacts of positive ions on the
grids and material settling. The protection implies current limitation and switch off. This
inconvenience is removed by a dedicated operating procedure of the PHVG that aims to sub-
limate the short circuit material by Joule effect. The delay time is fixed at and the control of
the current injected to the short circuit is done by varying the switching frequency.

1 Dipartimento di Fisica, Università 
degli Studi di Milano 

Fig. 1
RIT and voltage generators schemes

Fig. 2
Electrical schemes of the PHVG 
and the NHVG
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description of the crystalline structure has a very relevant effect on ρ1 and on the value of nc.

As shown in ref. [7], from the behavior of the oscillations in the plateau of ρ1, it is possi-
ble to gain informations on the microscopic mechanism at the basis of ODLRO in the solid.
By analyzing the particle configurations which contribute to the plateau of ρ1, we found that
at least one of the coordinates r and r’ refers to an interstitial position, i.e., a vacancy-intersti-
tial pair (VIP) is present in the system [7]. The presence of VIP is the key process that gives
rise to BEC in solid 4He. Due to the fact that VIPs can appear with a small, but finite, proba-
bility at any lattice points in the perfect solid, one can destroy a particle in any lattice position
and create it at any far distance with a nonzero probability due to the presence of holes in the
crystal. Since the concentration of VIPs is finite the destruction-reconstruction process at arbi-
trary large distance is a zero energy cost process due to the indistinguishability of the atoms.
Differently from the defected solid case, the microscopic processes that give rise to a finite
probability to find an unoccupied (distorted) lattice position are part of the zero-point motion
and are not excitations of the system. The exchange of atoms and VIPs are evident not only
in ρ1 but also in Ψ 2 as seen in the configurations generated with SWF and with the exact
SPIGS method [7] (see Fig. 2). It is worthy to stress that the name “pairs” is given to the
vacancy-interstitial fluctuation of the crystal only to underline the origin of this microscopic
process. Due to the exchange between atoms or other zero-point processes, in fact, these VIPs
are unbound and interstitials can annihilate far away from the original partners, with vacan-
cies coming from other VIPs.

The success of SWF in describing diagonal properties like the energy or the structure of
solid 4He does not strictly ensure that the off-diagonal properties of ρ1 are accurately repro-
duced. However, since BEC implies NCRI, our results, if confirmed by an exact calculation,
are very relevant, in that they could provide the basic explanation of effects recently measured
[3]. Moreover these NCRI effects can only be increased by the presence of disorder, if the
experimental bulk sample contains some defects. Then, even if the bulk sample would be a
perfect solid, the observed NCRI effects should be present in any case, perhaps at a different
transition temperature and with a different superfluid fraction than the ones measured in ref.
[3]. This indicates the relevance of computing ρ1 also by an exact Quantum Monte Carlo
method. The computation of ρ1 by means of an exact projector method, such as SPIGS, is in
progress.

Fig. 1
One-body density matrix computed in a
perfect hcp solid 4He at a density of 0.031 
Å-3 with the old SWF [7] and with the new
SWF [11].

Fig. 2
Snapshot of a VIP during a SPIGS simulation
run. The discrete path integral representation
of the imaginary time projection maps 
the quantum system into a classical system 
of special interacting open polymers [7]. 
In the plot only the internal atoms of the open
polymers (those which represent the true
ground state) are shown (green). The white
spots represent the lattice positions of a basal
plane of an hcp crystal, the red one indicates
the vacant lattice site while the blue one 
the doubly occupied lattice site (the
associated polymers are shown in yellow).
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Bose Einstein condensation in solid 4He

D.E. Galli1, M. Rossi1, and L. Reatto1

We have found the first microscopic evidence for Bose-Einstein condensation in crystalline
4He based on a quantitative variational theory of solid 4He: the Shadow Wave Function tech-
nique. With this technique we have computed the one–body density matrix ρ1 in solid 4He at
T = 0 K. We find that off-diagonal long range order is present in ρ1 for a perfect solid 4He for
a range of densities above the melting one, and the condensate fraction decreases by increas-
ing the density. This is the first microscopic indication that Bose Einstein condensation could
be present in perfect solid 4He. The key process giving rise to Bose Einstein condensation is
the formation of vacancy–interstitial pairs. Such processes have a finite probability to be pres-
ent in the ground state of the system; we have verified this also with an exact Quantum Monte
Carlo projector method. Due to exchange processes these vacancy–interstitial pairs are
unbound; however they are not permanent excitations but simply fluctuations of the perfect
crystal induced by the large zero-point motion.

Since the first pioneering papers in the sixties, the prospect that a solid could have super-
fluid-like properties has fascinated and attracted a great number of physicists and the topic of
such super-solid has received a considerable theoretical and experimental attention [1]. The
experimental search of the supersolid gave no results [1] until 2004, when Kim and Chan [2]
claimed to have observed a NCRI effect for solid 4He adsorbed in Vycor during a torsional
oscillator experiment. In such a confinement solid 4He will be surely rich of defects, especial-
ly vacancies near the pore wall, and these defects were considered responsible for the
observed NCRI effect. But later on, NCRI effects were also observed for the bulk solid 4He
[3]. These observations have given a new life to the interest on the supersolid state, whose
existence is still an open problem. In fact, up today there is no experimental evidence for the
zero-point vacancies in bulk solid 4He and arguments against bulk superfluidity have appeared
in literature [4, 5].

Leggett showed that BEC, at least at T = 0 K, is a sufficient condition for the observation
of NCRI effects [6]. So a central quantity to compute is the one-body density matrix ρ1(r,r’),
whose Fourier transform represents the momentum distribution. A non-zero limit at large dis-
tance of ρ1 (off-diagonal long-range order, ODLRO) implies BEC and then NCRI. In ref. [7]
we discuss the results for ρ1 in a perfect 4He crystal, computed with a variational Monte Carlo
which uses as trial function a shadow wave function (SWF). By perfect solid, we mean a solid
where the number of maxima in the local density ρ(r) = ρ1(r,r) is equal to the number of 4He
atoms. The use of SWF, whose accuracy is well documented [8] is specially useful in the pres-
ent context because the crystalline order is an effect of the spontaneously broken symmetry
so that local disorder processes like exchange of two or more particles or more complex
processes are in principle allowed. The major finding of our computation is the presence of a
small but finite condensate for a range of densities above melting [7]. For example at ρ =
0.031 Å-3, which corresponds to a pressure of about 54 bars, we find a condensate fraction of
nc = (2.0 ± 0.4) x 10-6. These results constitute the first microscopic indication that BEC can
be present in commensurate solid 4He.

The variational theory is very useful to describe strongly interacting systems like liquid or
solid 4He but it is always open to debate how much the results depend on the ansatz on the wave
function, specially for quantities other than the energy. To this purpose we have tested the accu-
racy of the SWF with an exact projector method that we have recently introduced, the shadow
path integral Ground State (SPIGS) [9, 10]. By comparing the static structure factor S(k) and
the local density ρ(r) with the exact ones, we have found that within the SWF description the
4He atoms are more localized. This stronger localization of the atoms given by SWF compared
to the exact results suggests that the present SWF might underestimate the condensate. Very
recently we have improved our variational description [11] obtaining a better agreement with
the exact results for S(k) and ρ(r). With this improved SWF, we have computed ρ1 in a perfect
hcp solid 4He, which is plotted in Fig. 1. The lower degree of order in the structure of the crys-
tal is observable in the oscillations of the plateau which reflect the crystalline order in the sys-
tem; they are still present but very much damped. The value of the condensate fraction obtained
with the new SWF at ρ = 0.031Å−3 increases up to nc = (1.1 ± 0.3) x 10-4. So the improved
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[5]) to the much simpler electronic density, i.e. essentially to the squared modulus of the N-
body wavefunction integrated over (N-1) of its variables. 

In its original formulation, DFT only applies to the system’s ground state: it can be found
as the minimum of a suitable functional, with respect to the variation of the sole density. Only
in 1984 DFT has been generalized by E.K.U. Gross to Time-Dependent DFT (TDDFT) [6],
allowing one to study also the excited states. Hence, the available excited state theoretical and
numerical tools, being about twenty years younger, are still much more primitive than those
dedicated to the ground state, and much work remains to be done in their development. 

Another important aspect which explains why the excited-state ab-initio methods are still
in their early stage is related to the fact that excitations of many different types are possible,
and different excitations often are better studied with different theoretical tools. As shown in
Fig. 1, light absorption or electron energy-loss spectroscopy involve an excitation which does
not change the number of electrons in the sample, while photoemission (PES), inverse pho-
toemission (IPES), and scanning tunneling microscopy (STM) involve excited states with N-
1 or N + 1 electrons, being hence directly related to the poles of the one-particle Green’s func-
tion. Different methods, such as the GW method, the Bethe-Salpeter Equation (BSE) method,
and the previously mentioned TDDFT, should be selected and used to study these different
kind of excitations [7]. 

Nowadays most of these ab-initio approaches can be applied to realistic and complex sys-
tems, such as surfaces [8] and nanostructures [9]. However, different degrees of approximation
can be considered in order to be able to evaluate numerically the resulting equations and for-
mulas. To this aim, it has revealed particularly useful to make an effort to compare efficiently
different approaches, bringing them on similar grounds, and singling out the common ingredi-
ents and formulas. For example, this has been done by some of us in the case of TDDFT and
BSE approaches in [7]. An example is shown in Fig. 2, where differences and similarities
between the BSE and TDDFT equations for the system’s polarizability are displayed. 

Several successful applications of the ab-initio BSE and TDDFT approaches can be found
in the recent literature (see, e.g., [10-12]). Between the most striking results, those concerning
optical properties of solids and solid surfaces should be mentioned. In Fig. 3 we reproduce the
absorption spectrum of solid Argon, which is very well described both within BSE and
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Fig.2 
Schemes for computing the dynamical
polarizability from an ab-initio point of view:
Bethe-Salpeter Equation (top), or Time
Dependent Density Functional Theory
(bottom). See Ref. 7 for details.

Fig.3 
Optical Absorption spectrum of solid Argon
(imaginary part of the dielectric function),
computed at different levels of the theory:
Independent particle (LDA bandstructure);
Independent Quasiparticles with self-energy
effects (GW); LDA plus Local Fields (RPA);
Full calculation with excitonic effects (EXC).
The last curve can be obtained either within
the BSE scheme, or using TDDFT. Red dots
are the experimental data.
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Theory and computation of electronic
excitations in condensed matter systems:

the ETSF project

G. Onida1, N. Manini1, E. Mulazzi1, A. Bordoni1, K. Gaál-Nagy1, A. Incze1,
L. Caramella1, M. Cazzaniga1, E. Ponzio1, A. Miglio1, and M. Gatti2

Excited states and electronic excitations are a key for the understanding of condensed matter
properties, and for the design of novel materials, systems, and solid-state devices. In fact,
many properties of solids depend on their excitation spectrum: from the external aspect (col-
ors), to electrical or thermal conductivity, to the way an LCD screen operates, up to the exot-
ic behaviour of nano-machines such as molecular engines (see, e.g., [1]). 

From the physicist’s point of view, electronic excitations are at the base of many modern
spectroscopic techniques: electrons, photons, or atoms can be sent as probes which, imping-
ing on a sample, induce some kind of excitation. By measuring, e.g., the excitation energies,
one can obtain useful compositional and/or structural informations about the sample itself.
Typical examples are optical spectroscopy and photoelectron spectroscopy, two of the most
widely used characterization techniques in condensed matter laboratories. 

Experiments, of course, are most useful if they can be interpreted in the light of a theoret-
ical model, and theoretical models can be useful in order to suggest how to perform new
experiments. For this reason, large efforts are being done in order to deepen and to extend our
theoretical understanding of electronic excitations in condensed matter. The task is not an easy
one, being the many-body problem very hard to solve for the ground state of a system of inter-
acting electrons. 

Among the state-of-the-art theoretical methods and tools, a prominent role is today played
by the so-called ab-initio approaches. These are characterized by a complete absence of free
(adjustable) parameters in the theory: everything is directly derived from the fundamental
equations of quantum mechanics (since only Coulomb forces and interactions are relevant in
our case, the ingredients from which to start are exactly known). The scope of the calculations
is not, however, simply to reproduce the experimental results, which will be of little interest:
aim of the theoretician should be to derive from his results some new information about the
system, namely informations which are not accessible through experiment. In practice, a the-
oretical calculation should be thought as an additional “microscope” that can be used, besides
the “experimental” one, to look inside the sample in order to understand its behaviour. 

Ab-initio methods for the many-electrons system have been developed since many years,
starting from the pioneering works of Hartree [2] and Fock [3]. However, in the last 20-25
years the use of ab-initio methods in the study of real systems has become more and more fre-
quent, not only because of the availability of powerful computers, but also thanks to the intro-
duction, between the sixties and the eighties, of novel theoretical approaches which have
allowed us to simplify substantially the required numerical calculations. The main progress
has been done with the Density Functional Theory (DFT), introduced by W. Kohn and
Hohenberg in 1964 [4]. Through suitable theorems, DFT allows one to shift the attention from
the many-body wavefunction (a “monster” quantity for a system of many interacting particles

Structure of Matter

105

1 Dipartimento di Fisica and INFM,
Università degli Studi di Milano
2 LSI-SESI, Ecole Polytechnique,
Palaiseau, France

Fig.1 
Different experimental techniques,
and the related different types of electronic
excitations which must be considered 
in the theoretical description.
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research groups and interested users across Europe. Today, the ten nodes constituting the net-
work are in charge of building up the so called “European Theoretical Spectroscopy Facility”
(ETSF). 

The ETSF, inspired to the large experimental facilities, will be a “knowledge center” in
which expertise, theory, and the associated software for excited-state calculations will be
developed and used in different ways, according to the interests and background of the users.
Its aim will be to make available the “integrated resources” developed within Nanoquanta to
a wide scientific community, after the end of the EU-funded period. These “integrated
resources” consist in the theoretical tools, computer codes, and scientific know-how, which is
strongly complementary between the groups forming our network. ETSF will be a distributed
structure, with offices in different countries, and will be open to the insertion of new research
groups which can contribute with their expertises, specially if it is complementary to the
already present ones.

One of the primary objectives of ETSF will also be that of fostering the scientific and cul-
tural interchange with researchers from other scientific disciplines, like chemists and biolo-
gists who could be interested in the use of theoretical tools and computational codes available
within the ETSF.

The Nanoquanta groups will constitute the core of ETSF, which will also build a broad
and federal community of research groups working on similar topics. Besides those groups
directly involved in the theory and software development, users of the facility will be a larg-
er and varied group, composed of researchers from the public and private sector wishing to
benefit from the developments in the field of electronic excitations (see Fig. 6). The ETSF
concept is hence introducing an important novelty with respect to the past, when EU and
national organisations were supporting scientific collaborations for fundamental develop-
ments of theory and computational approaches by funding self-contained, fixed-term research
projects and networks, with no permanent opportunity for other researchers to benefit from
the “products”. 
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Fig. 6 
The European Theoretical Spectroscopy
Facility (ETSF), an initiative of the
“Nanoquanta” Network of Excellence, has
been devised to ease and encourage the
sharing of theoretical tools and computer
codes for the calculation of electronic
excitations and related spectra. Significant
progress has already been made, and the ETS
Facility is planned to become a lasting
structure after the end of the Nanoquanta
NoE in 2008, independent of support from
the EU.

TDDFT, while standard bandstructure calculation (RPA or independent quasiparticles
approaches), neglecting the excitonic effects, fail to describe the absorption peaks, even quali-
tatively.

Other applications, between the most recent ones, are those realized by some of the
authors in the case of semiconductor surfaces, namely silicon and oxidized silicon recon-
structed surfaces. Fig. 4 shows surface optical anisotropic reflectivity spectra for the Si(100)
surface, decomposed in its contributions coming from different layers below the surface [13].
This technique allows one to associate some of the spectral features to specific bonds or struc-
tures, like silicon dimers at the surface. 

Surface optical spectra are very sensitive to compositional and structural details. Si(100)
has hence also been studied in presence of oxygen, in connection with its interest for semi-
conductor technology. In fact, thin oxide layers can be grown on Si(100) as insulating layers
for building MOS devices. Fig. 5 shows a spectral feature which can be associated to the pres-
ence of oxygen atoms on specific adsorption sites, namely surface dimers and surface back-
bonds in a 0.5 ML oxygen-covered surface [14]. 

As shown by the examples above, the development and the numerical implementation of
reliable ab-initio theoretical tools for computing the spectra of real systems is an important
issue in today’s condensed matter and solid state physics. In many cases, expertises from dif-
ferent research groups must be put together in order to realize and apply such tools in the most
effective way. In fact, the demand for collaborations using state-of-the-art software -and for
support- is rapidly growing, amongst both the theoretician and experimentalist communities.
Starting from this observation, the idea of creating a dedicated collaborative structure was
born, building on an existing 15-years ongoing and expanding collaboration between a num-
ber of condensed-matter theory groups in Europe. 

In 2004, a NoE (network of excellence) named “Nanoquanta”, funded by the European
Community under the 6th Framework program, has been set up with the major aim to find a
long-term answer to this challenge. Nanoquanta is a substantial undertaking, involving many
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Fig. 4 
Optical anisotropy spectra calculated for
Si(100), an important surface of Silicon since
it is used in microchips and semiconductor
device technology. The possibility to look at
contributions coming from different atomic
layers is a nice example of the use of
calculations as a “theoretical microscope”
(see text).

Fig. 5 
Same as Fig. 4, but for a half-monolayer
oxidized surface: the red circle shows 
a spectral feature which is associated to 
the presence of oxygen on surface dimers 
and backbonds. 
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From cluster beams to nanostructured materials:
In the last decade our group significantly contributed to the progress of the supersonic cluster
beams technique [10], and owing to its success in the development of high intensity cluster
sources, brought the SCBD (Supersonic Cluster Beam Deposition) technique to an industrial
pre-competitive level [11]. SCBD is essentially the process of assembling aerodynamically
accelerated clusters into a nanostructured film by particle deposition under high vacuum. A
key factor for this success has been the introduction of a novel type of cluster source, the
PMCS (Pulsed Microplasma Cluster Source) [12], that performs very high intensity and sta-
bility for the production of refractory metal, metal oxide, and carbon clusters. The working
principle of the PMCS [12, 13] consists in the ablation of a target electrode by means of a spa-
tially confined plasma discharge. The vaporized species are then quenched by a pulsed heli-
um beam and condense into clusters. The relative high pressure in front of the cathode sur-
face that can be seen in the simulation reported in the left side of figure 1 produces a localiza-
tion of the discharge to a small region inside the source located at the surface of the eroded
material. These conditions are favorable for a high degree of condensation and limited con-
tamination from other source material.

One peculiarity of pulsed vaporization sources is that, unlike other supersonic cluster
sources, condensation occurs mainly inside the source and not during the expansion. In this
respect PMCS, like the laser vaporization sources for supersonic cluster beams developed in
the eighties [14], is a sort of gas-aggregation device. This behavior makes the understanding
of particle motion inside the source volume very important with regard to the maximization
of beam intensity and the control of the particle size distribution. As a matter of fact, a num-
ber of aerodynamic techniques taken from the aerosol science can be successfully applied in
the subsonic part of the flow inside this class of sources allowing a size selection of the par-
ticles and a further increase of the particle beam intensity by particle concentration on the
beam axis [15]. A cluster density in the range of 1013/cm3, as typically obtained by the PMCS,
and the high stability of this source over many hours operation make this technology a candi-
date of choice for the industrial application of SCBD. 

Supersonic cluster beams are characterized by high directionality, collimation, and intensi-
ty and thus are well suited for patterned deposition of films through stencil masks that are
placed into the beam in front of the substrate [16, 17]. A remarkably high step sharpness (a
width of 450 nm) could be obtained using a mask placed at 0.33 mm from the substrate [17].
The profile of the mask was reproduced even in its sub-micrometer features. By the use of
micromachined masks patterns with micrometric pitch can be reproduced in the deposited
material (see Fig. 1).

Supersonic expansions have a higher collimation compared to effusive beams, however,
clusters in supersonic beams can still have a non negligible thermal divergence and a broad
mass distribution [13]. In order to study the effect of the transverse cluster velocities on the
step sharpness, films were deposited at different supersonic conditions by masking part of the
substrate with a straight edge mask. Assuming the film thickness as a measure for the beam
flux, integrated over the deposition time, the profile of the step obtained with the mask is
affected by the distribution of cluster transverse velocities. With a standard supersonic beam
the step is very noisy and not well defined. In order to increase the step sharpness one should
increase the mach number of the beam but this will require a huge pumping system [13]. The
use of particle focusing techniques can circumvent this problem by concentrating the clusters
on the centre beam thus producing sharper steps still keeping intact the other expansion
parameters. This has clear effects on the application of cluster beams to the deposition of
nanostructured materials and systems as discussed in next section; nevertheless this has
important consequences also on more fundamental studies on free clusters.
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Free clusters are a system of choice for the investigation of the complex evolution of elec-
tronic and structural properties of condensed matter from those typical of molecular sys-
tems to bulk-like behaviour. Molecular beam techniques allow to prepare and manipulate
such systems and to perform a variety of experiments but, with a major disadvantage; i.e.
the sample is continuously destroyed shortly after being produced as the particles are only
available before they hit the walls of the vacuum system. This characteristic implies that
any in depth study on cluster beams is possible provided that a sufficiently intense and sta-
ble cluster source is on hand. The Molecular Beams an Nanocrystalline Materials Laboratory
of our Department has a more than ten years history in the development of nanoparticle
beams techniques; this paper will review the activity of the Lab in this field giving an exam-
ple of the close connection that is often present between basic research and the develop-
ment of new applications.

In the last decade, for the needs of basic research experiments on free aggregates, we
developed a novel type of cluster source, the PMCS (Pulsed Microplasma Cluster Source),
that performs very high intensity and stability for the production of refractory metal, metal
oxide, and carbon clusters. A number of aerodynamic techniques taken from the aerosol
science have been applied in the subsonic part of the flow inside the PMCS allowing a size
selection of the particles and a further increase of the particle beam intensity by particle
concentration on the beam axis. Present level of development of the cluster beam technique
allowed us recently to perform for the first time a core-level absorption spectroscopy inves-
tigation on free refractory metal clusters. Besides of fundamental studies, this development
proved also to be an enabling technology for more applicative studies on a new class of mate-
rials; the high intensity of the PMCS source made indeed viable the synthesis of cluster
assembled materials. As a matter of fact, a possible approach to the controlled synthesis of
nanostructured systems is the direct assembly of clusters onto a substrate, with the nanopar-
ticles acting as building blocks for the growing material. Aerodynamically accelerated clus-
ters have typical impact energies of few hundreds meV/atom, which is low enough to
ensure a memory effect of their structure in the assembling of the material. The high direc-
tionality of molecular beams allows to fabricate microscopic patterns of nanostructued
material by the simple use of stencil masks. This technique, the so called SCBD
(Supersonic Cluster Beam Deposition), has a large potential for applications and has most-
ly been limited to date due to a lack of availability of suitable cluster sources on the mar-
ket. 

Introduction
Since the first observations of atomic like shell structures on sodium clusters depending on
their size [1], the understanding of the size dependence of the electronic, optical and mag-
netic properties of clusters, i.e. finite aggregates up to tens of thousands of atoms, is a fas-
cinating challenge for a vast community of researchers and is presently a key target in nan-
otechnology [2-4]. An important step for the attainment of this objective is the ability to
investigate the nano-systems free from perturbations. The investigation of the “intrinsic”
properties of clusters is very difficult: clusters are highly reactive and the interaction with
solid or liquid matrices substantially affects their properties [5, 6]; deposited clusters may
suffer from aggregation, coalescence, chemical contamination, or structure distortions, and
a large uncertainty in their size determination affects their investigation [7]. Particles pro-
duced in the gas phase and, in particular, in supersonic expansions, represent the ideal “iso-
lated” system where the nanoparticle mass and physical status can be precisely selected [8,
9], however the high degree of dilution makes the use of spectroscopic techniques based on
electron or photon scattering and absorption a formidable challenge and mostly only the
tools based on intense laser sources have been successfully applied [8].
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Fig. 1
a) Schematic representation of the Supersonic
Cluster Beam Deposition method. The use 
of a stencil mask for the production of
micropatterns of nanostructured material
through the exploitation of the high
directionality of the beam and the reduced
diffusion of deposited aggregates is also
illustrated. b) countour map of the gas
pressure inside the PMCS source as obtained
form numerical simulation with the
FLUENT® code. 
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Applications
Nanostructured carbon systems have been proposed as promising materials for electron field
emission applications such as for the production of stable and inexpensive cold flat cathodes,
as they might be superior to conventional materials in terms of extraction fields, current den-
sities and site emission densities [19]. Using supersonic cluster beam deposition, we produced
such carbon films on double polished n-doped monocrystalline silicon substrates [19]. The
samples (heated during deposition) showed a stable and reproducible emission, a threshold
field as low as 4 V/µm and a saturation current density of the order of 0.5 mA/cm2. It was
found that the presence of graphitic particles in the films substantially enhances the field emis-
sion performance. Working on patterned films (arrays of micrometric dots made by deposi-
tion through hard masks) in the ball-tip anode configuration, a localized effective condition-
ing could be obtained which led to an emission site density of 5 x 104 cm-2.

Nanostructured carbon films made by supersonic cluster beam deposition over large areas
were also applied for energy storage in supercapacitors [20, 21]. The carbon film electrodes
showed high power density of 500 kW/kg and can be deposited at room temperature on thin
foils, thus ensuring compatibility with actual manufacturing processes for supercapacitors. 

Cluster beam deposition was then employed to fabricate 1-10 mm nanostructured carbon
films for humidity sensing [21, 22]. The capacitive-type sensors were tested at relative
humidity of 10-70 % and favourably compared to commercial devices. Using a titanium
cathode in the PMCS we produced titania films deposited by SCBD on microfabricated
substrates using stencil masks. The substrates were prepared with interdigitated gold elec-
trodes in order to be used as gas sensors for volatile organic compounds [16]. A total of 210
sensors was made in one-step on an alumina wafer with a 14 x 15 array of contacts.
Gradients in the anatase/rutile phase composition across the sensor array resulted in indi-
vidual sensing elements with different performance. By using a combinatorial approach,
such an array can give more reliable information then a single sensor.

The biocompatibility of nanostructured TiO2 films produced by the deposition of a super-
sonic beam of TiOx clusters was characterized in the framework of a collaboration with the
IEO (Istituto Europeo di Oncologia, in Milano) [23]. The cluster-assembled film support-
ed normal growth and adhesion of primary and cancer cells with no need for coating with 

extracellular matrix proteins. Physical analysis showed that the films possess a nanoscale
granularity and porosity mimicking that of typical extracellular matrix structures and
adsorption properties that could allow surface functionalization with different macromole-
cules such as DNA, proteins, and peptides. Films of nanostructured titania are proposed as
an optimal substrate for different applications in cell-based assays, biosensors, bioactive
orthopedic, dental and vascular implants or microfabricated medical devices.

Free clusters
This paper was introduced with the citation of the beautiful fundamental results on free sodi-
um clusters by Knight et al. in 1981 [1]; still, the study on free clusters is important on the
application side for the comprehension of cluster assembling processes occurring in SCBD;
exploring the correlation between the properties of free clusters and those of cluster – assem-
bled materials is of paramount importance for the engineering of nanostructures.

One of the most powerful tools for the characterization of the local electronic structure,
electronic density of states and correlation effects in the solid state is X-ray absorption spec-
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troscopy (XAS) using synchrotron radiation [24]. This technique is based on the excitation of
electrons from deeply bound core levels to unoccupied levels. The core levels selected are ele-
ment-specific and the spectrum is determined by the local surroundings of the excited atom
[24]. The availability of high-brilliance, synchrotron radiation facilities has made possible the
study of core-level excitation of free van der Waals and molecular clusters produced in super-
sonic beams [8, 25, 26]. Rare gases and volatile molecules condense into clusters very effi-
ciently during a supersonic expansion [27], thus producing a particle density suitable for third
generation synchrotron light sources [8, 28]. However despite widespread interest in free tran-
sition metal clusters, no results have been published to date on their core-level spectroscopy;
this is due to the fact that available cluster sources cannot provide adequate cluster densities
even for third generation synchrotron light sources. In this case, the difficulties related to free
clusters’ dilution are increased by the low absorption cross section for transition metal clus-
ters (typically in the Mbarn range or below) [24]. To overcome these limitations the possible
solutions are to increase the photon flux, or to develop high intensity cluster sources. 

Owing to the high cluster beam intensity achieved by the use of the PMCS and aerodynam-
ic focusing techniques our group recently obtained the first XAS characterization of free tita-
nium clusters. The experiment was performed at the high flux beamline “GasPhase photoe-
mission”, a third generation light source of the Elettra synchrotron radiation facility in Trieste,
Italy) [28, 29]. In Fig. 4 we show a schematic representation of the experimental set-up.
The most prominent features observed by a size resolved analysis of the XAS data (a study
of the White Line intensity [30]) correspond to the highest cluster mass abundances in our
mass spectra and fit with the second and third geometric shell closings of icosahedral or
cuboctahedral systems (at 55 and 147 atoms/cluster) [31]; a distinct change in the behaviour
is observed instead around 540 atoms/cluster, corresponding to the region of the closing of the
fifth atomic shell at 561 atoms/cluster (see Fig. 5). To summarize, the X-ray absorption spec-
troscopy indicates that free titanium clusters, in mass range between 15 up to 1000 atoms per
cluster, have a core-level electronic structure where atomic-like and bulk-like features coex-
ist. The geometric structure of the clusters reflect on the electronic structure showing regular-
ities compatible with icosahedral or cuboctahedral structure up to the fifth shell closing, where
possibly a structural transition takes place. 

Conclusion
In this paper a selected number of examples from the recent history of the Molecular Beams
and Nanocrystalline Materials Laboratory has been presented; the strong correlation and
interdependence of technological advance and progress in fundamental science issues clearly
appears in the background of the presented picture.
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Fig. 2
Array of micron sized dots of SCBD
nanostructured carbon. The field emission
properties of a similar system have been
investigated as a possible candidate 
for the chathode element in field emission
display devices.
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the phase composition across the array.

REFERENCES
24. J. Stöhr, NEXAFS Spectroscopy,
Springer Series in Surface Sciences, Berlin,
2003.
25. F. Federmann, O. Bjoerneholm, A.
Beutler, T. Möller, Phys. Rev. Lett., 73,
1549-1552 (1994).
26. M. Tchaplyguine, et al. J. Chem. Phys.,
120, 345 (2004).
27.O.F. Hagena,; W. Obert, J. Chem. Phys.,
56, 1793 (1974).
28. R. Karnbach, M. Joppien, J. Stapelfeldt,
J. Woermer, T.Möller, Rev. Sci. Instrum., 64,
2838 (1993).
29. R.R. Blyth, et al. J. Electron Spectrosc.
Relat. Phenomena, 101/103, 959 (1999).
30. P.Piseri et al, New J. Phys (in press 
2006).
31. T. P. Martin, T.Bergmann,; H. Goehlich,
T. Lange, J. Phys. Chem., 95, 6421 (1991).

FURTHER AFFILIATIONS
a. Department of Material Science and
Metallurgy, University of Cambridge,
Cambridge CB2 3QZ, UK
b. Montena SA, Switzerland now Maxwell
Technologies, USA
c. Univ. di Firenze, Dipartimento di
Energetica, Via S. Marta 3, 50139 - Firenze
d. IEO, Milano; present address Tethis srl,
Via Russoli 3, 20151 - Milano
e. ETH, Zuerich & Tethis srl, Milano
f. NCRC, North Carolina State University,
2401 Research Dr., Raleigh, NC 27695-8301,
USA
g. CESNEF, Politecnico di Milano
h. CNR IMIP & GasPhase Beamline,
Sincrotrone Trieste



113112

Structure of Matter Clusters in supersonic beams: from fundamental studies to applications

Quantum transport in carbon nanotubes

M. Baxendale1, M. Melli 2, and I. Pollini 2

Electronic transport in nanometer structures has novel characteristics. In an ideal mesosco-
pic conductor the resistance is not proportional to the ratio between its length and section
(Ohm’s Law), but it is independent of the length and quantized in the universal unit R0 =
h/2e2 = 1/G0. This is due to the electron transversal confinement and the ballistic nature of
the transport. In fact, the electron free mean path is longer than the conductor itself. To
study real systems the Landauer formalism is used: the electrical current is expressed as a
function of the probability that an electron can transmit through the conductor. The possi-
bility of manufacturing nanometer circuits with advanced lithographic techniques allows
proving this theory experimentally. However, there are objects which are intrinsically
mesoscopic due to their dimensions, as carbon nanotubes (CNTs), which are cylindrical
macromolecules formed by periodic hexagonal structures of carbon atoms. They can be
made by one single wall nanotube (SWNT) or more coaxial multiwall nanotubes
(MWNTs), whose length is of the order of micron and diameter of nanometer.

In the literature SWNTs are classified as mono-dimensional, ballistic conductors with
conductance G = 2G0, while MWNTs, which are still mono-dimensional ballistic conduc-
tors, may present an anomalous quantization (as for instance G = 0.5 G0) not well under-
stood. As a contribution to this research, we have performed measurements on the conduc-
tance of both SWNT and MWNT samples at room temperature. As for the MWNTs we
have studied the simplest of them, the double wall nanotubes (DWNTs), and we have modi-
fied a technique used for the study of the atomic wires which are formed between two sepa-
rating metallic surfaces. By sampling with an appropriate frequency the voltage time evo-
lution between two parting contacts through which the electric current flows, it is possible
to observe the system just before their opening. In our set-up some powder of CNT bund-
les has been glued on the contacts, and images from the high-resolution electronic micro-
scope have revealed that long single nanotubes can protrude from the bundles. Therefore,
by changing the sample time, we can measure the conductance of the single nanotubes.
Besides, this technique allows to collect the data automatically and to obtain a good stati-
stics. Our results, where the conductance is analyzed by the histogram technique, are shown
in Figs. 1 and 2.

In conclusion, we have observed the electronic transport in CTNs at room temperature,
which is found to be ballistic. For single SWNTs the histograms show peaks at integer values
of the conductance quantum G0, and in particular the lowest observed value 2 G0 shows that
there are two channels crossing the Fermi energy. As for the DWNTs we have found two types
of ballistic pathways, whose conductance is 1 G0 and is also between 2 and 5 G0. The ano-
malous conductance value 1 G0 (or even 0.5 G0) can arise from interwall interactions and is
due to the metallic sub-bands. Instead, the higher values of the conductance between 2 G0 and
5 G0 may be due to excitations of semi-conducting sub-bands of the band structure diagram.
From our results we can also conclude that the total conductance in MWNTs is not simply
due to the sum of each sub-band conductance. Further theoretical and experimental investiga-
tions at high voltages are in order to better understand this important aspect of the CNTs.
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Fig.1 
SWNT conductance histogram corrected with
a serial resistance of 720 ohm.

Fig. 4
Schematic representation 
of the experimetal setup for mass resolved 
XAS studies of free clusters in a molecular 
beam. The mass of Ti clusters 
is determined  after core photo-ionization 
by time of flight mass spectrometry 
(TOF/MS) in a Photo-Electron – Photo-Ion  
Coincidence scheme (PEPICO).

Fig. 5
Evolution of the White-Lines intensity 
with cluster size (Intensity of the L23 
X-ray absorption resonances compared 
to the absorption in the continuum 
region see ref. 30 for a detailed discussion).
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Fig. 2 
DWNT conductance histograms:
a) 0.37; b) 0.76; c) 1.15 and d) 1.35 V.
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Fluctuations and pattern formation in fluids
with competing interactions

A. Imperio1, A. Parola2, D. Pini3, and L. Reatto3

The soft-matter realm encompasses systems as diverse as colloidal dispersions, biopolymer
solutions, dendrimers, and liquid crystals. One of the most interesting phenomena in this field
consists in the spontaneous formation of super-molecular structures. A simple mechanism
responsible for this self-organization is based on the competition between attractive and repul-
sive forces with different characteristic lengths in the microscopic potential, typically, a short-
range attractive interaction against a longer-range, repulsive one.

We have analyzed this problem by simulation in bidimensional fluids [1], which are rele-
vant for modeling Langmuir monolayers and ferrofluids. We find that, as the temperature is
lowered, liquid-vapor phase separation is inhibited by the competition between repulsion and
attraction, and replaced by a transition to non-homogeneous phases. At low average density,
we observe the formation of a fluid-like phase of disordered droplet-shaped clusters. As the
density increases, the droplets become larger and tend to arrange into a triangular lattice.
However, above a certain density the morphology changes and stripes are formed. Close to
the transition from the microphases to the homogeneous fluid, the specific heat exhibits a peak
which is due to the breaking up of clusters. This peak appears to be quite insensitive to the
system size, thereby ruling out a first-order transition or a critical point, and suggesting instead
the possibility of a Kosterlitz-Thouless transition. The structure of the fluid shows well
defined signatures of the presence of both intra- and inter-cluster correlations. The latter
appear as sharp peaks at small wave vector k in the structure factor S(k), whose symmetry is
related to the possible occurrence of a cluster superlattice.

Even when the competition between attraction and repulsion is not so strong as to cause
microphase formation, it still induces large density fluctuations in a wide region of the tem-
perature-density plane [2]. In this large-fluctuation regime, pattern formation can be triggered
by a weak external modulating field [1].
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Solitons in attractive Bose-Einstein
condensates

L. Salasnich1, A. Parola2, and L. Reatto1

Over one hundred and fifty years ago, while conducting experiments to determine the most
efficient design for canal boats, a young Scottish engineer named John Scott Russell (1808-
1882) made a remarkable scientific discovery: a solitary wave travelling in a narrow channel
for chilometers without deformations and diminution of speed [1]. Such waves, now called
solitons, are shape-invariant due to the interplay between the dispersive term and the nonlin-
ear term of the equations of motion. It is now clear that solitons can be found in many fields
of research: hydrodynamics, light pulses in optical fibers, plasma physics, elementary parti-
cles of matter, and many others [2]. 

In 2002, for the first time, single and multiple bright solitons have been produced with
Bose-Einstein condensates made of 7Li atoms [3]. A Bose-Einstein condensate (BEC) is a
macroscopic quantum matter wave. A BEC is made of large number of bosons, which are all
in the same quantum state. The complex macroscopic wave function of the BEC is described
by the time-dependent Gross-Pitaevskii equation (GPE). In the GPE the kinetic term is dis-
persive but its effect can be balanced by a self-focusing attractive nonlinear term giving rise
to bright solitons [4]. This is the case of 7Li atoms where the inter-atomic scattering length is
negative. The atom wave solitons may be useful as the atom laser input to an atom interfer-
ometer.

Recently we have investigated static and dynamical properties of an attractive BEC in a
quasi-1D ring. By using the GPE we have proved that the system has a transition from a uni-
form state to a localized solitonic state, which collapses at a critical interaction strength. In
addition, we have found that the Bose condensate supports also multi-peak solitons. Finally,
we have shown that the phase diagram of the system strongly changes if the trap is set into
rotation [5]. We are now studying quantum depletion and finite-temperature effects on such a
system. 
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Optical properties of PPV and PPV-carbon
nanotube thin films

E. Mulazzi1, R. Perego1, H. Aarab2, F. Massuyeau2, S. Lefrant2,
E. Faulques2, and J. Wéry2

We present experimental and calculated optical absorption, photoluminescence (PL) and
Raman scattering spectra of PPV thin films and of PPV-carbon nanotube (SWCNT) compos-
ite films. In particular we study the changes of PL spectra of PPV films as function of sam-
ple thickness and of PPV-SWCNT compounds at different SWCNT concentration (x = 0%-
64%) and as function of precursor conversion temperature. Dramatic changes are observed in
all these spectra with respect to the ones reported for standard PPV films [1]. By the analysis
of the PL spectra it is found that the modifications induced in the band shapes due to low con-
version temperature are similar to those due to the increase of the SWCNT concentration x in
the samples and to the decrease of the film thickness. In fact in all these conditions the PL
spectra peaks which are determined by the short segment transitions become more intense
with respect to those due the longer segment contributions. This trend is also observed in opti-
cal absorption and Raman scattering spectra recorded in the same conditions. A theoretical
model based on the distributions of PPV conjugated segments of different lengths and on their
electronic and vibrational properties is able to reproduce all these spectra in very good agree-
ment with the experimental data, taking into account all the band shape changes recorded [1-
3]. In addition, from the modifications of the band relative intensities in the PL spectra, taken
at 300K and 77K, we can prove, by using the same model as proposed in [2,3], that the tem-
perature dependent charge migration process between segments is the most important mech-
anism for the energy transfer from short to long conjugated segments. In fact in standard PPV
samples at 300K, the peak which is determined by the emission transitions occurring on long
segments, constitutes the most intense feature of the spectra. On the contrary, at 77K, due to
the hindered charge migration, all the peaks which are due to the radiative recombinations on
the short segments become more intense with respect to all the other features in the spectra.
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of the signal, upon a suitable truncation at n of the Hilbert space. The reconstruction of pho-
ton distribution through on/off detection at different efficiencies has been analyzed [7] and its
statistical reliability investigated in details [8]. In addition, the case of few and small values of
η [9] has been addressed. These theoretical studies found an application to realize a multi-
channel fiber loop detector [10,11] and, most importantly, for reconstructing the photon distri-
bution of a free-propagating field [12]. In view of the relevance of photon distribution for
applications in quantum information and foundations of quantum mechanics, our purpose is
to show that a reconstruction of the photon distribution by using this technique can be effec-
tively realized gathering results obtained from measurement at different quantum efficiencies.
As we will see this method leads to excellent results both for free-propagating continuous-
wave (cw) and pulsed light beams, for both single-mode semiclassical and quantum states, as
well as for multimode states.

The procedure consists in measuring a given signal by on/off detection using different
values ηv (v = 1,...,K) of the quantum efficiency. The information provided by experimental
data is contained in the collection of frequencies fv = f0(ηv) = n0v/nv where n0v is the number
of “no-click” events and nv the total number of runs with quantum efficiency ηv. Then we con-
sider expression (1) as a statistical model for the parameters ρn to be solved by maximum-
likelihood (ML) estimation. Upon defining pv = p0(η) and Avn = (1 -ηv)

n we rewrite expres-
sion (1) as pv = Σn Avn ρn. Since the model is linear and the parameters to be estimated are
positive (LINPOS problem), then the solution can be well approximaed by using the
Expectation-Maximization algorithm (EM) [13]. By imposing the restriction Σn ρn = 1 we
obtain the iterative solution

(2)

where pv [{ρn(i)}] are the probabilities as calculated by using the reconstructed distribution at
the i-th iteration. 

Before briefly describing the experimental results we report on the accuracy and reliabi-
lity of the method. Since the solution of the ML estimation is obtained iteratively, the most
important aspect to keep under control is its convergence. A suitable parameter to evaluate the
degree of convergence at a given step is the total absolute error at the i-th iteration i.e.

(3)

Indeed, the total error measures the distance of the probabilities calculated at the i-th ite-
ration, from the actual experimental frequencies and thus, besides convergence, it quantifies
how the estimated distribution reproduces the experimental data. The total distance is a
decreasing function of the number of iterations. Its stationary value is proportional to the accu-
racy of the experimental frequencies. For finite data sample this value is of order 1/nv

1/2 for
each value of the quantum efficiency giving us a rough estimate of n/nv

1/2 for the total error. If
the stationary value of ε(i) is of this order, we have double checked the convergence of the
whole method. Notice that these properties are not shared by the log-likelihood: its stationa-
rity certainly reveals convergence, but the stationary value depends on the statistics to be
retrieved and so can not even be estimated by a priori considerations. In order to check the
convergence of the iterations in (2), we run simulated experiments to reconstruct some of the
states subsequently investigated experimentally. The results show that the total error has a
transient behaviour and then quickly converges to its stationary value. The rate of convergen-
ce depends on the signal under investigation. Our results show that the iterative algorithm
always converges and the asymptotic value of ε(i) is of the expected order of magnitude. An
estimate of the confidence interval on the determination of the element ρn can be given in
terms of the variance σn = N F-1/2, N being the total number of measurements, and F the
Fisher’s information [14]. Notice that the algorithm provides a solution once an initial distri-
bution ρn

(0) is chosen. A convenient setting is the uniform distribution ρn
(0) = (1+n)-1 in [0,n].

Other choices however, the only constraint being ρn
(0) different from zero, do not influence the

convergence properties of the algorithm. Finally, in order to check robustness, simulated expe-
riments have been performed where, during the run, the quantum efficiency may fluctuate.
The reconstructions are not dramatically affected by fluctuations, though errors bars are sli-

Quantum Optics, Coherent
Phenomena, and Optoelectronics

Photon statistics without photon counting

Photon statistics without photon counting

A.R. Rossi1, S. Olivares 1, and M.G.A. Paris 1

Abstract
An indirect method to obtain the photon distribution of a single-mode field using only on/off
avalanche photodetectors is suggested. The method is based on measuring the field at diffe-
rent quantum efficiencies and then inferring the photon distribution by maximum-likelihood
estimation. It works with a limited range of quantum efficiency values and even when these
values are not precisely known. The method has been successfully applied experimentally to
the reconstruction of photon number distributions of continuous-wave and pulsed light beams,
both semiclassical and quantum states of light, single-mode as well as for multimode beams.

The statistical distribution of the number of photons provides fundamental information on
the nature of any optical field. The choice of a detector suitable for the measurement is not tri-
vial when the flux of the photons to be counted is such that more than one photon is detected
in the time-window of the measurement, which is set by the detector pulse-response, or by an
electronic gate on the detector output, or by the duration of the light pulse. In this case, we
need a congruous linearity in the internal current amplification process: each of the single
electron produced by the different photons either by ionization or by promotion to a conduc-
tion band must experience the same average gain and this gain must have sufficiently low
spread. The fulfillment of both requisites is necessary for the charge integral of the output cur-
rent pulse be proportional to the number of detected photons. Photon detectors that can ope-
rate as photon counters are rather rare. Among these, PhotoMultiplier Tubes (PMT’s) [1] and
hybrid photodetectors [2] have the drawback of a low quantum efficiency, since the detection
starts with the emission of an electron from the photocathode. Solid state detectors with inter-
nal gain, in which the nature of the primary detection process ensures higher efficiency, are
still under development. Highly efficient thermal detectors have also been used as photon
counters, though their operating conditions are still extreme (cryogenic conditions) to allow
common use [3,4]. The advent of quantum tomography provided an alternative method to
measure photon number distributions. However, the tomography of a state, which has been
applied to several quantum states [5] needs the implementation of homodyne detection, which
in turn requires the appropriate mode matching of the signal with a suitable local oscillator at
a beam splitter. Such mode matching is a particularly challenging task in the case of pulsed
optical fields.

Photodetectors that are usually employed in quantum optics such as Avalanche
PhotoDiodes (APD’s) operating in the Geiger mode [4,6] seem to be by definition useless as
photon counters. They are the solid state photodetectors with the highest quantum efficiency
but they have the obvious drawback that the breakdown current is independent of the number
of detected photons, which in turn cannot be determined. The outcome of these APD’s is
either “off” (no photons detected) or “on” i.e. a “click”, indicating the detection of one or
more photons. Actually, such an outcome can be provided by any photodetector (PMT, hybrid
photodetector, cryogenic thermal detector) for which the charge contained in dark pulses is
definitely below that of the output current pulses corresponding to the detection of at least one
photon. Note that for most high-gain PMT’s the anodic pulses corresponding to no photons
detected can be easily discriminated by a threshold from those corresponding to the detection
of one or more photons.

The statistics of the “no-click” and “click” events from an on/off detector, assuming no
dark counts, is given by

(1)

where ρn is the photon distribution of the quantum state ρ and η is the quantum efficiency of
the detector, i.e. the probability of a single photon to be revealed. At first sight the statistics of
an on/off detector appears to provide quite a scarce piece of information about the state under
investigation. However, if the statistics about ρ0 (η) is collected for a suitably large set of effi-
ciency values then the information is enough to reconstruct the whole photon distribution ρn
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enters the detection window, to be 1.85% of ρ1, in agreement with what observed. A non
zero ρ0 is also expected due to background. Also this estimate is in good agreement with
the reconstructed ρ0.

As concern the pulsed regime: the measurement was performed on the blue portion (420
nm) of the down conversion fluorescence produced by a type I BBO crystal (10 mm depth,
cut at 34 deg) pumped by the laser pulse. The pump, incident orthogonally to the crystal face,
had an intensity about 60 GW/cm2. In this experimental condition we expect a coherence time
of the generated field of about 1 ps, that corresponds to measuring a convolution of 4-5 tem-
poral modes. The photon number distribution is expected to be a multithermal one. The pho-
ton distribution reconstructed at the i = 1.5 x 104 iteration, is shown in Fig. 1 (top) along with
the expected result. In the inset of the figure we show the experimental frequency fv data (K
= 18 values of η, 104 runs for each η) and their theoretical values.

As to the comparison of the present technique with other schemes to reconstruct the pho-
ton distribution we have to distinguish between CW and pulsed regime. For CW field an alter-
native technique is represented by quantum homodyne tomography (QHT), which has indeed
been applied to the reconstruction of single-photon and single-photon added states of light
[16]. The advantage of our technique compared to QHT is twofold. On one hand qht requi-
res, for the same task, a more complex apparatus and high-efficiency photodetectors. On the
other hand, QHT is more noisy. In fact, homodyne data contains the whole information about
the state under investigation (not only the photon distribution) and, in turn, this results in a
more noisy determination when only part of the information is of interest [17]. In order to
obtain results such those of Fig. 1 QHT requires a by far larger set of data. In the pulsed regi-
me, where realization of QHT is still challenging, the direct measurement of the photon sta-
tistics can be conveniently done by PMT’S or hybrid photodetectors [1,2]. However, owing
to limitations of the values of the maximum detection efficiency, results at number of photons
as low as those in Fig. 1 cannot be obtained by PMT’S and are at limit of feasibility for hybrid
photodetectors. While our method is particularly suited to measure the photon distributions of
low-intensity field, where the above detectors are not effective, it can be always applied to
higher intensity fields.

In conclusion, we reviewed the theoretical analysis [8] and the experimental implementa-
tion [12] of a reconstruction method for the photon distribution based on on/off detection at
different quantum efficiency followed by a ML iterative algorithm. Our results demonstrate
that the technique can be applied to both CW and pulsed regimes, and for a wide range of
signal energy (from single-photon states to mesoscopic signals), a feature that makes it prefe-
rable to other methods till now devised for reconstructing photon number distribution.
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ghtly larger. 

The method has been successfully applied experimentally to the reconstruction of photon
number distributions of continuous-wave and pulsed light beams, both semiclassical and
quantum states of light, single-mode as well as for multimode beams. In Fig. 1 we report the
reconstruction of a continouos-wave single photon state that have been generated by produ-
cing Parametric Down Conversion (PDC) heralded photons and of a pulsed multithermal
state obtained from the blue portion of the down conversion fluorescence produced by a type
I BBO crystal.

Concerning the cw beam: a pair of correlated photons has been generated by pumping a
type II β−Barium-Borate (BBO) crystal with a cw Argon ion laser beam (351 nm) in colli-
near geometry. After splitting the photons by a polarizing beam splitter, the detection of one
of the two by an avalanche photodiode detector (SPCM-AQR-15, Perkin Elmer) is used as
trigger for the presence of the second photon in the other channel, namely a window of 4.9 ns
was opened for detection in arm 2 in correspondence to the detection of a photon in arm 1.
This “heralded photon” was then measured by a silicon avalanche photodiode detector
(SPCM-AQR-15, Perkin Elmer) preceded by an iris and an interference filter (IF) at 702 nm,
4 nm FWHM, inserted with the purpose of reducing the stray light. The quantum efficiency
of the detection apparatus (including IF and iris) was measured to be 20% by using the PDC
calibration scheme (see [15]) Lower quantum efficiencies were simulated by inserting cali-
brated neutral optical filters on the optical path. A comparison of the observed frequencies
with the theoretical curve is presented in the inset of Fig. 1 (left). The photon distribution has
been reconstructed using K = 34 different values of the quantum efficiency from zero to 20%
with nv = 106 runs for each ηv. Results at iteration i = 106 are shown in Fig. 1. As expected,
the PDC heralded photon state largely agrees with a single photon Fock state. The small ρ2
contribution is expected, by estimating the probability that a second photon randomly

Quantum Optics, Coherent
Phenomena, and Optoelectronics

Photon statistics without photon counting

122 123

Fig. 1 
Top: reconstruction of the photon distribution
for a heralded single-photon state produced in
type II PDC; inset: experimental frequencies
fv of no-click events as a function of the
quantum efficiency compared with the
theoretical curve. Bottom: reconstructed
photon distribution and best theoretical fit
(grey bars) for a multimode thermal state
produced in type I PDC; insets: experimental
data frequencies fv as a function of the
quantum efficiency compared with the
theoretical curve.
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lowing description on the quantum regime refers to FELs only. However, analog considera-
tions may be done also for CARL.

The quantum regime in FELs occurs when the electron momentum spread mcδγ(both the
initial one and the one induced by the interaction with the radiation) is less than the momen-
tum \k of the emitted photon. It has been shown [9,13] that in this limit the probability of
emission of a photon is much larger than those of absorbtion, and each electron emits coher-
ently a single photon, recoiling by \k. The particle ensemble behaves as a two-state system
with only two possible average momenta, p = mcγ0 and p = mcγ0-\k. In this sense, an FEL in
the quantum regime is more similar to a laser where (instead of the electronic transitions
between internal energy levels, as it occurs in a laser) the electrons back-scatter the photons
of the pump field (i.e. the static or laser wiggler) into the forward radiation mode, making
recoil transitions between discrete momentum levels, separated by \k. For these reasons, the
intensity profile (Fig.1b) of the SASE radiation is almost coherent and the power spectrum,
shown in fig.1d, is composed by narrow lines separated by \k, corresponding to a sequential
scattering of single photons. On the contrary, in a classical FEL the electron has comparable
probabilities to emit or absorb a photon, so that the net gain is given by the difference between
the emission and absorbtion probabilities. It has been shown [9] that in the classical regime
each electron emits in average many photons, with a decrement of the coherence of the pro-
duced radiation. As a consequence the intensity profile of the classical SASE radiation is very
spiky (see Fig.1a) and the power spectrum, shown in Fig.1c, is much more broad. The quan-
tum limit set a severe condition on the quality of the electron beam, i.e. δγ < λc/λ (where λc

= 0.024Å is the Compton wavelength). This condition suggests the use of a laser wiggler with
a wavelength of about λw ~ 1 µm, and a low energy beam (~ MeV), to generate x-rays in
Ångstrom region. On the other hand, the same quantum condition set also a limit of the cou-
pling strength between beam and radiation. In fact, in the classical regime the maximum
induced energy spread is δγ/γ0 ~ ρ (where ρ is the collective FEL parameter [2], proportional
to J1/3Bw

2/3γ0
-1, where J the density current and Bw is the wiggler strength). Hence, the condi-

tion mcδγ ≤ \k implies that the parameter ρ’ = (mcγ0/\k) ρ must be less than unity, whereas
an FEL behaves classically when ρ’ >> 1. This condition has been proved analytically and
numerically [9,10]. Similar results have been demonstrated for CARL [13] and in the exper-
iments of superradiant Rayleigh scattering [15].

In conclusion, we have investigated a new quantum regime of operation for Collective
Recoil Lasing, in which each particle scatters a single photon of the incident pump field into
the forward radiation field. In FELs the frequency of the forward photon is Doppler shifted
by a relativistic factor γ2, which makes an FEL in SASE regime a tunable source for coherent
high-power X-rays. The very attractive feature of the quantum regime is that the generated
radiation has a coherence much larger than those of the classical SASE regime. Furthermore,
it can be realized with a laser undulator instead of the much longer static undulator, present-
ly used in the current classical SASE-FEL experiments. However, a better understanding of
the 3D effects (optical guiding and influence of beam emittance on the radiation emission) is
needed before saying that an FEL in the quantum SASE regime can be realized with the pres-
ent (or in a near future) beam and laser technologies.
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Quantum recoil effects in BECs and FELs

N. Piovella1,2, M.M. Cola1, L. Volpe1, and R. Bonifacio2,3

Free electron lasers (FELs) and collective atomic recoil lasers (CARLs) are examples of col-
lective recoil lasing, where exponential amplification of the radiation occurs simultaneously
with the formation of a density grating (‘bunching’). The dimensionless classical model
(describing both FEL and CARL) have been recently extended to the quantum domain, where
it predicts new lasing regimes. In particular, recent experiments using a Bose-Einstein
Condensate (BEC) have demonstrated the superradiant quantum CARL regime. On the FEL
side, the quantum regime is particularly attractive for x-ray operation in the Self-Amplified-
Spontaneous Emission (SASE) regime, since here the coherence of the emitted radiation is
largely enhanced, with a strong narrowing of the spectrum, otherwise broad and chaotic in
the classical SASE.

Collective recoil lasing (CRL) is a new method to generate coherent radiation by collective
scattering of photons from a cold sample of particles. An example of CRL is the Free Electron
Laser (FEL) [1], in which a relativistic electron beam passing trough a magnet (undulator) emits
coherent radiation at a wavelength λ ~ λw /γ2, where λw is the periodicity of the undulator and \
is the electron energy in mc2 units. The initial radiation (from an external seed or starting from
noise) is exponentially amplified along the undulator and the electrons bunch on a radiation
wavelength scale, to emit coherently [2]. FELs, conceived in the 70’s, are now often user’s facil-
ities in many laboratories in the world, offering an high quality light source for many experi-
ments in solid-state physics, biology etc., at wavelength regions not covered by standard laser
sources, from the far infrared to the vacuum UV [3]. Most of the efforts in the FEL’s research
are presently aimed to realize an x-ray source in the Ångstrom region, in the Self-Amplified-
Spontaneous Emission (SASE) regime, i.e. starting from noise [4]. The main drawback of
SASE-FELs is that they require high-energy linacs (GeV) and very long undulator magnets
(~100 m). Also, the output radiation contains many random spikes and has a broad and chaotic
spectrum [5] (see Fig.1a and c). These advantages could be avoided operating an FEL in the new
quantum SASE regime that we have recently proposed for a future experimental test [6,7]. This
regime has two main important advantages: 1) it produces a much more coherent X-ray signal,
with a narrow spectrum; 2) it uses a laser undulator instead of the usual static undulator magnet,
reducing by orders of magnitude the dimensions and the cost of the future X-ray FEL sources.

An other example of CRL is the Collective Atomic Recoil Laser (CARL), the atomic ana-
log of the FEL [8]. In CARL, a cold sample of neutral two-level atoms back-scatters the pho-
tons of a laser of frequency near the atomic transition. The atoms recoil by 2\k and the scattered
field combines with the incident laser field to form a pendulum potential which bunch the atoms.
As in FELs, the scattered field grows exponentially in time with the formation of a density grat-
ing spaced by the radiation wavelength.

The dynamics of CARLs and FELs are described by the same set of equations, in which
dimensionless variables have a different meaning, depending if they refer to FEL or CARL
[9,10]. The original model assumes that the particle motion (either relativistic electron or atoms)
and the radiation field are classical. However, CARL has been observed experimentally in the
1999 using a Bose-Einstein Condensate (BEC) [11], in a regime where the atomic motion must
be necessarily treated quantum-mechanically. This results have motivated us [12,13] and other
researchers [14] to extend the CARL, and a successively also the FEL [9], to a quantum domain
where the particle dynamics is described by a Schröedinger equation for a macroscopic wave
function, coupled to the equation for the radiation field. The model has been able to interpret
successfully an experiment on the superradiant regime of CARL, realized BECs of Rubidium
atoms [15]. Furthermore, on the theoretical side, we have demonstrated atom-atom and atom-
photon entanglement in CARL [16,17], together with other effects on coherent interaction
between radiation and BECs [18,19,20]. More recently, CARL has been observed also, in the
classical regime, with atoms trapped in a ring cavity and in the presence of a friction force [21].

The main interest of our research relies presently on the feasibility of building an X-ray
FEL source based on the quantum SASE regime [6] (research funded by INFN), which
should have important and widespread experimental applications. For these reasons, the fol-
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Fig. 1
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Top: temporal profile as a function 
of z1 = (z-vt)/lc; Bottom: power spectrum 
as a function of (ω−ωs)/ρωs.



SFERA, a laboratory of laser physics:
realization of a laser pulse shaping system

S. Cialdi1, F. Castelli1, I. Boscolo1, and D. Cipriani1

The laboratory SFERA, located in the Department of Physics of the Milan University, is acti-
vely involved in studies on fundamental physics and on technological applications of the sour-
ces of coherent radiation usually known as lasers. Here we present a recent achievement: a
system providing a suitable self consistent control of the temporal shape of a laser pulse,
whose practical realization is shown in the picture in Fig. 1.

Laser pulses of proper temporal profiles and different spectral bands are required by high
brilliance electron gun of UV-X FEL machines and by new laser-plasma particle sources. In
particular rectangular laser pulses are required, and their length and amplitude must be mana-
geable: the beam quality depend on temporal and spatial profile of the exciting laser pulse.
A pulse with a rectangular profile is produced by using a shaping system to manipulate the
Gaussian-like pulses given by common lasers. Our research group developed a pulse shaping
system based on a liquid crystal programmable spatial light modulator mask (LCP-SLM) [1],
that is an array of 640 pixels made of nematic liquid crystal, whose refraction index, control-
led by an electric potential can modulate the phase of the optical signal. 

The shaping apparatus, depicted on the top of the Fig. 2, consists of a mode-locked
Nd:YAG laser followed by a long optical fiber. The control of the pulse shape is obtained by
modifying the phase of the spectral components with the LCP-SLM, inserted in an optical
configuration called 4f-system, as schematized in Fig. 3. This shaper and the diagnostic tools,
consisting in a spectrum analyzer and an autocorrelator, are interconnected to a computer in
a feed-back loop for self consistent operation for providing target pulses [2]. 

The Nd:YAG oscillator generates Gaussian pulses with a temporal length of about 90 ps.
The spectrum of the pulse is than extended from 0.02 nm up to 3 nm by propagation in the
fiber, as required for the pulse manipulation by the 4f-system. This device is composed by gra-
tings and lenses placed at focal distance, with the LCP-SLM at the center focus plane. The
physical operations done by the 4f-system are: a) spatial dispersion of the spectral compo-
nents of the pulse and focalization over the mask; b) phase modulation of the spectral com-
ponents given by the pixels of the LCP-SLM; c) recombination of the spectral components.
The phase modulation performed by mask pixels is determined via an adaptive algorithm,
matching a selected target profile with the actual pulse profile which is measured with an
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Fig. 1 
A picture of the laser pulse shaping system 
developed in the Sfera laboratory.
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Decoherence of mesoscopic superposition
states in a strongly driven micromaser

F. Casagrande1 and A. Lulli1

One of the most intriguing problems in modern physics is to explain the emergence from the
quantum mechanical laws of the classical appearance of the macroscopic world. The funda-
mental features of quantum mechanics, such as linearity and entanglement, imply the occur-
rence of interference effects and nonlocal correlations, hence of seemingly paradoxical behav-
iours that we do not see in the world around us. As early as in 1935 Schrödinger pointed out
these problems by a caricatural metaphor, in which he described a cat in a closed box contain-
ing a diabolic apparatus correlating his life or death to the excited or unexcited state of an
atom, so that the cat was in a sense alive and dead. The absence of quantum coherence effects
in macroscopic systems originates from their unavoidable interaction with the environment,
that induces a decoherence that is practically instantaneous. However, the investigation of sys-
tems of mesoscopic size allowed the first observation of decoherence in progress [1] for super-
positions of two coherent cavity field states with the same amplitude but different phases,
called cat states. Besides its deep fundamental importance, the study of decoherence plays a
central role in quantum information and communication.

We suggest an alternative scheme [2] for the generation and the decoherence of mesoscop-
ic cavity field superposition states, based on a strongly driven micromaser. In this system a
beam of two-level atoms crosses a superconductive microwave cavity where the atomic tran-
sition is resonant with one cavity mode. The atoms cross the cavity one at a time and during
the passage they are strongly driven by a classical field. 

The dynamics of this quantum open system was analytically solved [3] in spite of the pres-
ence of pumping, driving, dissipative, and thermal effects, showing remarkable atom-atom
correlations at steady-state. Furthermore [2], in atomic correlation measurements, the detec-
tion of the first probe atom prepares a mesoscopic superposition field state, as shown in phase
space in Fig. 1, whose decoherence can be described by conditional probabilities for the
detection of the second probe atom after a time τ. From these probabilities one can derive a
decoherence signal η(τ), shown in Fig. 2 for different dimensionless interaction times |ξ|. The
decoherence rate is proportional to the squared interaction time, that rules the separation in
phase space between the superposition components, whereas it is independent of the atomic
pumping rate. When the cavity is not pumped and the temperature is negligible, the superpo-
sitions are just cat states, whose decoherence can be thus monitored by a scheme that may
offer some advantages in comparison with [1]. In particular, the atom-photon interaction is
resonant rather than dispersive; there is one coherent field driving the atoms in the cavity,
instead of two fields acting on the atoms in auxiliary cavities; the cat states are maximally
rather than partially separated, i.e., the coherent states have opposite phases.
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Experimental study of photonic 
crystal fibers

A.M. Grassi1 and M. D’Alessandro1

Photonic crystal fibers (PCFs) are a novel type of optical fiber with a microstructured
cladding, consisting of a matrix of air channels, running along the fiber, which approxi-
mates a 2D photonic crystal (see Fig. 1). Their optical properties (e.g. nonlinearity, disper-
sion, birefringence) are customizable by modeling the geometrical parameters of the peri-
odic cladding and the refractive indices of the glass and of the inclusion channels, which
may be filled with gases or fluids. Endlessly Single Mode (ESM) regime, supercontinuum
radiation, and visible optical solitons are few examples of what PCFs make possible. The
details of the microstructure may be of the order of few µm, so the experimental study of
PCFs requires a powerful microphotographic system, able to resolve the features of the
cladding. No commercial devices were found to be suitable for our purposes, nor to be suf-
ficiently versatile, so we developed an ad-hoc system capable of making color digital pic-
tures of PCFs’ cross section, with high resolution and continuously varying magnification.
We mounted it on the optical bench, since the optical train must be horizontal in order to
avoid fiber bends. Filters or diaphragms may be easily inserted in the optical path with min-
imal influence on image quality and focus. Multimode fiber probes send the output fields
to Visible and NIR Optical Spectrum Analyzers. A digital camera is connected to a comput-
er from which images can be shot and analyzed. With a calibrated grid, drawn by software,
we can estimate the mode field diameter and other features of the fibers. Figure 1 is taken
using our microphotographic system.

autocorrelator combining the pulse with a time delayed copy of itself. The original laser pulse
can be transformed in pulses of any profile with duration in the range 3-100 ps. 

Fig. 2
Schematic of the laser system, with the
shaping device and the fundamental
diagnostics.

Fig. 3
A scheme of the 4f-system. The Gaussian
input pulse is changed in a rectangular output
pulse.
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Our research is currently focused on modal behavior of PCFs. Modes and modal behav-
ior of PCFs is a delicate theoretical issue. Since all modes supported by these fibers are
leaky, it’s impossible to draw a definite border between single and multimode operation,
and even to clearly define PCFs’ modes. This argument is currently object of many theoret-
ical works, but to our knowledge there’s not plenty of analogue experimental studies. 
Since it is expected that an ESM PCF may in some cases guide more than one mode, we
are experimentally investigating the limits of single-modeness of such a fiber. 

We are approaching different methods to reveal the presence of higher order modes,
such as mode profile analysis (Fig. 2), spectral analysis and polarization measures, collect-
ing the first interesting results. We have also conducted a preliminary experimental study
on the use of a PCF as an optical absorption sensor with minimal waste of sample. In these
sensors, the field interacts with a fluid or a gas filling the capillaries of the cladding, main-
ly through evanescent waves. We are at the very beginning of this work. 
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The GRADFLEX experiment will fly onboard the Foton M3 satellite. Three months
before the launch experiments will be tested and integrated inside a spherical capsule with a
diameter of 2.2 m in Samara (RU). The capsule is shown in Fig. 2a. The capsule will then be
sent to the Baikonur Cosmodrome in Kazakhstan, where two days before the launch it will be
enclosed into the nose cone of the Soyuz Rocket (Fig. 2b). The rocket will then be launched
in september 2007 (Fig. 2c shows the launch of the Foton M2 mission) and the satellite will
remain into orbit for about two weeks. After that period the Foton capsule will return to Earth,
where the scientific payload will be recovered.

Let us go back on Earth and consider the unstable configuration where the density profile
generated by means of the Soret effect is heavier at the top. In this configuration, and provid-
ed that the temperature gradient is large enough, two thin horizontal boundary layers are cre-
ated inside the sample, particles being accumulated at the top of it and solvent at the bottom.
The boundary layers are destabilized by gravity, which enhances spontaneous velocity fluc-
tuations, and convection sets in. Quite interestingly, the convective planform of the instabili-
ty is made up by two superimposed wire meshes making up a spoke pattern. A picture of the
spoke pattern obtained by using the Shadowgraph technique is shown in Fig. 3.

From the picture one can appreciate that the meshes are staggered so that the node of the
black mesh falls at the center of a cell made up by white sides, and viceversa. Moreover, each
white side crosses orthogonally with a black one. Further analysis [5] reveals that the two
meshes are localized inside the two boundary layers. The particles and the solvent self-organ-
ize into vertical channels, the nodes of the meshes, which transfer mass from one boundary
layer to the other. The sides of the meshes of one color represent ridges of the boundary lay-
ers, delimiting the zone of influence of a channel with the opposite color. This system mim-
ics the conditions found on a larger scale for the circulation of heat in the Earth mantle. The
high viscosity of the Earth’s mantle and its large thickness involve that the convective trans-
fer of heat occurs in time whose order of magnitude is measured in billions of years. To mim-
ick such a slow dynamics in the laboratory we use a flow of nanoparticles to emulate a heat
flow. Nanoparticles, notwithstanding their small size, move very slowly with respect to the
solvent molecules surrounding them, which are about 100 times smaller.

Figure 4 shows a 3-dimensional simulation of the heat transfer in the Earth mantle
[6]. Here the vertical columns connecting the two boundary layers are apparent, togeth-
er with the ridges localized at the boundary layers. By looking at the results of this sim-
ulation from above one obtains images like that shown in Fig. 5a, which is shown back-
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Nanoparticles in a thermal gradient

A.Vailati1, R. Cerbino1, S. Mazzoni1, F. Croccolo1, D. Brogioli1, F. Giavazzi1,
G. Donzelli1, A. Zelioli1, and M. Giglio1

Due to their small size nanoparticles are sensitive to the thermal agitation of the molecules in the
solvent, which makes them move erratically in a Brownian motion. The fact that nanoparticles
are sensitive to the thermal energy makes them very suitable to investigate phase transitions on
the mesoscopic scale, thus mimicking the phase transitions observed at the atomic scale [1].
Moreover, the interactions between nanoparticles can be tuned at will by the addition of ions into
the suspension. In this way one can control the height of the repulsive potential barrier between
the particles and make them aggregate. Due to their random motion, the aggregation of nanopar-
ticles gives rise to aggregates with a peculiar fractal morphology [2]. When the concentration of
particles is high enough, the fractal grows up to form a gel invading the container [3]. In the fol-
lowing we will report on the investigation of the behavior of nanoparticles under the action of a
thermal gradient and we will show that under appropriate condition the gradient promotes the
self-organization of nanoparticles into macroscopic structures.

Beyond the action of the thermal energy, the nanoparticles feel the action of external fields.
The gravitational field makes the particle sediment. However, due to their small size, the ther-
mal agitation counteracts the sedimention process and, unless the vertical size h of the vessel
containing the particles is very large (some centimeters), the sedimentation is not apparent. The
rule here is that for small h the thermal energy kT is much larger than the energy gain due to the
sedimentation of the particle mgh. By constrast, whenever particles get accumulated in a region
of fluid the thermal energy might not be large enough to counteract the gravitational energy, and
this could give rise to the sinking of the region. The other external field of interest here is a ver-
tical temperature gradient applied to a horizontal layer of a suspension of nanoparticles, The gra-
dient induces a flow of particles proportional to the gradient by means of the Soret effect. The
flow promotes the development of a concentration profile of particles. The origin of this flow is
still not well understood. The associated density profile can either be stable or unstable, depend-
ing on whether particles get accumulated at the top or at the bottom of the layer. 

In the stable configuration nothing peculiar is predicted to happen: the flow induced by the
thermal gradient is balanced by the back-diffusion of particles. Quite unexpectedly, large fluc-
tuations in the concentration of particles are observed in this configuration [4]. These are due to
the correlated motion of groups of particles induced by spontaneous velocity fluctuations in the
suspension. The amplitude of the fluctuation diverges as the fourth power of their size. On Earth
the divergence is partially prevented, as large fluctuations are stabilized by gravity. To fully
exploit the divergence we will perform experiments under micro-gravity conditions within the
GRADFLEX Project of the European Space Agency, in collaboration with the University of
California at Santa Barbara and NASA. Figure 1 shows simulated images, represented in false
colors, of the non equilibrium fluctuations. Figure 1a simulates fluctuations under the action of
gravity. 

Figure 1b shows a simulation of the fluctuations in the absence of gravity. The size of each
image is 13mm x 13mm in real space. One can immediately appreciate the increase in the
contrast of the fluctuations due to the divergence of the amplitude of the fluctuations under
microgravity. Another striking feature is that under microgravity the size of the fluctuations
grows up to that of the container.
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Fig. 1 
Simulated images of nonequilibium
fluctuations in a polymer suspension. 
Panel (a) corresponds to fluctuations 
in the presence of gravity, while panel (b)
shows the divergence of the size 
and amplitude of the fluctuations in a
microgravity environment. The side of each
panel corresponds to 13mmx13mm in real
space.

REFERENCES
1. A. M. Alsayed et al., Science 309, 1207
(2005); P. N. Pusey, Science 309,1198 (2005).
2. D. A. Weitz and M. Oliveria, Phys. Rev.
Lett. 52, 1433 (1984).
3. M. Carpineti and M. Giglio, Phys. Rev
Lett. 68, 3327 (1992); M. Carpineti and 
M. Giglio, Phys. Rev Lett. 70, 3828 (1993)
4. A.Vailati and M. Giglio, Phys. Rev Lett.
77, 1484 (1996); A. Vailati and M. Giglio,
Nature 390, 262 (1997); D. Brogioli et al.,
Phys. Rev. E 61, R1 (2000).

Fig. 2 
Overview of the phases of the Foton M2
space mission. Panel (a) shows the Foton
capsule which will host the GRADFLEX
experiment. (b) shows the Foton M2 capsule
being enclosed the nose cone of a Soyuz
rocket. (c) shows the launch of the Soyuz
rocket during the Foton M2 mission.

Fig. 3 
Spoke pattern obtained during the convection
of a water suspension of silica nanoparticles
(looking from above). The pattern is made up
by a white mesh staggered with a black mesh.
The nodes of the meshes represent vertical
plumes connecting the boundary layers. 
The plumes act as conduits for nanoparticles
and water.
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to-back to an image of spoke pattern convection obtained by using silica nanoparticles (Fig.
5b) [7]. From the images it is apparent how the two patterns exhibit common topological fea-
tures. The investigation of the topological properties of the spoke patterns shows that the
underlying structure of the pattern is that of a degenerate Voronoi diagram. The properties of
such diagram differ much from those encountered in other natural systems, such as froths. The
spoke patterns presents a higher degree of order than the usual cellular patterns, as the degen-
erate encounter of more than three sides into a vertex is allowed, and this gives rise to a tes-
sellation made up by faces with four sides on average [8].

Another interesting application of nanoparticles is that they allow to tackle the prob-
lem of scaling in the convective heat and mass transfer [9] simply by looking at the very
early stages preceding the onset of the instability [10]. Due to the slow dynamics of the
nanoparticle suspension it is fairly easy to investigate the very early stages of the insta-
bility. During this stages the boundary layers are formed by diffusion, until they are
destabilized by convection. The time when this destabilization occurs provides an indi-
rect measurement of the thickness of the boundary layers at the onset of the instability.
Quite interestingly, the heat/mass transfer in a convective process is entirely determined
by the respective boundary layer thickness. Therefore, by looking at the onset of the
instability one can yield information about the scaling properties of the convective heat
or mass transfer. Roughly speaking, once that the applied temperature difference and the
heat or mass transferred are expressed by appropriate dimensionless numbers, the trans-
ferred heat (mass) diverges algebraically with the applied temperature difference.
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Heterodyne ray speckles

R. Cerbino1, L. Peverini2, M.A.C. Potenza1, and M. Giglio1

Scattering of coherent radiation from matter gives rise to speckles. While speckles are known
from long time in visible optics, they entered the ray community only after the appearance of
high brilliance third generation synchrotron sources. With these sources speckles are obser-
ved when a single coherence area of the electromagnetic field is selected. This is usually done
by spatially filtering the beam with pinhole arrangements but leads to obvious limitations in
terms of available photon flux. We will present evidence that high quality, low contrast speck-
les can be observed by simply placing a high resolution CCD sensor immediately behind a
static sample. Measurements have been performed at the BM05 beamline of the European
Synchrotron Radiation Facility (ESRF) in Grenoble and the experimental setup is schemati-
cally presented in Fig. 1. Radiation coming from a horizontally elongated incoherent source
passes trough a double crystal monochromator and impinges on the scattering sample which
is a microporous cellulose acetate (µPCA) filter. The diffracted intensity has the typical speck-
le distribution observed with optical coherent sources as is visible in Fig. 2. It is argued that
the speckles are due to a self-referencing scheme where both the scattered radiation and the
heterodyne local oscillator originate from the same rapidly changing, local coherent beam
patch. It is suggested that these X-Ray speckles are of the same type of those obtained with
the newly reported optical “Near Field Scattering” method [1,2] that has been shown to be
equivalent to static light scattering. Therefore, the simple lensless arrangement described
above could be used as a new ultra low-angle scattering method operative at very small angles
where conventional X-Ray scattering methods fail. Speckle generated X-Ray scattering data
are reported for the µPCA filters that exhibit a quasi spinodal structure. An anti-correlation
peak at finite wavevectors is also reported, in agreement with optical measurement (obtained
with partial index matching). In addition, we show that speckle patterns can also be profita-
bly used to monitor the synchrotron beam angular stability with sub-arcsecond resolution,
opening the way to immediate metrological applications. 
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Fig. 1
Schematic drawing of the experimental setup
used for the study of X-ray speckles. The
light emerging from the source passes
through a monochromator and impinges on
the sample. A CCD camera collects the
speckles produced by the sample.

Fig. 2
Example of speckle pattern measured by the
CCD camera.
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Fig. 4 
Simulation of heat convection in the Earth’s
mantle.The image shows the hot boundary
layer in red (located near the nucleus) and the
cold boundary layer in blue (located under
the crust). The boundary layers are connected
by ascending and descending thermal plumes.
Image courtesy of D. A. Yuen, University of
Minnesota.

Fig. 5 
Comparison of the spoke patterns obtained in
simulations of heat convection in the Earth’s
mantle, (a), and in experiments on convection
of silica nanoparticles, (b).
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An application of the Optical Theorem 
to the sizing of sub-wavelength particles

M.A.C. Potenza1 and M. Giglio 1

We present a novel technique based on the Optical Theorem (OT) for the determination of the
size of scattering particles in the sub-wavelength range. When a plane wave impinges on a
particle, a scattered spherical wave is generated. The scattered amplitude is in general made
up by both in phase and in quadrature components. The OT states that the scattering cross sec-
tion that describes the integral of the scattered intensity at any angle is proportional to the
amplitude of the quadrature component at zero scattering angle. This remarkable result is the
consequence of conservation arguments that require that the interference between the scatte-
red wave and the incoming wave should exactly account for the power loss of the incoming
beam due to scattering of power in different directions.

We will show an application of the method in the realistic case where an assembly of par-
ticles is present under the incoming beam. The scattered radiation in the far field is then a
speckle field, with the intensity that fluctuates as a consequence of the stochastic interferen-
ce between individual scattered waves. If the scattered intensity is collected fairly close to the
scattering sample, and the incoming beam is wide enough, then low visibility speckle field is
generated due to the interference between the weak scattered fields and the powerful transmit-
ted beam. The method relies on the statistical analysis of these low visibility fringes due to the
heterodyning between scattered field and the transmitted beam that acts as a self referencing
local oscillator. The statistical processing of the instantaneous speckle distribution consists of
the evaluation of the two dimensional power spectrum of the intensity distribution. It will be
shown that the spectrum exhibits a multiple zero structure, from which an accurate estimate
of the amplitude of the quadrature term can be performed. Spherical, calibrated polystyrene
colloidal particles have been used. The results have been compared with the theoretical pre-
dictions based on Mie scattering functions and the OT. The data show a continuous variation
of the phase of the scattered amplitude from zero to π/2 as the particle diameter is changed
from well subwavelength values to many microns sizes, as expected from the OT as one
moves from the Rayleigh scattering regime to the diffraction regime. Excellent accuracy for
the subwavelength diameters determination is reported. 
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Fig 1.
Phase shift measured for water suspended
particles of diameters 400 nm, 600 nm, 1000
nm, 2000 nm. The comparison with the Mie
theory (solid line) is shown.
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Observations of the cosmic microwave
background with the Planck space mission 

M. Bersanelli1,2, P. Battaglia3, B. Cappellini1, F. Cavaliere1,
O. D’Arcangelo4, L. Figini4, C. Franceschet3, S. Garavaglia4, P. Leutenegger3,

D. Maino1,2, G. Mari1, A. Mennella1,2,
S. Pezzati1, P. Platania4, A. Simonetto4, C. Sozzi4, and M. Tomasi1,2

The cosmic microwave background (CMB) provides a direct view of the early universe and
precise observations of its properties are a powerful tool to investigate cosmic evolution and
composition. The angular power spectra of temperature and polarisation fluctuations encode
information on fundamental cosmological parameters and on the physics of the early uni-
verse. After the COBE-DMR and WMAP space observations, the Planck satellite is the third-
generation satellite devoted to CMB studies. Planck is expected to extract the full cosmolog-
ical information from temperature anisotropies and to open up new frontiers in the CMB field.
The two complementary instruments at the Planck focal plane are designed to achieve
unprecedented combination of frequency coverage, angular resolution, sensitivity and sky
coverage. In addition to the main cosmological goals, the nine full-sky maps expected from
Planck in the range 30-850 GHz will represent a vast data base for galactic and extragalac-
tic astrophysics. 

Introduction
The cosmic microwave background (CMB) radiation is a relic of the universe at an early

stage of evolution characterised by a hot and highly homogeneous plasma. The CMB photons
provide us with a direct image of the universe at the time of matter-radiation decoupling at
temperatures ~ 3000 K, the so-called last scattering surface. Cosmic expansion redshifted the
photons by a factor z ~ 103, and they are now observed at millimeter wavelengths. A black-
body frequency spectrum is expected for the CMB, due to the high thermal equilibrium of the
primordial plasma. This prediction has been beautifully confirmed over a large frequency
range, and measured with high-precision in the peak region by COBE-FIRAS [1,2] with a
temperature T0 = 2.725 ± 0.004 K. The absence of observable distortions from a Planckian
shape demonstrates a smooth early expansion and places upper limits to possible energy
releases at epochs as early as z ~ 106.

Following the CMB discovery in 1965 until the early 1990’s, increasingly sensitive obser-
vations revealed an extremely isotropic distribution of the CMB intensity at all angular scales.
However, it was soon realised that the hierarchy of structures observed in the present universe
requires CMB anisotropy at some level, since structure formation theory predicts density per-
turbations at the epoch of last scattering capable of affecting the photon field. In 1992 the first
detection of CMB temperature anisotoropies was obtained by COBE-DMR on scales > 7°
with fluctuations from uniformity of order ∆T/T0 ~ 10-5 [3], opening up the road to new major
advancements. 

To quantify the level of CMB anisotropies and their statistical pattern, it is usual to repre-
sent the temperature distribution on the celestial sphere by spherical harmonics expansion.
The amplitude of the fluctuations is then expressed in terms of coefficients Cl = < amm 2>
where the alm are the multipole moments and l ≈ 180°/θ identifies the angular scale. The dis-
tribution Cl is called the angular power spectrum of the CMB anisotropies. Theory predicts a
specific pattern for the Cl function, characterised by a series of peaks and throats (see [6] and
references therein), generated by acoustic oscillations of density perturbations in the primor-
dial plasma. The scale and amplitude of these features depend sensitively on the values taken
by fundamental cosmological parameters such as the Hubble constant H0; the total energy
density Ωtot and its components such as the cold dark matter and barion density, ΩCDM and
ΩB, and the contribution from a cosmological constant, ΩΛ; the spectral index of primordial
fluctuations, ns. Accurate high-resolution imaging of the CMB over large portions of the sky
represents therefore a powerful method to derive the value of such key parameters. For exam-
ple, a first peak at l ∼ 200 (corresponding to an angular scale of about 1 degree) is expected
for a flat Ωtot =1 geometry. The limited resolution of DMR allowed to cover the spectum only
up to l < 20. 
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Today, many experiments have been carried out (see Fig. 1) and the presence of acoustic
peaks has been superbly confermed. In addition, the most recent data allow us to derive pre-
cise evaluations of some key cosmological parameters.

From COBE to WMAP
The COBE discovery of temperature fluctuations at a measurable level DT/T0~10-5 start-

ed the race to unveil new features in the angular power spectrum. Increasingly ambitious sub-
orbital programs were carried out mostly aiming at sub-degree scale detections in limited sky
regions, such as the Boomerang experiment [5]. The next observational breakthrough came
in 2003 with the results of the first-year WMAP data (see Fig. 1), which mark the current state
of the art in the field [6]. The WMAP instrument is an array of differential radiometers, pas-
sively cooled to about 100K. The power spectrum extracted by WMAP is cosmic variance
limited up to l ∼ 350 (Fig. 1) and the sensitivity is expected to improve by a factor of 2 at the
end of the mission. WMAP has also provided the first evidence of temperature-polarization
cross power spectrum which shows the expected acoustic features and suggest reionization at
z ∼ 20. The WMAP data have enhanced precision and robustness to the evaluation of cosmo-
logical parameters leading, together with data from Ia-type Supernovae, to a critical density
universe (Ωtot = 1.02 ± 0.02) dominated by a Λ term.

Planck: precision cosmology
After NASA’s COBE and WMAP missions, Planck is the third-generation space project

devoted to CMB observations, to be implemented as part of the European Space Agency’s
(ESA) Cosmic Vision science program (Fig. 2). Planck is designed to image the CMB
anisotropies with an unprecedented combination of sensitivity (∆T/T0 ~ 10-6 per sky pixel),
angular resolution (5 to 30 arcmin depending on frequency), sky coverage (100%), and spec-
tral coverage (30-857 GHz). Figure 3 shows a comparison between the expected reconstruc-
tion of the power spectrum by WMAP a Planck. The Planck detectors are also sensitive to
polarisation in all the CMB channels. Control of systematic effects has been a driver of the
instrument design, orbit choice and scanning strategy [7,8]. A 1.5m off-axis Gregorian tele-
scope provides the required angular resolution and rejection of unwanted straylight effects.
Two complementary instruments cover the spectral range 30-850 GHz, thus allowing accu-
rate removal of astrophysical foregrounds whose spectral shape differs substantially from the
CMB blackbody spectrum. 
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Fig. 1
Present status of observations of CMB
anisotropy in terms of the angular power
spectrum. The observation of a first peak 
at l ~200 (corresponding to an angular scale
of about 1 degree) provides strong evidence
for a flat Ωtot ≈1 geometry.

Fig. 2
Picture of the Planck satellite (Qualification
Model), showing the primary reflector,
the baffle and the three thermal shields 
(“V-grooves”) used to thermally decouple 
the cold (~50 K) telescope enclosure from 
the warm (~300 K) service module 
(lower black structure). The payload design
was largely driven by thermal and radiation
(stray-light) requirements. Courtesy 
of Alcatel Alenia Space.
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Gravitational lensing by high-redshift
galaxy clusters

M. Lombardi1, G. Bertin1, C. Grillo1, and P. Rosati2

In the last decade we have witnessed a spectacular series of developments in cosmological
studies, which have lead the large majority of astronomers to consider high-precision cosmo-
logical measurements as more than a simple possibility. At the same time, a widely accepted
“standard cosmological model” has emerged. In this framework, the expanding Universe is
well described by a Friedmann-Lemaître model, with cosmological parameters close to Ωm
= 0.3 and ΩΛ = 0.7, and the structure formation follows the predictions of Cold Dark Matter
(CDM) models; in addition, there some (less convincing) evidence that in the past the
Universe has undergone an inflationary phase.

Still, these impressive progresses are closely linked to a number of uncertainties that
plague our understanding of the physical processes observed in the Universe. For example,
over the last 70 years we have postulated the existence of dark matter to explain some appar-
ently contradictory astronomical observations, but since then we have failed to identify its
nature and, to a large extent, its spatial distribution. Similarly, we are now measuring with
exquisite accuracy the anisotropies of the Cosmic Microwave Background (CMB), which are
identified as the seeds for the formation of large scale structures, but structure formation
remains a largely unknown process (interestingly, things do not improve significantly on
much smaller scales: since almost a century we know that stars form in dark molecular clouds,
but star formation is still a mystery). 

It has been long recognized that the study of the mass distribution of galaxy clusters con-
veys precious information on the relationship between dark and luminous matter and can be
used to test cosmological models. Indeed, clusters of galaxies lie at the extreme of the mass
spectrum of gravitationally bound structures, and therefore their physical properties are
thought to be mainly driven by gravitational processes. Over the last decade, gravitational
lensing has proved to be a powerful method for determining the mass and mass distribution
of galaxy clusters (see [1] for a review). Compared to “standard” method, such as X-ray or
dynamical analyses, gravitational lensing is particularly robust, because relies on simple,
well-verified assumptions and is sensitive to the total mass of a cluster, regardless of the lat-
ter’s physical state and spatial distribution. In particular, the weak-lensing technique, derived
from a statistical analysis of small distortions of faint background sources, is a particularly
valuable tool to investigate the matter distribution on the periphery of massive clusters, while
the strong-lensing analysis, based on the observation of several arcs (which are highly-distort-
ed images of distant galaxies, see Fig. 1) is able to pin down the small-scale mass density in
the cluster cores.
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The Low Frequency Instrument (LFI) covers the 27-77 GHz range with an array of pseu-
do-correlation cryogenic receivers [9]. The High Frequency Instrument (HFI) is an array of
bolometers cooled at 0.1K covering the range 100-850 GHz. The instruments are now in an
advanced stage of development: they have completed the qualification test campaign and the
first flight units are being tested. The front-ends of the LFI and HFI receiver arrays are cooled
to 20 K and 0.1 K, respectively. LFI, based on InP MMIC amplifiers, will have channels cen-
tered at 30, 44, and 70 GHz, with arrays of 4, 6, and 12 receivers at each frequency, all of
which sensitive to polarization. Each corrugated horn on the focal surface will be followed by
an orthomode transducer (OMT) to separate the two polarisations. HFI, based on bolometer
technology, will have channels at six bands in the 100-857 GHz range. 

The Planck LFI has been designed and developed by an International Consortium lead by
an Italian team, with a strong contribution from our group at the Physics Department,
University of Milano, together with collaborators in the Milano area (INAF, IFP-CNR, indus-
trial partnership of Laben AAS). The demanding scientific performances and the complexity
of the system called for early development of radiometer models and an accurate on-ground
testing and calibration plan. Early in the project, we developed prototype radiometer chains
to verify the receiver design, confirm feasibility of critical units and understand residual
receiver systematics. As a second step, qualification models (“QM”) of the radiometers have
been produced with characteristics nearly identical to the flight models (“FM”), though not
requiring full flight performances. 

In the QM and FM, the main radiometer calibration, RF tuning and performance charac-
terisation is carried out at radiometer chain level (Fig. 4) and then verified at instument inte-
grated level. The RCAs are integrated from components extensively tested at single unit level
(i.e., feeds, OMTs, FEM, waveguides, BEM). A complete set of tests and calibration proce-
dures has been defined and performend on each RCA in order to properly tune the amplifiers
and phase switches and to measure the main radiometer characteristics such as noise temper-
ature, gain, bandwidth, band shape, offset, isolation, linearity. Calibration is performed in
cryo-facilities capable of reproducing nearly the thermal conditions expected in flight, i.e.,
20K front-end temperature, V-groves temperatures at waveguides interfaces, 4K reference
loads. Low return-loss “sky targets” were coupled to the feed horns, with temperature
adjustable in the range ∼ 7 to ∼ 35K. High stability (sub-mK level) is required by the sky tar-
gets as well as reference loads to measure the noise spectrum of differenced data.
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Fig. 3 
Comparison of the power spectrum
reconstructed by WMAP (left) and Planck
(right).

Fig. 4 
The basic LFI unit is the radiometer chain
assembly (RCA) comprising feed-horn,
OMT, front-end module (FEM) connected to 
a back-end module (BEM) via a set of four
waveguides. Left: 30 GHz RCA at Laben,
Milano. Right: Front-end portion of the 70
GHz RCAs in cryo facility tested at
Elektrobit in Helsinki, Finland.
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Fig. 1
An image of the lensing cluster Abell 1689
observed with the Advanced Camera for
Surveys on board of the Hubble Space
Telescope (N. Benitez et al.). Note the
impressive number of giant arcs and arclets
present here.
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cluster (i.e. the amount of tangential elongation observed on the ellipticities of background
galaxies) together with two simple models (solid lines). As expected, the shear is strong close
to the center of the cluster, where the mass density is large, and decreases in the outskirts of
the cluster.

This analysis, together with similar ones, can help us to understand the formation of
galaxy clusters and the properties and fraction of dark matter in these objects. Overall, our
results show that light traces with good accuracy the matter distribution (as frequently
observed in galaxy clusters).

Strong lensing
Strong lensing studies are based on the reconstruction of the cluster mass distribution from
the observation of several multiple images (usually arcs) of background galaxies. In its stan-
dard formulation, the analysis starts from the identification of images produced from the same
source; then a mass distribution able to reproduce the observed configuration is looked for.
Hence, a strong lensing analysis usually follows three steps: (i) possible multiple images are
identified on the field; (ii) the candidates are further investigated by taking their spectra
(which must coincide if the images are produced from the same source); (iii) a model (which
includes the lens mass distribution and the source position and shape) is obtained. Clearly, the
last step is an inverse problem, and is usually computationally intensive; moreover, often the
three steps mentioned above are iterated (a good lensing model can help significantly in the
search for new multiple images, which in turns can be used to refine the model).
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Weak lensing
Weak lensing studies are based on the measurements of the elliptical shapes (ellipticities) of
several thousands background galaxies. Unlensed galaxies are expected to be randomly ori-
ented, but because of the lens tidal field, galaxies observed through a galaxy cluster will be
preferentially oriented tangentially to the cluster center. As a result, statistical analysis of the
local distribution of galaxy ellipticities will provide an estimate of the cluster mass (and dis-
tribution).

Following the early work of Tyson et al. [2], many massive clusters have been the subject
of weak-lensing analyses (e.g., [3,4]). In most cases, these studies focused on clusters at low
to medium redshifts (0.1 < z < 0.5), for which moderately deep imaging is sufficient to suc-
cessfully apply this technique. After several fails, the first clear detection of a weak-lensing
signal from a distant cluster, MS 1054.4-0321 at z = 0.83, was reported by Luppino & Kaiser
[5]. Weak-lensing analysis of very luminous X-ray clusters at z ~ 0.8 is by now relatively
straightforward (e.g., Clowe et al. [6] studied MS 1137.5 + 6625 at z = 0.783 and
RX J1716.4+6708 at z = 0.809). Weak-lensing studies of clusters at z ~ 1 are, in contrast, par-
ticularly challenging and essentially impossible with ground-based observations. Most of the
galaxies observed even in the deepest ground-based observations have redshifts smaller than
unity, and thus are foreground with respect to high-redshift clusters, or are only weakly lensed.
To avoid a severe dilution of the lensing signal, one needs to accurately select background
galaxies, typically using photometric redshifts. In addition, galaxies at redshifts larger than
unity are faint and small, so that measurements of their ellipticities, which are necessary for
weak-lensing analysis, are difficult because of photometric uncertainties and the smearing
effect of the PSF (in addition to the seeing in ground-based images). Finally, because of the
redshift dependence of the lensing signal, weak-lensing masses of distant clusters are strong-
ly sensitive to the redshift distribution of the background galaxies. For example, it is relative-
ly easy to show that a systematic relative error of 5% on (1 + z) of the background galaxies
produces a systematic error of 15% on the lensing mass estimate of a z = 1 galaxy cluster.

The Advanced Camera for Surveys (ACS) on board the Hubble Space Telescope (HST)
provides a unique opportunity to overcome many of the challenges posed by distant clusters.
We made use of a deep ACS imaging to detect and measure a weak-lensing signal on the
galaxy cluster RDCS 1252.9-2927 (hereafter RDCS 1252, see Fig. 2) at redshift z = 1.237,
the first of this kind at z > 1 [7]. On the reduced images we measured the ellipticities for all
galaxies detected with high signal-to-noise ratio; moreover, we tried to reduce the contamina-
tion by foreground galaxies (which do not contribute to the lensing signal, but increase the
measurement noise) using appropriate selections in color and luminosity of the galaxies.
Finally, we were left with approximately 4000 galaxies available for lensing measurements.
After correcting these data for several observational and instrumental effects, we were able to
obtain the cluster mass map. Overall, the cluster shows a clear East-West elongation (also vis-
ible on the cluster light distribution), and signs of substructure (see Fig. 3). The quality of the
lensing signal is also evident from Fig. 4, where we plot the average tangential shear of the
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Fig. 2
An image of the galaxy cluster RDCS
1252.9-2927 observed by the ACS/HST.
Cluster galaxies are easily identified as
orange ellipticals in this image.
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Fig. 3
Reconstructed weak lensing mass distribution
of RDCS 1252. Green contours represent
high-density regions, and red contours low
density ones. The main peak is well centered
at the location of the observed cluster
galaxies.

Fig. 4
A plot of the measured average tangential
shear of background galaxies (diamonds).
Note that the data are in agreement with
simple mass models (red and yellow lines).
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Ulysses’ odyssey

C. Paizis1,2 and G. Sarri2

The heliosphere, the vast zone over which the Sun extends its influence, is the only astrophys-
ical environment directly accessible. It is a unique plasma laboratory in which we can carry
out in situ observations and perform measurements of the relevant physical parameters nec-
essary to understand and describe phenomena non reproducible in the laboratory. This envi-
ronment has been studied for almost fifty years by Earth satellites as well as by interplanetary
probes up to the borders of the heliosphere. Nevertheless, until 1990, the measurements were
limited to a few degrees out of the Ecliptic. The heliosphere is not spherically symmetric and
extrapolation to higher heliolatitudes would be tempting, yet inaccurate. A decisive step, with
measurements above the solar poles, is made by the ULYSSES mission: the first and, for years
to come, the only mission that studies the heliosphere in three dimensions and explores
uncharted regions of our solar system. Ulysses, launched in 1990, will remain active up to
2008 doing six polar passages. In this talk some results of the cosmic ray experiments,
onboard the spacecraft, will be discussed with emphasis on the latitudinal gradient of the cos-
mic rays in the heliosphere and on their time variation. It will be shown that thanks to the
direct high latitude Ulysses measurements, our knowledge about the cosmic ray propagation
in the heliosphere is greatly improved. 

Full text (in Italian) can be found at http://www.fisica.unimi.it/highlights2005/
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Since gravitational lensing preserves the surface brightness, extended sources are particu-
larly valuable for strong lensing studies, as they force the fiducial mass model to reproduce
the observed distortions on the sources. Hence, in this respect the sub-arcsecond resolution
offered by the HST is critical for the success of strong lensing studies. At the same time, deep
ground-based spectroscopic observations are also crucial for the identification of sources and
the calibration of the lens model. Still, these efforts are justified because strong lensing pro-
vides important complementary information with respect to weak lensing. Recently, we per-
formed follow-up spectroscopic observations on both RDCS 1252 and CL J0152-1357 at z =
0.84 (see Fig. 5), and were able to confirm several arc candidates; the strong lensing analysis
is currently carried out..

Future prospects
To large extent, the development of gravitational lensing is technology limited. As an exam-
ple, although this phenomenon was predicted back in the 30s, the first lens was discovered
only in 1979 because of the high requirements needed to observe two angularly close faint
images (multiple images of gravitational lensing have typically a separation of a few arcsec-
onds); similarly, microlensing was first proposed by the Polish astronomer Bohdan Paczynski
in 1986 [8], and in 1991 he proposed to use it for extrasolar planet searches, but the first plan-
et has been detected only very recently.

Thus, future telescopes will give further momentum to gravitational lensing studies. The
development of 30m class telescopes will open several fundamental new opportunities,
including spectroscopy of extremely fain source galaxies, and (with the help of adaptive
optics) the imaging of small (< 0.1 arcsec) background galaxies. In addition, the spatial reso-
lution and collecting power of these new instruments will allow us to measure ellipticities on
extremely faint objects or, in other words, to dramatically increase the number of sources use-
ful for weak lensing analysis and thus the resolution and sensitivity of the mass maps
obtained.

The successor of HST, the James Webb Space Telescope (JWST), will be a large (~ 6.5 in
diameter) infrared optimized telescope. It will be located at the L2 Lagrangian Sun-Earth
libration point, and will be passively cooled using a sunshield as large as a tennis court. This
spectacular instrument, scheduled for launch in 2013, will push weak lensing studies to mass
concentrations at z ~ 3 (to be compared with the z ~ 1.2 current limit on ACS/HST data).
Future developments of lensing studies are not limited to standard imaging capabilities or to
known lensing phenomena. For example, the GAIA astrometric mission will accurately meas-
ure parallaxes of one billion stars (approximately 1% of the total number of stars in our
Galaxy), and will not only identify one million asteroids, 30,000 new extrasolar planets, and
100,000 new supernovae, but in its 5-year lifetime it will also measure ~ 4000 astrometric
microlensing events with multiple images separated only a few microarcseconds. 
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Fig. 5
An ACS/HST color image of the lensing
cluster CL J0152-1357. Several complex arc
systems are visible in this image as blue
objects around the yellow cluster galaxies.

 



Coherent structures in electron plasmas:
the ELTRAP experiment

M. Romé1,2, G. Bettega1,2, F. Cavaliere1, M. Cavenago3, F. De Luca1, A. Illiberi1,2,
I. Kotelnikov4, R. Pozzoli1,2, L. Serafini2, and Yu. Tsidulko4

The formation and development of coherent structures in an electron plasma is investigated
in the Malmberg-Penning trap ELTRAP [1], shown in Fig. 1, in operation at the Physics
Department, and aimed to the study of the nonlinear dynamics of confined electron plasmas
and low-energy electron beams. In this device a set of cylindrical electrodes, controlled by a
suitable waveform generator and an axial magnetic field B (up to 0.2 T) with a high degree of
uniformity are used to contain the electron plasma. An example of well developed coherent
structures in the ELTRAP plasma is shown in Fig. 2: it represents, at a given time, the axial-
ly integrated electron density distribution, obtained by dumping the electrons on a phosphor
screen and recording the images with a CCD camera. The occurrence of (almost) two-dimen-
sional (2D) coherent structures is a clear signature of collective nonlinear processes, and is
generally associated to rotation in a continuous medium. This feature occurs in various phe-
nomena investigated in different fields as, e.g., fluid dynamics, atmospheric science, plasma
physics and astrophysics. 

In the trapped plasma case, when the period of the axial electron bounce motion is much
shorter than that of the drift rotation, the bounce averaged equations of motion describe a 2D
dynamics of the electron columns, identical to the motion of a 2D uniform, incompressible,
inviscid fluid, spatially limited by a circular free slip boundary. In this limit, the electric poten-
tial is proportional to the stream function, and the plasma vorticity is proportional to n/B,
being n the (bounce averaged) plasma density and B the magnetic field strength. The forma-
tion and evolution of coherent structures in such conditions, including filamentation, merger,
relaxation of turbulence, has been extensively studied using the inject-hold-dump technique,
and good agreement with 2D numerical investigations has been found. On a long time scale

(hundreds of rotation periods) the electron plasma can approach an equilibrium state evolv-
ing directly towards a stable density profile with cylindrical symmetry or passing through a
series of long lived states characterized by regular patterns of localized vortices (vortex crys-
tals), as shown in Fig. 3. A stable equilibrium is eventually reached through dissipative
processes.

In the beam regime, all cylindrical electrodes are grounded and a low-energy electron
plasma continuously flows from the emitting thermionic cathode to the charge collector
(phosphor screen), held at a fixed potential (few kV). In these conditions, the images on the
phosphor screen are detected continuously and correspond to almost stationary states of the
three-dimensional (3D) structure of the beam. A rapid development of the structures is
observed when, by increasing the emission current of the cathode, a sharp transition from a
laminar to a space charge dominated regime occurs: the images (Fig. 4) show an annular beam
shape, indicating the appearance around the axis of the electron column of a region inacces-
sible to beam electrons [2].

In the beam case the axial dependence can not be cancelled by bounce averaging, and to
interpret the experimental results a 3D time dependent problem has to be solved: this can only
be approached numerically. To this aim, the 3D PIC code MEP (Milan Electron Plasma) has
been developed [3] which solves the 3D drift-Poisson system, both for trapped plasma and
beam configurations. An example of the solution is shown in Fig. 5. The electrons are gener-
ated from a cathode with an Archimedean spiral shape. The effect of the presence of an accel-
erating grid is simulated by suitably ‘‘cutting’’ the spiral along rows and columns of a given
width. The drift tube is equipotential (grounded), but the exit section is maintained at a
(strongly) positive potential, simulating the voltage used to accelerate the electrons against a
phosphor screen, for their imaging. Fig. 5 represents the plasma density distribution at a given
time (when stationary conditions have been already reached) in different slices transverse to
the drift tube: the first close to the source, the last close to the collector. From the analysis of
the time evolution of the emitted electrons in the axial phase space, the formation of a ‘‘vir-
tual cathode’’ close to the injection boundary is evidenced. The central part of the beam is
reflected back to the cathode by the space-charge of the beam itself, and only the outer part
of the beam reaches the opposite end of the trap, held at positive potential. The ‘‘annular’’
beam which travels to the collector shows a quasi-2D evolution of vortex structures. Thus, in
almost stationary conditions, three regions can be distinguished: a reflection region close to
the injection boundary, a central part with almost constant parallel velocity, and an accelera-
tion region close to the exit boundary.

To account for the fast development (on the time scale of electron transit) of coherent
structures observed in the space charge regime it is to be noted that, along most of the beam
length L, close to the edge of the shadow region a sharp radial density variation is present and
the radial part of the Laplacian in the Poisson equation becomes dominant with respect to lon-
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Fig. 1
Overview of the Malmberg-Penning trap
ELTRAP.

Fig. 2
Observed coherent structures in ELTRAP.
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Fig. 3
Examples of vortex crystals observed 
in ELTRAP.

Fig. 4
CCD images showing the transition 
to a space charge dominated regime
in the beam configuration.
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Structure, formation, and dynamical
evolution of elliptical galaxies

S.E. Arena1, G. Bertin1, L. Ciotti2, T.V. Liseikina3,4, F. Pegoraro5, M. Trenti6,
and T.S. van Albada7

Elliptical galaxies may be formed from collisionless collapse of an initially cold cloud of
stars, reaching dynamical equilibrium by incomplete violent relaxation. We have tested this
picture by means of analytical models and N-body simulations. The theoretical distribution
function, called f(ν), is derived by extremizing the Boltzmann entropy at fixed values of the
total mass, of the total energy, and of a third global quantity, argued to incorporate the effects
of the incompleteness of the process of violent relaxation. The resulting two-parameter (ν,Ψ)
family of models is then constructed by solving the Poisson equation. The dependence on ν
is weak, while Ψ is a concentration parameter describing the central depth of the galaxy
potential well. The simulations are performed with a mean field code from a variety of initial
conditions. We found that the analytical models not only match the basic structure of many
elliptical galaxies (for a constant mass-to-light ratio), but are also able to fit the density profi-
les (over nine orders of magnitude; with relative error within 10%) and the phase space pro-
perties (predicting the pressure anisotropy profile with mean error of 5%) of the end products
of the collisionless collapse simulations (Fig. 1) [1]. 

We have then addressed the issue of the dynamical evolution of such stellar systems, focu-
sing on the slow evolution induced by dynamical friction of a host galaxy on a minority com-
ponent of “satellites”. The basic mechanisms of dynamical friction have been modeled long
ago by Chandrasekhar (1943), but are not understood under realistic conditions. To study this
problem and its consequent effects on the galaxy, we used the code mentioned above with the
addition of finite-size satellites interacting directly with the simulation particles of the galaxy.
The initial conditions represent a spherical galaxy in dynamical equilibrium in the presence
of a quasi-spherical system of 20-100 satellites on circular orbits (see [2], [3]). We find, in
general, that the role of collective effects and inhomogeneities is important, the density distri-
bution of the host galaxy tends to relax to a broader profile, in contrast with the expectations
of adiabatic models (Fig. 2), and that satellites spiraling in on quasi-circular orbits tend to heat
the stellar system preferentially in the tangential directions. 

Finally, we have devised a systematic procedure for the construction of models characteri-
zed by a significantly non-spherical geometry [4].
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Fig. 1  
Comparison between the results of a
simulation of galaxy formation by
collisionless collapse (error bars) and the
best-fit f(ν) model (Ψ = 4.2, ν = 1.0): density
profile (left), pressure anisotropy profile
(right). The local anisotropy is defined 
as α(r) = 2 - (< wθ2 > + < wφ2 >)/< wr

2 >,
in terms of the relevant velocity dispersions.

Fig. 2  
Comparison between final (solid) and initial
(dotted) density profiles, illustrating the
galaxy evolution induced by the infall of
matter in the dynamical friction case (left)
and in the adiabatic case (right).
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gitudinal: then, the plasma vorticity becomes proportional to plasma density, and the dynam-
ics becomes again 2D Eulerian. Thus, following the mechanism of diocotron instability
coherent tructures can easily develop. To study experimentally the transport of the structures
along the beam, it can observed that in this 2D Eulerian limit the effective evolution time of the
system is proportional to L/B. Since L is fixed, the evolution along the beam can be investigat-
ed by measuring the electron density on the phosphor screen at different B values (the varia-
tion of the emission flow due to change of the magnetic field must be balanced). A real time
evolution can be then obtained by slowly decreasing (with respect to the rotation time scale)
the magnetic field. The observed processes are described by a purely 2D dynamics as far as the
mentioned approximations are valid. Three images representing the density distribution of a
beam on the phosphor screen at different times, obtained by decreasing B, are shown in Fig. 6.

In conclusion, the formation and evolution of coherent structures in an electron plasma, of
relevance for generic rotating systems, have been investigated experimentally in a Malmberg-
Penning trap, both for a trapped plasma and an electron beam. The behavior of the system, in
the considered range of parameters, is in good agreement with a cold fluid, drift-Poisson
description. In particular, in the case of a low-energy electron beam, the main control param-
eters are the spatial distributions, at the source, of the electron density, energy and current, and
the magnetic field. The behavior of the system has been investigated  by varying the electron
energy and emission current, and sharp or gradual transitions to the space charge dominated
regime have been found. The longitudinal structure of the beam has been studied by varying
the magnetic field and/or the emission current. In addition, it has been found that the observed
behavior of the system, in the considered range of parameters, is in good agreement with the
results obtained with a PIC code which solves the Vlasov-Poisson system in the lowest order
drift approximation.
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Fig. 5
PIC code results showing the plasma density
distribution in different transverse slices 
of the electron column, at a given time.

Fig. 6
CCD images of the electron beam
on the phosphor screen, for decreasing
values of the magnetic field.
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Structure and dynamics of clusters of galaxies

G. Bertin1, S. Caffi1, 2, C. Grillo1, A. Leccardi1, 2, M. Lombardi1, S. Molendi2,
and M. Rossetti1, 2

Associations of galaxies range from groups of tens to clusters of thousands of galaxies.
Clusters of galaxies are the most massive (M ~ 1014 MSun) gravitationally bound systems in
the Universe. Chandra and XMM-Newton can perform high-resolution imaging of the X-ray
emitting Intra-Cluster Medium (ICM), which is responsible for about 20% of the total mass.
The ICM is a tenuous, hot (several keV), highly ionized and metal-rich plasma. In many clus-
ters, the Hubble Space Telescope shows spectacular strong lensing patterns, in the form of
giant luminous arcs, distorted arclets, and multiple images of background galaxies.

We measured the mean temperature profile [1] for a sample of 21 clusters selected from
the XMM-Newton archive (high temperature kT > 4 keV, intermediate redshift 0.09 < z <
0.23, high galactic latitudes), to resolve the conflicting results of previous studies. The clear
temperature decline (Fig. 1) found in the outer regions (r > 0.2 r180), with a common behav-
ior for relaxed and non-relaxed clusters, confirms the picture proposed by De Grandi &
Molendi [2]. This new measurement suggests the existence of a universal temperature pro-
file for hot clusters. We have also performed a joint Chandra and XMM-Newton structural
analysis of two clusters. In the cluster A3558, a cold front is detected and studied [3] with a
metallicity profile continuous across the surface brightness discontinuity. Interestingly, a tail of
gas with low entropy, high density, and low temperature is found behind the cold front. In the
cluster A2199, an X-ray cavity filled with radio emission provides evidence for interaction
between the central active galaxy and the ICM plasma [4]. Through the application of the stan-
dard synchrotron model, we found a magnetic field of a few tens of µG inside the radio bub-
ble. A detailed modeling of another structure in the ICM, characterized by high density and
metallicity and low temperature and entropy, suggests that we are witnessing the formation of
the cool core in A2199.

Determining an accurate model for the mass distribution in distant clusters has important
consequences on the currently developed cosmological scenarios. Since these clusters may be
far from symmetry and equilibrium, gravitational lensing studies are especially valuable. We
present a strong lensing study of RDCS 1252.9-2927, one of the most distant (z = 1.24), mas-
sive, and X-ray luminous clusters known to date. The images (i and z, ACS) from HST and
others (B, V, and R, FORS; J and K, ISAAC) from VLT show the existence of several tangen-
tial arcs. The position and shape of two of them (Fig. 2), with measured redshift z = 3.3, lead
to a measurement of the total mass inside the Einstein radius: M(R < 130 kpc) = (1.2 ± 0.1) x
1014 MSun, in the current cosmological concordance model [5]. This lens model has then been
used to discover two high-redshift galaxy candidates (z1 ~ 2.5, z2 ~ 4) magnified by lensing.
The strong lensing mass measurement agrees well with the weak lensing [6] and the X-ray
analyses.
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Fig. 1 
Temperature profiles for a sample of 21
clusters of galaxies observed by XMM-Newton

Fig. 2
RDCS 1252.9-2927 in B, V, z, and K bands.
Tangential arcs and the Einstein ring around
the red massive cluster galaxies.
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Fig.1  
Rotation curves for the cold disk 
and for the anomalous gas in NGC 4559
(from [1]). 
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Structure and dynamics of nearby 
spiral galaxies

C.V. Barbieri1, 2, G. Bertin1, D. Bettoni3, R. Boomsma4, A. Cava1,3, F. Fraternali5,
T. Oosterloo6, and R. Sancisi2,4

Recently, the in-depth study of nearby galaxies has led to the surprising discovery that the HI
distribution is not confined, as previously thought, to the thin equatorial plane of the disk, but
may extend well out of plane, forming a slower-rotating halo-like structure (see the rotation
curves in Fig. 1). Most likely this anomalous gas does not coexist with the normal gas in the
region close to the equatorial plane. This finding has important consequences on our picture
of how spiral galaxies form and evolve. More specifically, such extra-planar gas may be the
result of a galactic fountain circulation or be indicative of ongoing accretion from the exter-
nal environment; similar scenarios had been invoked to interpret the phenomenon of the high
velocity clouds in our Galaxy. By a deep 21cm investigation of NGC 4559, we have found
[1] one more example of this phenomenon, which adds to the very small number of firm cases
of extra-planar gas identified so far. The extra-planar gas of NGC 4559 is similar to that found
in NGC 891, UGC 7321, and NGC 2403. This suggests that the anomalous gas may be a
common feature in spiral galaxies, missed earlier because of insufficient sensitivity of the pre-
vious observations. 

From the dynamical point of view, finding new properties in the structure of galaxies rais-
es new problems of equilibrium and stability. On a related theme, we have recently addressed
the question of the stability of disks characterized by the presence of two components in rel-
ative motion [2]. We showed that the small relative motion between the two components asso-
ciated with the so-called asymmetric drift can be the origin of instability for suitable non-
axisymmetric perturbations [3]. The result is obtained by examining the properties of a local,
linear dispersion relation for tightly wound density waves in such a two-component fluid
model which extends the case analyzed in previous investigations. 

To get a statistically significant picture of the properties of galaxies, the deep study of indi-
vidual galaxies should be accompanied by dedicated extensive surveys. One project which
may bring important information on the dynamics of normal galaxies is WINGS (Wide-field
Imaging Nearby Galaxy-cluster Survey; [4]), a wide-field spectro-photometric survey of a
complete all-sky X-ray selected sample of 78 clusters in the redshift range z = 0.04-0.07.
WINGS is the deepest (Mv ≤ - 14), best resolution (1’’) survey of a complete sample of near-
by cluster galaxies to date. A natural follow up of the photometric survey is the long term
spectroscopic program that we are carrying out using spectra taken with the WHT-WYFFOS
and AAT-2dF multifiber spectrographs which is fundamental to address the study of the
dynamics of the clusters. Redshifts, line indices and equivalent widths of the main absorption
and emission features are measured and provide cluster membership, star formation rates and
histories, and metallicity estimates. An extensive observational program is planned to com-
plete the spectral range from the NIR to the UV.



Diocotron instability in an electron plasma

G. Bettega1,2, F. Cavaliere1, M. Cavenago3, A. Illiberi1,2, R. Pozzoli1,2, and M. Romé1,2

In a wide range of experimental conditions an electron plasma column trapped in a
Malmberg-Penning device behaves like a 2D fluid [1]: diocotron modes (i.e. flute density per-
turbations analogous to Kelvin waves on an extended vortex patch) propagate on the plasma
surface, and become unstable when the plasma density profile is hollow [2]. For the funda-
mental l = 1 diocotron mode, i.e. the propagation of a wave with spatial dependence exp(iϑ),
which corresponds to an off-axis rotation of the plasma, the theory predicts marginal stabili-
ty (the column orbits with a fixed radial displacement).

The experiments performed on the ELTRAP device [3] show that the fundamental dio-
cotron mode is destabilized by the presence of a small population of ions, produced by ener-
getic electron-neutral collisions, occurring also in UHV conditions [4]. The schematic of the
experimental set up is shown in Fig. 1. It is found that direct plasma heating with radio-fre-
quency bursts increases the ionization rate, and triggers the instability. Similar results have
been obtained adding a potential well for the ions, which causes their accumulation inside
the trap.

The radial offset of the plasma linearly increases in time, moreover maximum growth
rates have been measured when the system parameters (plasma radius, electron density, con-
fining magnetic field) satisfy a resonance condition [5]. In practice this destabilization mech-
anism acts in all the experiments on magnetized plasma column and is likely to be at the basis
of the particle loss also in toroidal devices [6]. According to the experimental results on the
instability trigger an effective method of control has been developed, consisting of a continu-
ous ions removal by low (1÷3 V) electrostatic potentials applied to the inner electrodes of the
trap, which are usually grounded. The application of such an ion removing field stabilizes the
plasma rotation and increases the plasma mean life. This effect is shown in Fig. 2. Time vary-
ing configurations of the ion removing field, which limit the plasma radial bulk expansion due
to the cylindrical symmetry breaking, have been successfully tested.
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Fig. 1 
Schematic of the Malmberg-Penning trap
ELTRAP and its diagnostic system. The
azimuthally sectored cylinders S2 and S4
allow to detect the plasma rotation. The
source connections, the amplification
circuitry and the phosphor screen for the
optical diagnostic are shown. The aluminum
polarization layer on the phosphor screen can
also be used as a charge collector.

Fig. 2 
Effect of the ion removing fields on the
amplitude D of the diocotron mode. The
constant voltages VC3 = -4 V, VC4 = -2 V,
VS2 = 0 V are applied on the cylinders C3,
C4 and S2, respectively. The ion removing
fields are applied from 1 to 2 s (curve (b)), or
from 1 s to 3 s (curve (c)). Curve (a) refers to
a standard configuration, with the inner
electrodes grounded.
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Accretion and proto-stellar disks

G. Bertin1, B. Coppi2, A. Isella1,3, G. Lodato4, A. Natta3, and L. Testi3

The paradigm of accretion has had a major impact on a variety of phenomena in astrophysics;
in particular, it has often been applied to the context of proto-stellar disks. We have studied the
role of the disk self-gravity on the properties of accretion disks and found that this role may help
explain a number of observational properties of young proto-stellar objects, especially of FU
Orionis stars [1]. The theory of such self-gravitating disks recognizes that disks in their outer
parts cannot be too cold, otherwise they would be Jeans unstable; Jeans related instabilities,
combined with dissipation, are thus bound to enforce a sort of “thermostat” (self-regulation),
with properties that can be calculated analytically or studied by numerical simulations (see Fig.
1). In particular, self-gravity results to be very effective in (i) redistributing angular momentum
in the disk and (ii) heating the disk up, so that a self-regulated equilibrium is rapidly established,
where the stability parameter Q is maintained close to its marginal value Q ≈ 1. Simple models
of the self-regulated disks show that these disks are likely to be hotter in their outer parts than
the corresponding non-self-gravitating disks and that they may show deviations from Keplerian
rotation. These concepts might be extended to the case in which electric currents and magnetic
fields are also dynamically important; work is in progress to find a consistent model for the tran-
sition region from a warm, plasma-dominated, magnetized inner disk [2] to a cool, neutral, self-
gravitating outer disk. 

To explain the observations of young stellar objects, some models do not rely on the accre-
tion paradigm but rather on the role of irradiation of the disk by the central star under a suitable
geometry. The predictions of a new hydrostatic, axisymmetric, radiative equilibrium model for
the innermost region of passive irradiated dusty disks [3] have been compared with the present
near infrared interferometric observations of some intermediate-mass young stellar objects. The
model incorporates the variation of the dust grain evaporation temperature with the gas density.
The resulting dust evaporation distance depends on the grain composition and size; it increases
with the height above the disk mid-plane, describing a curved surface (see Fig. 2). The calculat-
ed radius of the inner rim of the dusty disks is generally consistent with the interferometric
observations of Herbig Ae stars. In four out of six analysed circumstellar disks, dust grains larg-
er than 1 µm, much larger than typical grains in the interstellar medium, are either required by
or consistent with the data, confirming that grain growth has taken place in the innermost disk
regions [4].
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Fig. 1 
Smoothed Particle Hydrodynamics simulation
of a self-gravitating proto-stellar disk. The
disk develops spiral structure which
redistributes angular momentum and brings
the disk to a quasi-stationary state, where
cooling is balanced by the heating associated
with spiral instabilities. The image shows 
the disk density when such self-regulated
state is reached. In the case shown here,
the disk mass is relatively light 
(Mdisk = 0.1M

*
; after Lodato & Rice 2004,

MNRAS, 351, 630).

Fig. 2 
Sketch of the structure of the inner disk (after
[3]) for a star with temperature of 10000K,
luminosity of 50 and mass of 2.5 in solar units.
(a) The circumstellar disk is truncated
internally at about 0.5AU from the star by dust
evaporation, which produces a dust depleted
inner hole and a “puffed-up” inner rim. (b) 
The inner rim appears as a bright ring in the
sky. (c) The rim surface is curved.  
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Fig. 1 
Resolution A3 from IAU General Assembly,
Kyoto 1997

Fig. 2 
Query page to retrieve the CADARS data

Catalogue of Apparent Diameters 
and Absolute Radii

of Stars (CADARS) – 4th edition

A.L. Ciapi1, S. Motta2, and L.E. Pasinetti1

Databases are an essential tool for the modern Astrophysical research. The need for
archiving astronomical data was stressed also by the resolution A3 at the 23rd International
Astronomical Union (IAU) General Assembly (KYOTO,1997) (Fig. 1). 

The first world-wide astronomical data centre was the “Centre des Données Astronomiques
de Strasbourg” (CDS) which collaborates also with IAU Commission 5 “Documentation and
Astronomical Data” and with CODATA (Committee on Data for Science and Technology of the
International Council of Scientific Unions).

The archives of CDS and other astronomical data centres are available on line to the whole
scientific community and give catalogues, elaborated by the authors, of the objects and their fun-
damental parameters, derived from ground based and space observations. Moreover it is possi-
ble to obtain bibliographical information, cross identifications, images, plots, field charts, links
to external archives and so on.
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Towards an optimized scanning strategy 
for the Planck satellite

B. Cappellini1, D. Maino1, M. Bersanelli1, A. Mennella1, P. Platania2, C. Burigana3,
M. Maris4, and X. Dupac4

Planck is an ESA mission planned to map the Cosmic Microwave Background (CMB)
anisotropy in the frequency range 30-857 GHz, with 30’-5’ angular resolution and sensitivity
∆T/T ~ 10-6 per resolution element. A key mission aspect is the choice of the satellite orbit and
scanning strategy (SS). Their main features are now well established but details are not frozen
yet. Accurate studies are in progress to identify the best choice for the scientific data exploita-
tion [1, 2]. The SS must satisfy established attitude limits for the payload. Thermal and
telemetry constraints require the spin axis to point within 10° with respect to the Sun and 15°
with respect to the Earth.

Planck traces a Lissajous orbit about the Earth-Sun Lagrangian point L2, at ~ 1.5 x 106

Km from the Earth. The “Nominal” SS (NSS, spin axis always on the Ecliptic) is the simplest
SS which satisfies the requirements, but also suffers from limitations. A displacement of the
spin axis can solve them but can also induce thermal and stray-light contamination. The SS
has to be chosen as the best trade-off among these factors. The choice is going towards a
cycloidal pattern of the spin axis. 

Telemetry limits the initial position (defined by a “phase’’ parameter) of the spin axis. We
compute the telemetry angle during the observations, as a function of cycloidal amplitude,
phase, spin axis period and motion direction, to settle the best configuration (Fig. 1). As expect-
ed, the best period is ~ 6 months, synchronized to the orbit around L2, for each amplitude.
Higher is the amplitude and stronger is the limitation on the allowed periods and phases. 

The SS geometry directly impacts the accuracy of the in-flight calibration [3] based on the
dipole pattern. We propose an objective criterion to choose the phase, optimizing the calibra-
tion on time scales ~ 3-6 months. Figure 2 shows the minimum value of the dipole signal
available for calibration vs phase, for two surveys. The maximum of each curve fixes the best
phase. This optimization suggests a re-adjustment of the phase at the end of each survey. 

In the NSS no full coverage of the sky is achieved and deep fields (DFs) are not-connect-
ed regions. This is not optimal, since DFs are promising for CMB polarization anisotropy
imaging. A cycloidal pattern fills the polar holes and redistributes the sensitivity in the sky.
Only an amplitude > 7.4° allows full-sky coverage for each detector. The phase fixes the ori-
entation of the DF in the sky. Its value can be chosen to minimize the Galactic foregrounds in
the DFs and to optimize the global sensitivity in the presence of sky masks.
A cycloidal pattern slightly reduces Earth and Moon stray-light contamination but substan-
tially worsens the Solar one. The latter is largely below the CMB signal and noise levels
only provided that the beam response in the relevant pattern region never exceeds well-
defined values.
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Dynamics, heating, and transport problems
in fusion plasmas

F. De Luca1, D. Farina2, A. Jacchia2, H. Maaßberg3, R. Pozzoli1, M. Romé1, and F. Ryter4

Collective phenomena play a dominant role in the behavior of high temperature plasmas.
Their occurrence in magnetic confinement configurations may enhance thermal energy and
particle transport up to intolerable levels, a major obstacle to nuclear fusion. On the other
hand, collective processes may be efficiently exploited in different methods used to heat the
plasma and/or to modify the electric current distribution, and contrast the rising of instabili-
ties. Three examples are presented, where investigations of such types of processes are perfor-
med in different plasma systems, and with different methods.

In the first problem the self-consistent dynamics of a beam-plasma system is considered,
as paradigmatic case of plasma-wave interaction, where energy and momentum transfer
occurs through plasma waves. The analysis is performed in the framework of a kinetic approa-
ch using a Hamiltonian technique, and leads to a N degrees of freedom Hamiltonian with
generic characteristics. The connection between the behavior of nonlinear perturbations and
stochasticity of the system (measured through the time-dependent maximum Lyapunov expo-
nent) is investigated. It is found that the development of self-consistent large amplitude oscil-
lations occurs in correspondence with the onset of chaos, and is related to a well defined chan-
ge of topology of the phase space of the system. It is also shown that in a (Hamiltonian)
linearly stable regime the development of large amplitude oscillations can occur when weakly
dissipative processes are introduced [1].

The second problem refers to the production of electron current, by injection of electro-
magnetic waves, to sustain plasma confinement and stability. The electron cyclotron current
drive (ECCD) with extraordinary mode at the second cyclotron harmonic launched from the
high-field-side (HFS) has been investigated in W7-AS stellarator at the Max-Planck-Institute
für Plasmaphysik in Garching (Germany). Trapped particle effects and quasi-linear effects are
taken into account in linear ray-tracing and quasi-linear bounce-averaged Fokker-Planck com-
putations of the driven current. The results for both low-field-side (LFS) and HFS injection in
W7-AS have been compared with the experimental results. A slightly lower current drive effi-
ciency has been obtained, both theoretically and experimentally, in the case of HFS injection,
confirming the LFS launch as the preferred mode of operation for ECCD [2].

The third topic is a crucial issue for reactor extrapolation, and refers to the electron heat
transport in high temperature plasmas. Steady state and perturbative heat transport studies
allow a quite good theory-experiment comparison. In particular, the ETG model has been
experimentally verified by analyzing and comparing data of Cold Pulses (LBO of silicon) and
of MECH induced temperature perturbation in FTU (Frascati Tokamak Upgrade) and Asdex
Upgrade tokamak. The model predicts that the heat transport is determined by the presence
of instabilities due to critical values of the characteristic length of the electron temperature
gradient. In FTU experiments [3] the measured critical value turns out to be related to the
parameter s/q (where s is the shear, and q the security factor) determined by the plasma cur-
rent profile. Additional confirmations of the model come from the analysis of experiments in
ASDEX Upgrade [4]: steady ECH power induces a transition from low to high electron heat
transport at the sides of the injection radius; close to the transition, temperature perturbations
show a non-linear behaviour consistent with a critical gradient length concept.
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On invitation of CDS and IAU Comm.5, a “Catalogue of Apparent Diameters and
Absolute Radii of Stars (CADARS)” determined by different methods and technologies
was planned in 1979 and published in 1981 [1,2]: CDS Catalogue II/61. The second edition
(CDS Catalogue II/155 ) [3,4] is included in the CD ROM of the NASA [5], reporting the
most frequently requested catalogues. CADARS is used by the scientific community both
for studies on stellar structure and evolution, and for calibrations of astronomical instru-
ments. The authors were encouraged to assemble a 3rd edition (CDS Cat II/224) updating
the catalogue with the large amount of high precision data from the long baseline interfer-
ometers [6]. The data listed in the catalogue are reported in Fig. 2.

At present we are implementing and updating the 4th edition of the CADARS. Statistical
researches are in progress on the catalogue, as well as comparisons and calibrations of the
different methods used for the determination of the parameters. We note that most of the
new data are derived from direct measures rather than from indirect methods as in the pre-
vious editions.



Fig. 2

Plasma Physics and Astrophysics The Planck satellite: getting ready for data analysis

159

Plasma Physics and Astrophysics

158

The Planck satellite:
getting ready for data analysis

D. Maino1, M. Bersanelli1, B. Cappellini1, A. Mennella1, F. Pasian 2, A. Zacchei2,
C. Baccigalupi3, and F. Perrotta3

Planck is the third generation of CMB anisotropy space mission planned to fully map the sky
emission with an un-precedented combination of frequency coverage (30-857/Hz), angular
resolution (30’ to 5’) and sensitivity (∆T/T ~ 10-6 per resolution element). It is an ESA mis-
sion scheduled for launch in 2007.

In order to fully exploit the wealth of cosmological and astrophysical information encod-
ed into Planck frequency maps, a key issue is the control and removal of all possible instru-
mental systematic effects down to the µK level. This could be achieved by a detailed design
of the instrument (see Mennella et al. this report). However it would be possible not to con-
trol systematic effects at the desired level only in hardware, so that suitable data processing
techniques have to be “invented’’ in order to reduce unwanted effects [1].

After systematic effects have been reduced and clean sky maps are obtained, it is neces-
sary to “separate’’ the individual different emissions contributing the observed signal in order
to obtain genuine CMB signal. In this respect several approaches both blind and non-blind
have been proposed [2].

A key theoretical prediction is the actual angular power spectrum of the CMB
anisotropies. This could be extracted from a CMB map although a brute-force approach is
unfeasible and proper approximation or Monte Carlo (MC) methods are usually considered.
Figure 1 shows the reconstruction of the CMB temperature angular power spectrum using the
MASTER approach for a simulated case of one of the Planck channels [3]. After noise bias
have been estimated via noise-only simulations and data-processing effects evaluated by
means of signal only MC simulations, the true angular power spectrum is extracted with high
fidelity. From a CMB spectrum it is possible to extract the values of the principal cosmolog-
ical parameters which will allow a better understanding of our Universe.

The pipeline so far described is handled by a software called Process Coordinator (ProC)
developed within the Planck consortia by Max-Planck Institute in Garching. This software
allows the final user to create his own pipelines. One has to provide a proper description of
each software modules via an XML file in which all I/O interfaces as well as usual parame-
ters are specified. Once this is done modules can be graphically connected. Figure 2 shows an
example of such a pipeline including calibration and map-making processing steps.
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Calibration and testing 
of the Planck-LFI instrument

A. Mennella1, M. Bersanelli1, D. Maino1, M. Tomasi1,2, B. Cappellini1, S. Pezzati1,
O. D’Arcangelo3, L. Figini3, S. Garavaglia3, P. Platania3,

A. Simonetto3, C. Sozzi3, P. Battaglia4, C. Franceschet4, M. Lapolla4, and P. Leutenegger4

This paper focuses on the Planck-LFI Qualification Model (QM) testing. In particular we
describe the test setup and the performed radiometric tests.

Introduction
Planck, an ESA mission scheduled for launch in 2007, is the third generation space mission
planned to fully map the CMB anisotropy with an unprecedented combination of frequency
coverage (30-857 GHz), angular resolution (30’ to 5’) and sensitivity (few µK per pixel). Two
instruments will be present in the focal plane of a 1.5 metre off-axis aplanatic telescope: the
High Frequency Instrument (HFI), a bolometric array in the range 100-857 GHz, and the Low
Frequency Instrument, an array of 11 pseudo-correlation radiometric receivers [1,2] in three
frequency bands centred at 30, 44 and 70 GHz. LFI testing and calibration is carried out in
three steps: (i) unit level testing, (ii) calibration of each radiometric chain (RCA) and (iii)
testing and verification of the integrated instrument (RAA).

Test setup
The individual RCAs at 30 and 44 GHz and the complete RAA have been tested in Alcatel
Alenia Space labs (Vimodrone - Milano). Each radiometer is tested under vacuum with fli-
ght-representative thermal conditions (see Fig. 1). The RCA is cooled at ~ 20 K at the front
end and kept at ~ 300 K at the back end. Connecting waveguides are thermally linked to three
interfaces at ~ 50 K, ~ 100 K and ~ 150 K, respectively. The receiver input loads are cooled
at ~ 4K. 

The integrated LFI is tested in a second cryo-facility with flight representative thermal
interfaces and ~ 20 K input loads (see Fig. 2).
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Fig. 1 
The 44 GHz RCA integrated in the “small”
facility

Fig. 2 
The LFI QM ready for testing in the “big”
chamber
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Calibration test
Table 1 lists the main radiometric tests performed on the LFI QM.

Table 1 - List of radiometric calibration tests

TUNING SKY LOAD

Dynamic range optimisation The input signal is optimised to To

Phase switch balance the ADC dynamic range and best bias 

Amplifier bias tuning conditions are found

BASIC PERFORMANCES

Noise temp., calibration const., Data acquired during a ramp

input offset, linearity in the input load temperature

Bandwidth Monochromatic wave swept through 

the receiver bandpass (RCA only)

NOISE

White and 1/f noise, noise effective Data acquired in stable conditions

bandwidth

SUSCEPTIBILITY

To temperature variations Test performed by changing boundary 

To bias variations temperatures or bias input voltages

Data have been analysed with a software (LIFE, Lfi Integrated perFormance Evaluator)
specifically developed by the LFI team. Current plans foresee its application to LFI flight
model ground testing as well to performance evaluation during flight.

. 
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Glitches and vortex pinning 
in superfluid pulsars

P. Pizzochero1 and P. Donati1

The observed sudden spin-ups of magnetized rotating neutron stars (pulsar glitches) could be
direct evidence of macroscopic superfluidity of the neutrons in their interior. A superfluid can-
not sustain rigid rotations, but instead it develops an array of vortices to carry the angular
momentum. If the neutron vortices are pinned to the nuclei present in the crust and are sub-
ject to drag forces, they can be unpinned catastrophically and deliver their angular momen-
tum to the surface of the star, thus causing a glitch. 

The crucial microscopic quantity is the vortex-nucleus interaction energy and the associ-
ated pinning force. We present the first realistic and fully consistent model to calculate unam-
biguously, within the framework of the Local Density Approximation, the structure and radius
of the vortex core along the crust; the model takes into account all energy contributions to
evaluate the vortex-nucleus configuration with lowest energy. The results show that pinning
of vortices on nuclei occurs only in the deepest layers of the crust with average pinning forces
that are quite weak, almost one order of magnitude smaller than in existing calculations.
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Asteroseismology and search for extrasolar
planets with COROT

M. Rainer1, E. Poretti2, L. Mantegazza2, E. Antonello2, M. Bossi2,
and L.E. Pasinetti1

The photometric satellite COROT (COnvection, ROtation and planetary Transits; see
http://corot.oamp.fr/) was launched at the end of 2006. It carries on two main scientific pro-
grams: asteroseismological measurements (e.g. detection and analysis of the oscillation eigen
modes of the stars) and detection of extrasolar planets with the transit method (e.g. the lumi-
nosity variation due to the crossing of the planet on the stellar disk). Its scientific outcome will
be very high: for the first time it will be possible not only to test the diagnostic power of aste-
roseismology on the internal structure of solar-like stars, but also to detect the presence of tel-
luric planets around main-sequence stars. Moreover, a large number of additional programs
has been proposed in order to complete the observational program of the satellite and exploit
its capabilities (high-precision photometry, long time-baseline and so on).

During the preparatory work for the space mission COROT, a huge program of ground-
based spectroscopic and photometric observations has been performed, in order to choose and
characterize the asteroseismological targets of the mission. This work, in which the Brera
Observatory has been deeply involved, led to the creation of the GAUDI (Ground-based
Asteroseismology Uniform Database Interface) database [1], where the high-resolution spec-
tra and the photometric and fundamental parameters of the observed stars are available to the
whole scientific community (http://sdc.laeff.esa.es/gaudi/). We used the GAUDI data to study
stellar activity and differential rotation. Using the infrared doublet of CaII, we defined a new
activity index to be used with the FEROS (Fiber-fed Extended Range Optical Spectrograph)
spectra of the archive, for which it is very difficult to derive the classical activity indices [2].
Then we exploited the possibility to work on a large number of stars with different peculiari-
ties in order to study the presence of differential rotation. Our technique requires mean line
profiles dominated by rotational broadening, so we focused on the A- and F-type stars of the
database. We found an interesting feature in the A-type stars: there seems to be an excess of
anti-solar differential rotation in the stars with no outer convective zone [3].
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uncertainty on the parton distributions, and indeed of any physical obsrevable which
depends on them.

The second difficulty is addressed by using neural networks, instead of a functional form,
to parametrize parton distributions. Neural networks are a class of algorithms designed in
order to extract information from noisy or incomplete data, without having to make assump-
tions on the underlying law which is obeyed by the data. The only assumption is a certain
degree of smoothness of the function which describes the data. Neural networks are made of
nodes which receive inputs from others nodes, and give an output, if the weighted sum of the
inputs is larger than a given threshold. The connection between two nodes is given by a non
linear function. The parameters are the weights and the thresholds. In our case we use a mul-
tilayer feed forward neural network where each layer communicates only with its next neigh-
bors. The neural networks can be fitted to the data by using a wide class of minimization tech-
niques, which include standard steepest descent, but also methods which exploit the structure
of the network themselves (back-propagation) or which are advantageous due to the neural
network’s flexibility (genetic algorithms) [2]. The general structure of our approach is graph-
ically summarized in Fig. 1.

The first result that we discuss is the fit of the proton structure function from data. This
case is very simple since it does not involve expressing the structure of the proton in terms of
its constituents. Rather, the proton sctructure is parametrized directly. This much simpler
problem is not so useful because ultimately it is the parton distributions that we are interest-
ed in, but it is interesting because it shows some general features of a fit done with neural net-
works. In Fig. 2 our fit is compared to data and also to a previous fit by the SMC experimen-
tal collaboration. The comparison is interesting since the SMC collaboration used a kind of
polynomial parametrization, and its behaviour in the extrapolation region is the same of the
standard parton sets. In the data region the two fits give the same description, but when extrap-
olating outside the data the SMC error band has the same width it has in the data region, while
the neural network error band grows. This growth extrapolates the degree of smoothness dis-
played by the curve as reproduced by neural network in the data region. This is a more phys-
ically motivated way of estimating the uncertainty in the extrapolation than arbitrarily assum-
ing a functional form. The adequacy of the fit in the data region (in particular the assumed
smoothness) can be assessed by means of various statistical estimators. In particular, we
checked that results do not depend on the architecture, of the neural networks and on various
aspects of the way they are fitted to the data.
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Neural networks and the structure 
of the proton

A. Piccione1, L. Del Debbio2, S. Forte3, J. I. Latorre4, and J. Rojo4

Over the last few years, our knowledge of the structure of the nucleon and the techniques used
to obtain it have progressed rapidly. This knowledge is essential in order to understand the
data which will come from the future collider LHC, where the structure of fundamental inter-
actions will be explored in proton-proton collisions. In principle, we should be able to deter-
mine the structure of a proton from QCD, the theory we use for strong interactions. In prac-
tice, however, we do not know how to solve QCD in the non-perturbative regime, and there-
fore the structure of the proton has to be determined experimentally. This is possible thanks
to factorization, which states that a wide class of “hard” physical processes can be computed
by folding parton distributions, which describe the structure of the proton in terms of its con-
stituents – quarks and gluons – with a perturbative computation of the interaction between
these constituents. These parton distributions are a property of the proton, i.e. they do not
depend on the specific physical process in which the proton is involved. Therefore, we can
extract the parton distributions from, say, an electron-proton scattering process (such as Deep
Inelastic Scattering), and use this information to describe a proton-proton collision. Recent
studies have shown that when computing cross sections for processes relevant for the LHC –
in particular the production of the Higgs boson, the hitherto undiscovered particle which is
responsible for the mass of all other particles - the uncertainty related to our incomplete
knowledge of parton distributions may play an important role.

The parton distributions depends on two kinematic variables: x, which is essentially the
fraction of the proton mass carried by the given parton, and the scale Q 2, which roughly cor-
responds to the resolution with which the nucleon is probed (high Q 2 means higher resolu-
tion). The dependence of a parton distribution on scale is governed by perturbatively known
QCD evolution equations, so only the dependence on x must be extracted from experiment.
Different pieces of data determine the parton distributions in different regions of x and Q 2,
which can then be brought to the same scale by perturbative evolution, thereby determining a
set of parton distributions (one for each species of quark and antiquark and one for the gluon)
as functions of x at a given reference scale. The aim of a parton determination is to produce
such a set of functions from all the available information, together with the associate experi-
mental and theoretical uncertainties.

To extract a function from data is a mathematically ill-posed problem: a function is an infi-
nite dimensional object, while only a finite set of data is necessarily available. Determining
the uncertainty on a function is even harder. The standard approach to the problem is to choose
a functional form with a fixed number of parameters and to determine these parameters by fit-
ting to the data. This method has two main shortcomings. The first is the difficulty in propa-
gating the error from data to the parametrization, and then from the parametrization to any
observable that it is evaluated with it: this is easy to do only in a linearized approximation,
which is not always adequate. The second is the difficulty in assessing the bias associated to
the choice of functional form, which is done on the basis of theoretical prejudice. The latter
is especially delicate, because a functional form parametrized by a small number of parame-
ters must be chosen in order for the fits to converge, but this is then inevitably a source of bias:
a bias free fit would never converge.

We have proposed [1-3] a new approach to this problem, which is based on the use of
neural networks combined with the so-called Monte Carlo method. The Monte Carlo
approach addresses the first difficulty of the standard approach. Instead of propagating
the experimental error on the parameters of the parton distributions, we generate replicas
of the true experimental data, which flucutate about the central experimental values in a
way that reproduces the data uncertainty. If the number of replicas is sufficiently large,
averaging over the replicas we can reconstruct the data we started from with their errors
and correlations. Instead of producing a single set of parton distributions, we then pro-
duce as many replicas of the parton distributions as we generated replicas of the original
data. The fluctuation of these replicas then automatically propagates the fluctuations of
the data we started from, and averaging over them we can reconstruct the value and

Theoretical Physics

1 Dipartimento di Fisica Teorica, Università
di Torino
2 Particle Physics Theory Group, University
of Edinburgh
3 Dipartimento di Fisica, Università 
degli Studi di Milano
4 Departament d’Estructura i Consituents 
de la Materia, Universitat de Barcelona

REFERENCES
1. Forte S., Garrido L., Latorre J. I.,
Piccione A., Neural network parametrization
of deep inelastic structure functions, JHEP
0205:062,2002, e-Print Archive: hep-
ph/0204232
2. NNPDF Collaboration (Del Debbio L. 
et al.), Unbiased determination of the 
proton structure function F(2)**P 
with faithful uncertainty estimation, JHEP
0503:080,2005, e-Print Archive:
hep-ph/0501067
3. NNPDF Collaboration (Rojo J. et al.),
The neural network approach to parton
fitting, Presented at 13th International
Workshop on Deep Inelastic Scattering (DIS
05), Madison, Wisconsin, 27 Apr – 1 May
2005. e-Print Archive: hep-ph/0505044

Fig. 1

Fig. 2

167166



Local functional equation 
of the nonlinear sigma model. 

Geometry and renormalization in D = 4

A. Quadri1 and R. Ferrari1

The renormalization of the nonlinear sigma model in D = 4 is performed by enforcing the
functional equation associated with the invariance of the Haar measure under local left mul-
tiplication. Pion fields are embedded into a flat connection Fµ, coupled to the external sour-
ce Jµ. The recursive subtraction procedure of the poles in the D-dimensional amplitudes is
carried out in a way compatible with the functional equation. This means that only local func-
tionals invariant under the linearized functional operator have to be subtracted. We provide
the complete classification of these invariants and show that their coefficients are uniquely
fixed by the polar part of amplitudes only involving the external sources associated to the flat
connection and the composite field φ0 (the constraint of the nonlinear sigma model). The
polar part of the amplitudes involving at least one pion field is then completely determined by
the invariants themselves. Moreover the defining functional equation encodes a hierarchy
among amplitudes allowing to obtain by functional differentiation all amplitudes involving at
least one pion field once those only containing insertions of the flat connection Fµ and φ0
(ancestor amplitudes) are known. The fact that the subtraction procedure is symmetric (i.e.
fulfills the defining functional equation) has been checked by Quantum Action Principle argu-
ments up to two loop level (but the recursive method can be applied to all orders).

The problem of the quantization of the nonlinear sigma model is strictly related to the pro-
gram of giving a consistent structure to chiral perturbation theory. Since a long time people rea-
lized that the nonlinear sigma model cannot be renormalized in a symmetric way (chiral sym-
metry) already at one loop. Some of the unwanted (chirally breaking) terms can be disposed of
by redefinition of the fields (quartic divergences). However some divergent terms of the one-
loop off-shell pion-pion scattering amplitude still violate chiral symmetry and can be reabsor-
bed by redefinition of the pion field only if derivatives are allowed. This strategy of removing
the divergences never turned to a consistent program both for technical difficulty and for the
impossibility of fixing the necessary finite subtractions. From these previous experiences it is
clear that the renormalization of the nonlinear sigma model cannot be achieved by using chiral-
invariant counterterms only.

In [1,2] it is proposed to quantize the nonlinear sigma model in D = 4 by embedding the pion
fields in a flat connection in order to solve the long-standing problem of a symmetric removal
of the divergences. The theory is defined by the functional equation expressing the invariance of
the Haar measure in the path-integral under local left multiplication. This is a local functional
equation which allows to classify the whole structure of the divergences of the nonlinear sigma
model in D = 4.

We show that standard perturbation theory in D-dimensions gives amplitudes that satisfy the
equation without any subtractions. The limit to D = 4 of the properly normalized 1-PI ampli-
tudes is divergent and needs subtraction of the poles of the Laurent expansion in D-4. The recur-
sive subtraction procedure of the poles in the D-dimensional amplitudes order by order in the
loop expansion is carried out in a way compatible with the functional equation. This means that
only local functionals invariant under the linearized functional operator have to be subtracted.

We provide the complete classification of these invariants by cohomological methods and
show that their coefficients are uniquely fixed by the polar part of amplitudes only involving the
external sources associated to the flat connection and the composite field φ0 (ancestor ampli-
tudes). At any given order in the loop expansion only a finite number of divergent ancestor
amplitudes exists. This establishes a weak power-counting theorem for the nonlinear sigma
model in D = 4.

The polar part of the amplitudes involving at least one pion field is then completely deter-
mined by the invariants themselves upon projection on the relevant monomials. It depends on a
finite number of parameters controlling the divergences of the ancestor amplitudes at any given
order in the loop expansion, as a consequence of the weak power-counting theorem and of the

Theoretical Physics

1 Dipartimento di Fisica, Università 
degli Studi di Milano & INFN

REFERENCES
1. R. Ferrari, “Endowing the nonlinear 
sigma model with a flat connection structure:
A way to renormalization,” JHEP 0508
(2005) 048 [arXiv:hep-th/0504023].
2. R. Ferrari e A. Quadri, “A weak power-
counting theorem for the renormalization 
of the non-linear sigma model in four
dimensions,” arXiv:hep-th/0506220, to appear
in International Journal of Theoretical
Physics.

Fig. 3

169168

A fit of parton distributions is more complicated than that of a structure function, since
the observable quantities have to be expressed in terms of a set of parton distributions. In the
following we will show our result for the simplest parton distribution, i. e. the so-called non-
singlet, essentially the difference between the proton and neutron quark content. In Fig. 3, we
compare the non-singlet structure function data with the structure function evaluated starting
from two standard parton sets, CTEQ and MRST (from the names of the respective collabo-
rations) and from our fit. We see that the central values of all the fits coincides within their
error bands, but the errors are rather different, especially in the small x region where they are
significantly larger. This is interesting, because even though we expect the CTEQ and MRST
fits to have a smaller error band, since they include a larger number of data, this is not the case
at small x, where the experimental constraints are essentially the same in our fit and in those
of MRST and CTEQ. Hence, we conclude that this wider uncertainty reflects the larger flex-
ibility of the neural network approach, and it is likely to provide a more faithful assessment
of the true experimental uncertainty. 

We have shown how neural networks can be successfully used to extract in an unbiased
way the structure of the proton. The main perspective of our project is a global fit of all the
parton distributions by fitting all the available experimental data, and its application to esti-
mate the uncertainty of the relevant observables for the LHC.

Theoretical Physics Neural networks and the structure of the proton



Generating functions for trees, forests 
and unicyclics on finite geometries

A. Sportiello1, S. Caracciolo1, and A.D. Sokal2

A new method for proving Kirchhoff Matrix-Tree theorem, involving combinatorics of
Grassmann variables, is developed. The theorem allows to evaluate the partition function of
spanning trees on a given weighted graph, which emerges both in a limit of Potts Model, and
of a free scalar fermion. The method generalizes to other counting problems beyond spanning
trees: forests, hyper-trees and hyper-forests, and collections of unicyclic graphs, whose coun-
terparts are more general cases of the related physical models. In particular, spanning forests
correspond on Potts to consider the whole series in q, instead of a limit q = 0, while on the
free-fermion theory correspond to a OSP(1|2) theory with variables on a supersphere of radius
1/q, instead of its linearized limit of infinite radius. Ward identities for OSP(1|2) symmetry
correspond to combinatorial identities for connectivity patterns among vertices on the forest.
For periodic graphs in 2 dimensions special features emerge. A Renormalization-group analy-
sis suggests that the Spanning Tree theory is a fixed point, w.r.t. parameter q, marginally unsta-
ble in the q > 0 physical region, thus showing Asymptotic Freedom, the crucial ingredient of
QCD confinement, in a specially simpler template model.

The fixed point of spanning trees is a CFT with c = -2, and, on a domain with suitable
boundary conditions, leads to the SLE8 of Uniform Spanning Trees, where the stochastic
curve is the contour of the tree on the medial lattice. This curve arises as well, in cylindric
geometry, in the Temperley-Lieb transfer-matrix formulation of the problem. Interestingly
enough, this algebra is also crucial in the recently-developed fields of Razumov-Stroganov
conjectures for O(n) loop models, while our original OSP(1|2) model can be put in relation to
an analytic continuation of O(n) to n = -1, through Parisi-Sourlas correspondence. For the
Spanning Tree and Unicyclics partition functions on rectangular geometries, interesting fea-
tures of quasi-modularity emerge, involving Eisenstein Series, in a way similar to what has
been observed by Kleban and Zagier for the q = 1 percolation problem.

Introduction
Given a finite graph G, with arbitrary weights on the edges, the multivariate Tutte polynomi-
al is the generating function for spanning subgraphs, with weight given by the product of the
weights for the edges in the subgraph, times a factor q per connected component (beyond the
first one), and a factor q’ per independent loop.

This polynomial coincides with the Potts partition function on the given graph, expressed
in Fortuin- Kasteleyn representation, and encodes all the information on the graph which
could be deduced by Tutte’s deletion/contraction procedure. The evaluation of the polynomi-
al for an arbitrary graph is known to be a NP-complete problem almost everywhere in the
(q,q’) plane (Tutte plane), after a theorem of Vertigan and Welsh. Only a few exceptional
points are allowed to have polynomial complexity, among which the limit (q,q’) = (0,0), cor-
responding to Spanning Trees [1]. This specific case is known to be solved by an analytic pro-
cedure, namely the calculation of a determinant of the so-called “Laplacian Matrix” of the
graph, after a theorem of Kirchhoff of 1847.

Theoretical Physics

symmetric subtraction. As an example, we have given the complete set of counterterms at one
loop level in terms of the coefficients of seven invariants. Moreover it turns out that the func-
tional equation encodes a hierarchy among the amplitudes: once the ancestor amplitudes are
known, all the remaining amplitudes can be obtained by functional differentiation of the func-
tional equation itself.

We then show that the proposed subtraction procedure is symmetric, i.e. yields finite
amplitudes fulfilling the defining functional equation.This has been checked at one-loop level
in [1,2]. At higher orders in the loop expansion the bilinear term of the functional equation for
the 1-PI generating functional yields non-trivial contributions depending on lower-order 1-PI
Green functions. By using Quantum Action Principle arguments we have checked up to two
loop level [3] that the subtraction procedure yields indeed finite amplitudes satisfying the
functional equation (but the recursive method can be applied to all orders).

After having established the consistency of the subtraction procedure, the theory looks
promising and one can think of possible phenomenological applications. The relation between
the large mass limit (at fixed coupling constant) of the linear sigma model and the nonlinear
sigma model in the proposed subtraction scheme is currently under investigation. The exten-
sion of the subtraction procedure to the Stueckelberg model for non-abelian massive gauge
bosons will also be investigated. 
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In order: a configuration of Potts model 
for q = 3, a configuration in the Fortuin-
Kasteleyn decomposition, a spanning forest
and a spanning tree, on a portion of the
square lattice.
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2. Specialities of 2-dimensional periodic lattices
When specialized to a planar periodic lattice, the results above are complemented by infor-
mations that can be extracted from the homogeneity of the problem. In particular, a
Renormalization-group analysis of the OSP(1|2) model in D dimensions allows to determine
that the model at D = 2 shows asymptotic freedom, around the fixed point of spanning trees,
with marginal instability in the physical region q > 0 for the parameter q counting the com-
ponents, where it flows towards the infinite-q limit of all isolated vertices. These results are in
accord with the Baxter exact informations on Potts phase diagram for the square-lattice
model, in (q,v) plane, in proximity of the q = v = 0 point.

The fixed point of Spanning Trees is a logarithmic CFT with central charge c = –2. We
identified the family of operators with conformal weight h = 1 with combinatorial observables
for edge-occupation, and conjectured a relation of the non-unitary family h = –1/8, with a
twist operator on the boundary that exchanges the lattice with the dual lattice, and thus the
spanning tree with the dual spanning tree on the complementary set of edges.

The model of Spanning Trees on the square lattice (oriented on 45 degrees) is related to
the action of Temperley-Lieb algebra on a chain of even length, with loop parameter t = 0: a
loop would correspond either to a cycle or an isolated component on the subgraph, and thus
annihilates the wavefunction. A unique generalization to site-dependent loop parameters is
compatible with the rules of the algebra, namely a “chequered” prescription, which distin-
guish among even and odd plaquettes, and leads to two parameters t and t’, separately for
cycles and isolated components, corresponding to the q and q’ on Tutte’s plane. The spanning-
forest model is the special case t’= 0, t > 0. The Temperley-Lieb algebra, acting inside a trans-
fer matrix, makes its second appearence, after the mysterious connection with Razumov-
Stroganov conjectures and O(n) loop model.

Less on speculative basis, for the spanning-tree model on a D-dimensional cubic lattice,
we made original calculations concerning the expectation values of a family of local observ-
ables: edge occupation correlation functions and probabilities of vertices to have given coor-
dination. Because of a specific feature of the model, the former are obtained without need of
subtractions. Their continuum limit is in accord with the CFT prediction for a primary field
of dimension h = 1. On the other side, the probabilities for vertex coordination are stated in
terms of lattice integrals. For D = 2, in the infinite-size limit, the two relevant integrals are 1/2
and 4/π, and this is the reason why, curiously, the probabilities are integer-coefficient polyno-
mials in 1/π(cfr. Table 1). The finite-size corrections, for the model on a rectangle, can be cal-
culated systematically using [3], and involve Eisenstein series, a family of modular forms (i.e.
functions with special properties under SL(2,C) transformations: they are like modular func-
tions, up to a power of a pure Jacobian). Such a quasi-modular-invariance in a rectangular
geometry, for a model in which the relative angle between the mesh and the geometry direc-
tions is expected to affect physical quantities also in the continuum limit, is unexpected in
principle, but appears already in percolation theory (i.e. the point (q,q’) = (1,1) in Tutte’s
plane), as pointed out by Kleban and Zagier.
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Despite the first comprehension of these topics dates back to more than 150 years ago,
many new things can still be learned, also in connection with recent developments, including
Asymptotic Freedom in lattice models, quasi-modularity of CFTs in finite geometries, SLE8
of Uniform Spanning Trees, and Temperley-Lieb Algebra in O(n) loop models.

1. Spanning trees and forests on generic graphs and hypergraphs
Our work started from a result of Liu and Chow, who described an algorithmic procedure for
calculating the generating function for Spanning Forests, i.e., on (q,q’) plane, a point with q’=
0, and arbitrary q > 0. We remarked how, rephrasing the determinant in Kirchhoff theorem as
a fermionic Gaussian integral, a generalization of the involved combinatorics was possible,
and a specific interacting part, added to the bare Laplacian term, is the exact counterpart of
Liu and Chow procedure [2]. With similar techniques, we developed various other extensions,
among which spanning collections of unicyclics on a graph, and hyper-trees and hyper-forests
on a hyper-graph.

Remarkably, the action of the physical model, written in terms of the Grassmann vari-
ables, has a perturbative connection with the OSP(1|2) vector model, i.e. a model of variables
constrained on a supersphere with one bosonic and two fermionic degrees of freedom [2]. All
the generalizations of the combinatorial technique have a counterpart on, and are indeed moti-
vated by, their physical interpretation. The parameter q counting the components, beyond
appearing as the Potts parameter, is related to the inverse radius of the supersphere (and
indeed, a limit of infinite radius linearizes the constraint and makes the model exactly solv-
able - i.e. Kirchhoff theorem again). Then, the extension to hyper-trees and forests corre-
sponds to higher-order terms in the OSP(1|2) original action, while the case of unicyclics cor-
responds to the introduction of a static gauge field, the weight for the cycles in unicyclic com-
ponents being related to the circuitation of the gauge field.

In the generic framework of O(n) theories, or more generally of OSP(n|2m) theories,
under perturbative analysis (which thus eliminates one bosonic degree of freedom), the fermi-
onic nature of the remaining d.o.f. in OSP(1|2) accounts for a more rigorous control of the the-
ory. Nilpotency gives a cut on the highest possible order in the interaction, and the most gen-
eral interaction Hamiltonian in the OSP(1|2) formulation corresponds to a certain generating
function for interacting hyper-forests, and surprisingly never involves different classes of sub-
graphs (for comparison, we recall that the covariant coupling to a gauge vector field produces
an expansion over unicyclic subgraphs). So, at fixed dimensionality of the parameters, we
have control on the general-Hamiltonian theory. Then, by Parisi-Sourlas correspondence, it is
expected that the OSP(n|2m) theory has the same behaviour of the O(n-2m) theory. A com-
parison is in order with the Nienhuis loop-gas O(n) model, which gives a generic-n approach
to the problem, but both at fixed graph and specific choice of Hamiltonian (the graph must
have coordination 3, and the Hamiltonian being exactly of the form ln(1 + ni·nj). These two
complementary approaches raise questions of universality for the classes of vector models
with O(n) invariance.

As a side remark, we notice how the dense phase of O(n) loop model on the square lattice
has gained renewed attention in recent times, in the framework of integrable systems, in con-
nection to Razumov-Stroganov conjectures, involving the crucial emergence of Temperley-
Lieb algebras as a natural transfer-matrix action for the configurations.

For a generic spanning-forest (or hyper-forest) model, trivial combinatorial relations can
be stated, e.g. the probability that two vertices are in the same component, plus the probabil-
ity that they are in different components, sum up to 1. Surprisingly enough, all these relations
also come out as a result of Ward identities on the corresponding OSP(1|2) model, w.r.t. the
symmetry generators which mix bosonic and fermionic degrees of freedom.
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Fig. 2
A forest (left), and a hyper-forest (right)
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Fig. 3
Potts phase diagram on the square lattice
(left), and a magnification of the limit 
q = v = 0, with t = q/v fixed. The point t = 0
corresponds to spanning trees, and for t
positive the RG flows is marginally unstable
towards the infinite-t limit of all isolated
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p(1) π-3 8 (π-2) 0.295

p(2) π-3 4 (2π2-9π+12) 0.447

p(3) π-3 2 (π-2) (π2-6π+12) 0.222

p(4) π-3 (π-2)2 (4-π) 0.036
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dynamics compatible with translation invariance, and provides a quantum counterpart of clas-
sical results on Markov processes which are both space and time homogeneous, i.e. Lévy
processes. Lévy processes are a class of processes, including Gaussian ones, which despite
obeying the Chapman-Kolmogorov equation characterizing Markov processes not necessari-
ly have finite variance, so that the central limit theorem does not always apply. Such process-
es were in fact found looking for generalizations of such theorem, and are both space and time
homogeneous, thus naturally arising when considering space translation invariance. The gen-
eral structure of the characteristic function of such processes is given by the famous Lévy-
Khintchine formula (for a most compact presentation see [2] and references therein). The rel-
evance of Lévy process in physics is growing [16], since they allow to cope with situations
not encompassed by the central limit theorem.

If the dynamics causing decoherence is Markovian and described in terms of momentum
transfers, so that in the absence of an external potential one has translation invariance, accord-
ing to the aforementioned results by Holevo [15] the master-equation for the dynamics of the
centre of mass degrees of freedom takes a peculiar form so that as shown in [6] one can write
the general solution for the matrix elements of the statistical operator in the position represen-
tation. These matrix elements at a given time t are simply obtained by multiplying the matrix
elements of the initial statistical operator by a function of time and difference in the two posi-
tion labels, let us call it Φ (t, x − y), which turns out to be the characteristic function of a Lévy
process, a quantity actually fully characterized by the Lévy-Khintchine formula. The fact that
Φ (t, x − y) is a characteristic function (i.e. the Fourier transform of a probability density) auto-
matically entails that its modulus is less than one and the value one for x - y tending to zero,
i.e. the natural properties in order to predict the reduction of the off-diagonal position matrix
elements of the statistical operator due to decoherence. This suppression of coherence how-
ever happens with a variety of behaviours going far beyond the quadratic common lore cor-
responding to Gaussian statistics, depending on the process characterizing the physical inter-
action.

We now briefly mention a microphysical model giving a specific realization of the afore-
mentioned general result, which as it turns out actually encompasses all known models of
decoherence for the centre of mass degrees of freedom [1]. Let us consider the motion of a
massive test particle interacting through collisions with a background gas, developed in detail
in [17], where also dissipative effects have been taken into account, relying on a kinetic
approach. Neglecting free motion and dissipation the master-equation is of the general form
predicted by Holevo, and its structure depends on the background gas density, the Fourier
transform of the interaction potential between test particle and gas particles, and a two-point
correlation function characterizing the gas known as dynamic structure factor, which is a func-
tion of both momentum and energy transfer. For a finite macroscopic scattering cross-section
one can introduce a scattering rate and a suitably normalized probability density P(q) of scat-
tering events corresponding to a momentum transfer q. The solution of this master-equation
leads to the appearance of the characteristic function of a class of Lévy processes known as
compound Poisson processes, each characterized by a certain  probability density P(q) [18].
The physical picture behind them is the following: the dynamics is driven by collisions, the
probability of having a definite number of collisions in a time t being given by a Poisson dis-
tribution with given intensity and mean, each collision however is not characterized by a fixed,
deterministic value of the transferred momentum q, but rather by a certain probability densi-
ty P(q), depending in the case under consideration on the two-body interaction potential and
a suitable correlation function. This result generally applies to a situation in which one has a
collection of momentum transfer events each characterized by a certain probability density, to
be obtained or introduced by means of some microscopic or phenomenological model. It has
been used for the theoretical analysis of decoherence experiments with fullerenes, both in the
case of collisional decoherence [13] and of decoherence due to thermal emission of radiation
[14]. Both situations correspond to compound Poisson processes, where the relevant proba-
bility density is obtained in terms of the collisional cross-section and the spectral photon emis-
sion rate respectively. According to a detailed theoretical analysis the final visibility is
obtained by an average of the characteristic exponent over the possible scattering positions in
the interferometer [19].
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Open quantum system theory:
from microsystems to macrosystems

B. Vacchini1 and L. Lanz1

The description of open systems inside quantum mechanics has recently gained in interest
both at the level of theory and applications, putting to work the full-fledged modern formula-
tion of quantum mechanics, which displays most deep and fruitful connections with probabil-
ity theory. The field is deeply connected to fundamental research e.g. through the theoretical
description of experiments testing the borderline between classical and quantum world, such
as most recent quantitative experiments on decoherence. A short overview of work recently
done at the University of Milan on the subject will be given.

In recent times the word decoherence[1, 2] has become quite fashionable in order to
describe a range of utterly different physical situations, which however all exhibit a common
qualitative feature: a quantum system, due to its unavoidably imperfect isolation from the sur-
rounding environment, shows in its dynamical evolution the suppression of typical quantum
coherence properties, such as interference capability.

The basic ideas are actually very old and as it was recently stressed in[3] can be essential-
ly traced back to the first studies on the measurement problem in quantum mechanics in the
50’s (for a reference see [4, 5]). These studies, in which the main concepts related to decoher-
ence already appeared, has led by now to relevant improvements in the formulation of quan-
tum mechanics, going beyond Dirac’s presentation and leading to the new concept of effect,
positive operator valued measure, operation and instrument, also revealing most fruitful and
interesting connections with the theory of stochastic processes; it appears indeed that many
useful clues in studying the theory of quantum systems can be obtained from classical prob-
ability theory. In this report we will focus on recent work [6] showing how the characteristic
function of a classical Lévy process, i.e. the Fourier transform of its probability density, is the
natural quantity in order to describe loss of coherence in interferometry experiments with
massive particles. These more advanced and flexible tools in the description of quantum sys-
tems are by now extensively used in quantum information and communication theory (for a
reference see [7, 8]).

The aforementioned studies on the foundations of quantum mechanics also give a natural
setting for the understanding of decoherence. Following Ludwig’s approach to quantum
mechanics microsystems only appear anchored to an objectively given macroscopic reality.
The very concept of microsystem described inside one-particle quantum mechanics then
appears as a highly schematized description of a typical non equilibrium system, where a
source part affects in a stochastic way a detecting part. There is a field theoretical description
of non equilibrium systems, due to Zubarev [9], where dynamics is given through classical
state parameters, that we reformulated[10] in order to provide an objective background for
microsystems inside quantum mechanics. We suggested [11] that just the breakdown of a
deterministic dynamics of state parameters can be linked with a stochastic behaviour giving
evidence of a microsystem. The macroscopic background in which these microsystems
emerge indicates that decoherence might naturally occur and methods of open system theory
come in the foreground.

We now focus on the issue of decoherence of the centre of mass degrees of freedom of
massive test particles, an object of recent and very accurate quantitative experimental investi-
gations [12, 13, 14], showing how these different situations can be addressed within a unified
theoretical approach which puts into evidence how the loss of coherence in the off-diagonal
position matrix elements of the statistical operator is generally described by the characteristic
function of a Lévy process. The common feature of the abovementioned experiments is the
fact that, provided dissipative effects which take place on a much longer time scale are neg-
lected, the interaction causing decoherence can be characterized through momentum transfer
events. In the Markovian case a common description of such dynamics can be obtained refer-
ring to the general structure of translation-covariant quantum-dynamical semigroups obtained
by Holevo [15], relying on a quantum generalization of the Lévy-Khintchine formula. This
mathematical result essentially gives the most general structure of an irreversible semigroup
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hadronic scale c(K/l) may be calculated in perturbation theory, if not, the matching must
rely on non-perturbative methods.

Several effective field theories for heavy quarkonium that take full advantage of the
non-relativistic hierarchy of scales have been developed and used over the last decade. For
a recent review we refer to [2]. NRQCD is the EFT that exploits the hierarchy K = m » k =
mv. Since m is much larger than the typical hadronic scale, the matching coefficients of
NRQCD may be calculated in perturbation theory. pNRQCD is the EFT that exploits the
hierarchy K = mv » k = mv2. If mv2 is of the order of the typical hadronic scale, then the
matching to pNRQCD may be still done in perturbation theory. We call weak coupling this
regime, which may be suited to describe ground-state quarkonium. If not, then the match-
ing to pNRQCD is non-perturbative. We call strong coupling this regime, which may be
suited to describe excited quarkonium states. 

In the following, I list some heavy quarkonium observables, where our understanding has
significantly improved over the last years also through the work of the group at the University
of Milano.

1. The energy between two static sources has been computed at three loop leading log accura-
cy (NNLL). This is not directly a heavy quarkonium observable, but provides the heavy quarkoni-
um static potential and therefore enters crucially in the calculation of most heavy quarkonium
observables. Of this quantity accurate lattice data exist that are, indeed, sensitive to that accuracy
(see the following Figure: the dots stand for the lattice data of S. Necco and R. Sommer).

2. The accurate knowledge of the quarkonium potential makes it possible to extract the
heavy quark masses from the masses of the heavy quarkonia ground states. Indeed, this is one
of the most competitive sources of these fundamental parameters of the Standard Model. We
list in the following table some recent determinations by different groups of the b and c mass-
es in the MSbar scheme at NNLO and NNNLO accuracy. In one case, studied by our group,
also the effect of the charm quark mass in charm quark loops has been taken into account. A
full list of references may be found in [2].

3. A powerful application of EFTs is the resummation of large logs, which steam from the
different scales, by means of the Renormalization Group equations. A recent application of
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Effective field theories of QCD

A.Vairo1

In some physical systems, it is possible to exploit a hierarchy of scales to construct Effective
Field Theories, which are simpler than, but equivalent to, QCD order by order in the ratio
of the scales. Examples are Chiral Effective Theory, Heavy Quark Effective Theory, Non-
Relativistic QCD, Soft-Collinear Effective Theory, ... We report about recent progress made
in the construction of such Effective Field Theories and in their use to extract fundamental
parameters of QCD from heavy quarkonia. Emphasis will be put on the research activity
pursued in this area at the Physics Department of the University of Milano.

The Standard Model is the fundamental theory that describes, up to now completely
successfully, all the phenomena occurring in particle physics. The sector of the theory that
describes the strong interaction, i.e. the interaction of quarks and gluons, is called QCD.
Differently from the other parts of the theory the low energy region of QCD cannot be stud-
ied by expanding in a small coupling constant, i.e. in perturbation theory. The non-pertur-
bative nature of the QCD vacuum is a major difficulty that affects the determination of sev-
eral observables in particle physics and some of the parameters of the Standard Model.

Heavy quarkonia [1] (bound states of two heavy quarks: bbar, ccbar, ...) are an ideal tool
to study the non-perturbative dynamics of QCD. This because they are non-relativistic (NR)
bound states and, therefore, characterized by at least three hierarchically ordered energy
scales: m, mv and mv2. We can say that these scales probe the QCD vacuum at different
depths. The quantity m is the heavy-quark mass and v2 « 1 the heavy-quark relative velocity.
The mass m of the heavy quark is large enough to be treated perturbatively; the other scales
may and may not lie in the perturbative regime in dependence of the specific system and
process under examination. In any case, non-perturbative contributions can be factorized in
well defined operator matrix elements. They may be fixed phenomenologically on some data
set, used to make predictions on some other data set or calculated on the lattice. 

An Effective Field Theory (EFT) is a field theory that makes factorization among con-
tributions coming from different scales explicit at the Lagrangian level. To be more precise,
let us call H a system described by a fundamental Lagrangian L and suppose it character-
ized by 2 scales: K » k. The EFT Lagrangian, LEFT, suitable to describe H at scales lower
than K, is characterized by a cut off K » l » k and some degrees of freedom that exist at
scales lower than l. The Lagrangian LEFT is then made of all operators that may be built
from the effective degrees of freedom and are consistent with the symmetries of the origi-
nal Lagrangian L. Once the scale l has been run down to k, the power counting is homoge-
neous, so that the EFT is, indeed, organized as an expansion in k/K. Despite the EFT not
being renormalizable in the traditional sense, it is renormalizable order by order in k/K.
Each renormalized operator of the EFT is accompanied by a Wilson coefficient c(K/l) that
encodes the non-analytic behavior in K. The Wilson coefficients are calculated by impos-
ing that LEFT and L describe the same physics at any finite order in the expansion. The pro-
cedure is called matching. Finally, we note that if K is much greater than the typical
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Precision tests of the standard model 
at the LHC

A. Vicini1

At the Large Hadron Collider (LHC), a proton-proton collider with a center of mass energy
of 14 TeV under completion at the Geneva CERN, a detailed plan of searches aiming at dis-
covering, if it exists, the Standard Model (SM) Higgs boson and, possibly, new physics sig-
nals, as described in several extensions of the SM. The experiments will develop systematic
and accurate studies of standard physics, making more accurate and complete our description
of the proton in terms of its elementary constituents, quarks and gluons, and measuring some
fundamental parameters of the electroweak (EW) SM like for instance the mass of the W
boson. In this paper we will briefly describe the method used to measure at an hadronic col-
lider the mass of the W boson and how this value helps us in putting indirect limits on the
mass of the Higgs boson.

The natural process for this kind of studies is the charged current Drell-Yan reaction, like
e.g. pp → l + νl, namely the production of a high transverse momentum lepton pair, sufficient-
ly isolated from the hadronic activity due to the disintegration of the incoming protons. This
process is interpreted, at the partonic level, at lowest order in perturbation theory, as the sub-
process qi qj → W + → l + νl. The reaction can be described as the production of a W boson
via annihilation of the incoming quark-antiquark pair, and the corresponding cross-section has
a resonance at the value of the W boson mass. The resonance can be observed from the dis-
tributions of the final state leptons. The natural observable in this case would be the invariant
mass distribution, but, being the final state neutrino undetected, one has to resort to the trans-
verse mass distribution, defined in terms of the transverse components of the lepton momen-
ta, which can be measured with good accuracy. The transverse mass distributions has a jaco-
bian peak at the W mass value, and therefore allows its determination. The experimental data
of the transverse mass distribution are compared with theoretical predictions having the W
mass as a free parameter. The result of the fit is interpreted as the measure of the mass of the
W boson.

This schematic description is significantly modified by the presence of electromagnetic
and weak radiative corrections: the final state leptons are dressed with additional photons
which distort the W transverse mass distribution. From the operative point of view, it is nec-
essary to decide: first, whether a photon has to be included in the computation of the final state
transverse mass and, second, how to recombine the additional photons around the final state
charged lepton, which can not be resolved with sufficient accuracy. A realistic description of
the process can be obtained with an event generator, namely with a Montecarlo simulator
which generates events, i.e. final state phase space configurations, with the corresponding
weight given by the squared matrix element of the process. With such a tool, the computation
of the cross section can easily include all the experimental cuts requested by the experimen-
tal setup.

The event generator HORACE has been developed in collaboration between Milano and
Pavia [1] and includes at present, beyon the tree-level amplitude, the complete set of O(α)
electroweak corrections and the leading-log description of higher orders QED radiation, in a
parton shower approach. The O(α) real radiation, in leading log approximation, modifies the
result of the fit of the experimental data by approximately 110 MeV (muon channel) with
respect to the tree-level approximation. These effects have been already taken into account in
the evaluation of the W mass at the Tevatron; the world average for the W mass is mW = 80.410
± 0.032GeV. The central value of the fit is further modified when one uses the exact O(a)
matrix element by -10 MeV. The order of magnitude of the mass shift induced by higher-order
leading-log QED effects is of about + 10 MeV. The relevance of all these contributions should
be understood in view of the experimental accuracy foreseen at the LHC in the measurement
of the W mass of approximately 15 MeV.

An accurate measurement of the W mass can be used in the SM, in the framework of the
global fit of all the EW precision data, to put indirect limits on the mass of the Higgs boson.
If we choose α, Gµ, mZ, respectively the fine structure constant, the Fermi constant and the
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this method has been the calculation of the ratio of the electromagnetic widths of the Upsilon
(1S) and its pseudoscalar partner at NNLL accuracy. The last one has been the object of an
intense search at the Tevatron and CLEO without success so far. In the following plot, the yel-
low band shows how stable the NNLL result is over a wide range of the factorization scale.
The band shows the uncertainty in the strong coupling constant. Once the pseudoscalar part-
ner of the Upsilon (1S) has been found, the measure of its electromagnet width may provide
the most accurate source of the strong coupling constant at the bottom mass scale.

4. EFTs have also been successful to predict observables in the non-perturbative regime,
like hadronic decay widths of higher quarkonium resonances. In the following plot, we
show the prediction at LO and NLO of the ratio of the J = 0 and J = 1 P - wave bottomoni-
um hadronic widths. The bands steam from the experimental uncertainties in the P - wave
charmonium decay widths (for more details we refer to [2] and references therein).
This value has to be compared with the (later) measure by CLEOIII: 19.3(9.8).

In conclusion, Effective Field Theories provide a systematic tool to investigate a wide
range of heavy quarkonium observables in the realm of QCD. This is most welcome if we
want to take full advantage of the many new data that B-factories, CLEO and BES are pro-
viding in these years. EFTs also shed some light on the nature of the QCD potential and on
the quantum mechanics of non-relativistic systems in a non-Abelian field theory. Finally,
they provide a powerful tool to study the rather elusive low-energy dynamics of QCD in a
controlled and systematic framework. 
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mass of the Z boson, as input of the gauge sector of the SM lagrangian, then the value of the
W mass is a prediction of the model. The latter can be derived by studying the muon-decay
amplitude. The radiative corrections to this process, summarized by the parameter ∆r, are sen-
sitive, through virtual loops, to the value of the masses of all the particles of the model, in par-
ticular to those of the top quark and of the Higgs boson.

The very high experimental accuracy for many EW observables has required theoretical
calculations at the second order in the perturbative expansion: in particular the 2-loop correc-
tions to the muon-decay amplitude due to the top quark [2] modify the theoretical SM predic-
tion of the W mass of about 20 MeV and are comparable to the order of magnitude of the
present experimental error. Since the W mass depends quadratically on the top quark mass, a
precise experimental measurement of the former sets stringent indirect limits on the value of
the latter. Unfortunately a similar pattern does not hold for the Higgs boson mass, whose
dependence from the theoretical predictions of the W mass is only logarithmic. Nevertheless
a global fit of all EW observables allows to set an indirect limit at the 95% C.L. for mH = 219
GeV.

The indication that a perturbative SM Higgs boson should be relatively light has stimulat-
ed many phenomenological studies concerning the production and the decay of this boson at
the LHC. The dominant production mechanism is given by the annihilation of two gluons via
a top quark loop (gluon-fusion), whose amplitude is known at NNLO-QCD. Furthermore, for
a value of the Higgs boson mass smaller than 150 GeV, one clean signature that will allow to
study its decay is in the two photons final state. The importance of these two processes has
motivated the calculation of the 2-loop NLO EW radiative corrections to the corresponding
amplitudes [3]. The presence in the latter of new kinematical thresholds, due to a pair of inter-
mediate W bosons, makes this contribution not negligible, being equal to 5-10% of the low-
est order prediction and comparable with the NNLO-QCD effects. In conclusion, these
processes are well under control from the diagrammatic point of view; the main source of
uncertainty is due to our knowledge of the proton partonic densities.
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Early and delayed biological effects 
of high energy, high linear energy transfer

charged particles

D. Bettega1, P. Calzolari1, L. Doneda2, M. Durante3, L. Tallone1

Introduction
Predictions about the magnitude of the risks due to space radiation are subject to very large
uncertainties (1-3) which are mainly due to poor knowledge of the induced biological effects.
The components of space radiation that are of concern are high energy charged particles,
expecially the high energy nuclei of heavier elements (HZE) which are a component of the
galactic cosmic rays. Several reports in the literature concern the biological effects of high
energy heavy ions, (4-5), but very few data regard the delayed effects of HZE particles. In this
paper we report the results of a study on the relative biological effectiveness of Fe, Ti and Si-
ion beams (energy range between 0.2 and 1 GeV/n) for inactivation of the proliferative capac-
ity of human cells and of their progeny (delayed reproductive death). Reference radiation was
60 Co gamma rays. 

Materials and methods
Inactivation of the proliferative capacity of the directly irradiated cells and of their progeny
were measured in AG1522 human fibroblast cells exposed to Fe-ion beams of energies
between 0.2 and 1 GeV/n, 0.97 GeV/n Ti-ion and 0.49 GeV/n Si-ion beams and, for compar-
ison, to 60 Co gamma rays. The cells were maintained in α MEM medium supplemented with
20% foetal calf serum at 37 °C in 95 % air: 5% CO2 atmosphere. In these conditions the plat-
ing efficiency was 25% and the doubling time was 24 ± 2 h. The cells were tested for
mycoplasma contamination before use. Three days before irradiation 2 105 cells were seeded
into 25 cm2 flasks (one or two flasks for each dose). The cells were irradiated in plateau phase.
After exposure the cells were harvested by trypsinization, counted, diluted and plated into 25
cm2 flasks (five samples for each dose) at suitable numbers for colony forming assay and incu-
bated at 37 °C. After 14 days of incubation, four flasks for each dose were fixed and stained
with 10% Giemsa solution for evaluation of inactivation of the proliferative capacity (sur-
vival). At the same time one flask for each dose was trypsinized, the cells diluted and seeded
at low density into five further flasks and incubated again for 14 days for the delayed repro-
ductive assay (cloning efficiency). For both the irradiated cells and their progeny, colonies
with more than 50 cells were scored as survivors and the survival linear-quadratic model was
fitted to the data.

Irradiations have been performed at the Heavy Ion Medical Accelerator Center (HIMAC)
of the National Institute for Radiological Sciences (NIRS) in Chiba-Japan, with 0.2 and 0.5
GeV/n Fe-ion and 0.49 GeV/n Si-ion beams, and at the NASA Space Radiation Laboratory
(NSRL) in Brookhaven, with 1 GeV/n Fe-ion and 0.97 GeV/n Ti-ion beams. LET values on
target were 442, 200 and 147 keV / µm for 0.2, 0.5 and 1GeV/n Fe-ion beams, 106 and 56
keV/ µm for Ti and Si–ion beams respectively. Dose rate at the sample position was around
0.25 Gy/min and 1 Gy/min at HIMAC and NSRL respectively. Cells were irradiated with var-
ious doses in the dose-range between 0.25 and 2 Gy. Irradiation with γ rays was carried out at
the 60Co source at the Radiotherapy Unit, Istituto Nazionale dei Tumori, Milano. Dose rate
was 1.5 Gy/min and dose-range was 0.5-4 Gy. 

Results and discussion
Figures 1 and 2 show surviving fraction versus dose and cloning efficiency of the progeny of
the irradiated cells versus the dose given to their progenitors for all the ion- beams studied.
Data with γ-rays are shown for comparison in the figures. Two to three experiments were per-
formed with the iron ion beams and with the gamma rays. Si and Ti-ion beams data are pre-
liminary as they were obtained by only one experiment. The curves are the best fit to the data
with a linear-quadratic equation. As can be seen from Fig.1 all the heavy ion beams induce
inactivation more effectively than gamma rays with the exception of the lowest energy/high-
est LET, 0.2 GeV/n iron ion beam, which shows at low doses the lowest effectiveness. A pos-
sible reason for this low effectiveness could be that for this LET, the mean number of parti-
cles/cell nucleus in AG1522 cells is less than 1.5 for doses up to 0.5 Gy. At low doses there-
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fore the fraction of cells which are not traversed by any ion is not negligibile i.e. it is about
50% at 0.25 Gy. Fig.2 shows that there is a dose dependent reduction of the cloning efficien-
cy of the progeny of the irradiated cells compared with their controls with all types of radia-
tions. The effect is higher with all the heavy ion beams compared to gamma rays, with the 1
GeV/n Fe-ion beam being the most effective. The effect is large, indeed 14 days after the
delivery of 1 Gy with the 1 GeV/n iron ion beam, the cloning efficiency relative to controls
reduced to about 30%. The phenomenon of the reduction in clonogenic potential of the prog-
eny of cells that survive radiation exposure, termed as delayed reproductive death, has been
studied extensively in the literature with low LET radiations (X or gamma rays). It is gener-
ally thought that this effect, transmissible over many generations, could be due to induced
genomic instability in the cell population (6-9). The results of this experiment show that, com-
pared with gamma rays, all the heavy ion beams are highly effective in inducing delayed
reproductive death i.e. the dose giving 50% delayed reproductive death is similar to that giv-
ing 50% survival in the case of 1 GeV/n Fe-ion beam, whereas the two dose values differ by
a factor of about two in the case of γ-rays.

Fig.1 
Surviving fraction versus Dose

Fig.2 
Cloning Efficiency of the Progeny 
of the irradiated cells versus dose given   
to the progenitors 
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Relative Biological Effectiveness at low doses, RBE α , (RBEα = α ion /α γ, αion and α γ are the
linear coefficients of the dose effect curves for the ion and the gamma rays ), for survival and
delayed reproductive death are reported in Fig.3. RBEα higher than one is found for both
effects with all the beams with exception of inactivation due to 0.2 GeV/n iron ion beam.
RBEα is maximum in the LET interval between 140-200 keV/mm with values of 1.6 ± 0.1
and 3.3 ± 0.6 for early and delayed reproductive death respectively. RBEα of 0.6 ± 0.1 and 1.3
± 0.2 is found for the 0.2 GeV/n iron ion beam with LET of 442 keV/ µm for survival and
delayed reproductive death respectively.

The data were also analyzed on the basis of the particle fluence (Fig. 4 and 5). A different
relationship is found: the 442 keV/µm Fe-ion beam, which was the least effective for both the
effects, is the most effective based on fluence, whereas the 56 keV/µm Si-ion beam shows the
lowest effectiveness, i.e. for an early or delayed inactivation level of 50%, the 442 ke V/µm
Fe-ion beam is about 5 fold more effective than the Si-ion beam.

Fig. 3  
RBEα versus radiation LET          

Fig. 4  
Surviving fraction versus Fluence 

Fig. 5 
Cloning Efficiency of the progeny of the
irradiated cells versus Fluence given to the
progenitors
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Conclusions
The results of this study show that exposure to high energy high LET ion beams induce
delayed damage in the progeny of the irradiated cells in the form of reduced proliferative
capacity which could indicate induced genomic instability. Compared with gamma rays, HZE
particles show higher Relative Biological Effectiveness which is highest for LET values
between 140-200 keV/µm and it is greater for delayed compared to early damage induction.
Further studies on various delayed effects will be necessary to establish whether this result is
a general phenomenon and to evaluate, if any, its consequences in vivo.

The results reported in this paper have been published in Advances in Space Research.
35(2):280-5, 2005.
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The contribution given by nuclear
analytical techniques to the research 

in internal dosimetry

M.C. Cantone1, A. Giussani1, and I. Veronese1

For a number of elements with radionuclides of significance in radiological protection,
including Ru, Zr, Ce, Te and Mo, human data are poor or missing and biokinetic parameters
are essentially extrapolated from data on animals. The use of stable isotopes is a publicly well
acceptable and ethically justifiable method compared to the use of radioisotopes. Here is
presented the developed methodology and the results obtained on volunteer subjects by using
stable isotopes. The design of the investigation is taken from the standard procedure of the
double tracer technique and consists in the simultaneous use of two tracers, one oral and one
intravenous tracer. At different times blood samples are withdrawn, in some cases even urine
is collected, and both isotopes are determined to obtain dynamical pictures of relevant
processes such as intestinal absorption and the main excretion pathways. Techniques, based
on activation analysis and mass spectrometry, were specifically optimised to discriminate and
quantitate different isotopes of the same element in the complex matrices of the biological
fluids in the order of ppb. New evidences were obtained from the direct observation on
humans, which suggested modifications to be introduced in the current ICRP biokinetic
models.

Introduction
The internal dose following the intake of radioactive materials cannot be measured directly
and current approach adopted to provide internal dose estimates requires biokinetic models
describing distribution and retention of radionuclides in selected organs and tissues. The
internal dose estimates depends critically on the reliability of the biokinetic parameters used
and for a number of elements with radionuclides of significance in radiological protection,
including Ru, Zr, Ce, Te, and Mo, human data are poor or missing and biokinetic parameters
are essentially extrapolated from data on animals. This work intends to present the
contribution that basic nuclear analytical techniques, such as activation analysis and mass
spectrometry, provide, presenting a well accepted and ethically justifiable approach, like the
one based on the use of stable isotopes, as an alternative to the use of radioactive isotopes.

The design of biokinetic studies
The investigations on the biokinetics in humans here presented and conducted within a long
dated cooperation with GSF in Munich, have been performed by using stable isotopes and by
following a general design that is common in the case of radioactive isotopes. In particular the
so called double tracer technique was used, that consists in the simultaneous administration
of two tracers, one given orally and another intravenously, followed by the measurement of
both tracer concentration in plasma and urine. At different times after the tracer
administration, up to one day max, blood samples are withdrawn. Cumulated urine is
collected within the first 48 h or within the first 330 h max. This approach permits to obtain
dynamical pictures of relevant processes such as intestinal absorption and the main excretion
pathways. Indeed, the time behaviour of the injected tracer represents the clearance from
plasma, while the oral tracer concentration is the result of two competitive mechanisms: the
passage to systemic circulation, that is the intestinal absorption, and the clearance itself [1].
For a better understanding of the process involved and of their significance in the absorption
and distribution of the ingested elements of interest, the dependence of the absorption and of
the biokinetic parameters on the chemical form, amount and composition of the ingestion was
studied by using different intake conditions in volunteer subjects, according to the protocols
approved by the Ethical Committee of Technical University of Munich for each of the
elements investigated. 

Analytical techniques 
Nuclear analytical techniques, such as activation analysis and mass spectrometry, are well
known methods for elemental analysis in biological samples, and both showed their ability to
discriminate and quantitate different isotopes of the same element in the complex matrices of
the biological fluids in the order of ppb (part per billion, µg/kg). In activation analysis nuclear

reactions are induced by bombarding the sample with projectiles of given type and energy,
thus distinguishing the stable isotopes on the basis of the decay emissions of the radioactive
reaction products. In mass spectrometry a series of electrical and/or magnetic fields is applied
to the ionized sample, in order to discriminate between atoms or molecules with different
mass to charge ratios (m/z values), thus distinguishing the stable isotopes on the basis of their
nuclear mass. The widely used mass spectrometry versions (TIMS, ICP-MS) and the
activation analysis by using photons, neutrons or charged particles (PAA, NAA, CPAA) have
proved different performance, in relation to the matrix to be analysed and the isotopes and
their amount to be determined, in terms of sensitivity and reliability. The data here reported
relating to Ru, Zr and Mo investigation are obtained by using proton activation analysis in
plasma sample and thermal ionization mass spectrometry in urine. In particular the stable
isotopes 101Ru and 99Ru were used to study Ru biokinetics and the isotopes 96Zr, 90Zr and 96Mo,
95Mo respectively for Zr and Mo investigations. The procedure followed to prepare plasma
samples for proton activation analysis is sketched in Fig. 1. Plasma was separated from whole
blood by centrifugation and, after the addition of a known amount of an internal standard, the
plasma samples are heated to dryness, powdered in an agate mortar and compressed to form
a self supporting tablet. For urine sample preparation a procedure was purposely developed
based on acid digestion by using a pressurized microwave decomposition. Activation of
samples was performed with the proton beam of the Philips Cyclotron at the Paul Scherrer
Institute in Villigen (Switzerland) up to 2002 and then with the proton beam of the
Scanditronix MC 40 at the JRC in Ispra by using properly designed irradiation chambers. The
used experimental conditions (energy, duration of irradiation, waiting time after EOB and
counting time) are the result of a detailed optimization process [2] which is made for each one
of the elements of interest to improve the minimum detectable quantity, thus to be able to
maintain a reduced amount of the isotope to be ingested or injected in the investigations. The
incoming proton beam energy of 19 MeV was chosen to induce predominantly the (p,n)
nuclear reactions on 101, 99Ru, 96, 95Mo, 90Zr and (p,2n) on 96Zr, a beam intensity of 2 µA was used
for a 6 sample sliding chamber and 10 µA for a 40 sample rotating chamber. After the
irradiation, gamma spectrometry measurements were performed for each sample using HPGe
detectors with PC based multichannel buffer cards. For instance detection limits, per gram of
plasma, of 2 ng and of 1 ng for the isotopes 96Zr and 90Zr respectively were found for
irradiation time: 40 h; cooling time: 24 h for 90Zr and 30 days for 96Zr; measuring time 10 h
for 90Zr and 3 days for 96Zr and 90Zr in the amount of 100 mg may be used for the injection and
96Zr in the amount of 3-5 mg may be used for the ingestion.

Selected results and discussion 
Figure 2 shows the time course in plasma of the 101Ru isotope, that is the injected tracer used in
Ru biokinetic investigations. The data obtained from 6 experiments performed in three
volunteers, two repeated investigations for each subject, showed intraindividual similar Ru
clearance. However, this behaviour is quite different from the single exponential course
adopted in ICRP model for internal dose estimates and this discrepancy can be attributable to
the fact that no data on Ru clearance in humans were available before these experiments with
stable isotopes.

 



Figure 5 shows, as an example, the data of repeated investigations, on one subject,
following different ingestion conditions. In the investigations the ingestion of different Mo
amounts, in liquid and solid form, the use of intrinsic and extrinsic tag and the ingestion of
black tea, as inhibitor of absorption, together with Mo, are included. These data are taken from
a series of 63 studies on Mo biokinetics performed with 17 volunteers [5]. A number of
considerations can be obtained from the different behaviours shown in the figure. It is evident
that intestinal absorption is almost complete for aqueous solution, while decreases with
increasing amount of ingestion and in the case of solid meal and this fact calls for definition
of a separate set of parameters for liquid and solid ingestion. On the basis of the whole set of
results the biokinetic model recommended by ICRP was upgraded and different sets of
fractional transfer rates were proposed for liquid and solid ingestion. Dose per unit intake
were calculated according to ICRP guidelines but using the revised model. Considerable
deviations were observed for the dose to selected organs. For example, Fig. 6 shows the
relative contribution of each organ/tissue to the committed dose after ingestion of 99Mo (66 h
half life) according to the ICRP models, where no distinction is taken between solid and liquid
ingestion, and the relative contributions calculated by using the revised model based with
separate parameters for liquid ingestion and for solid ingestion. For example, the dose per unit
intake for colon, after ingestion of 99Mo in solid form resulted about 7 times higher than the
ICRP value, and consequently the relative contribution to the total dose is evidently different.
This fact could be of importance with respect to deterministic effects to particularly
radiosensitive organs. 

Conclusions 
The use of stable isotopes as tracers, in combination with a suitable technique of analysis,
such as activation with protons, has allowed obtaining biokinetic data for element of interest
in radiological protection directly in healthy human subjects. The results of the tracer studies
have filled a gap in the current knowledge proving information about kinetics of intestinal
absorption and of blood plasma clearance that were previously not available or only based on
experiments on animals. These new pieces of information have indicated a series of
modifications that can be introduced in the current ICRP models towards a better confidence
in internal dose estimates. 
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Fig. 2
Time courses of the injected Ru isotope.
Two experiments for cach of the three subject
investigated.

Fig. 3
Time behaviour in plasma and in urine 
of Ru injected tracer in two different
chemical form (organic and inorganic).

Fig. 4
Percentage concentration of ingested 
and injected Zr isotopes in one investigated
subject.
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Fig. 5
Percentage concentration of ingested Mo 
in one subject, under different ingestion
conditions.

Fig. 6
Relative contributions of each target
organ/tissue to the committed dose due to 
99Mo ingestion, as given by ICRP and as
calculated by using the revised model with
separate set of parameters fro liquid and
solid ingestion.
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Figure 3 shows the results obtained in one of the three subjects investigated to study the
influence of the chemical form on the plasma clearance of Ru in humans. In this investigation
Ru was injected in form of citrate Ru complexes (organic) and in a second experiment,
performed on the same subject, Ru was injected in inorganic form [3]. The time behaviour of
Ru concentration in plasma in the two experiments, shows that organic form is cleared from
the plasma very rapidly, while the inorganic Ru remains longer in the systemic circulation.
These findings are also confirmed by the renal excretion patterns. Indeed, as shown in the
upper part of the same figure, the urinary excretion for the organic Ru is high, more than 50
% in the first 24 h, while the inorganic Ru is excreted only about 25% in the 48 h.

Figure 4 shows, in one of the subjects investigated for Zr study, the time course of the
percentage concentration for both the injected and ingested tracer and in particular the results
of two independent investigations on the same subject are here reported [4]. The red curves
represents the current predictions for Zr on the basis of ICRP models and the black curves are
the result of fitting a modified model to the whole set of data. In comparison to ICRP
predictions a faster absorption is found which is 4 times lower than the recommended value
for members of the population. Differences in the value of intestinal absorption can have
consequences on the calculation of dose and more significantly can be relevant when using
the model for the interpretation of urine measurements after accidental incorporation to assess
retrospectively intake and dose.

 



tron interactions. Moreover, it is possible to suitably design gel matrices with different ele-
mental compositions so that the differential analysis of the responses of dosimeters with dif-
ferent isotopic content permits the various secondary-radiation components to be distin-
guished [1,2]. The method for separating the dose contributions, proposed and studied in the
laboratory, consists in introducing, into the phantom of interest, coupled layers of gel dosime-
ters with a composition differing for the content of one isotope whose reaction with neutrons
gives production of charged particles. The separation of dose contributions is obtained by
pixel-to-pixel manipulations of the detected images, utilizing suitable procedures and algo-
rithms. The images of thermal neutron fluence are obtainable too, by elaborating the images
of the dose due to the charged particles emitted in the reactions of thermal neutrons with 10B.
Such particles, in fact, release their energy locally and then the thermal neutron fluence can
be attained utilising kerma factors.

In order to study the reliability of the proposed method, experiments have been carried out
at the fast research reactor Tapiro (ENEA, Casaccia, Rome), shown in Fig. 2, in the thermal
and epithermal columns properly designed for BNCT research. In order to check the correct-
ness of the obtained results, dose and fluence profiles have been extracted from images and
their trend has been compared with the results obtained in a few positions by means of other
dosimetry techniques. A suitable method for mapping gamma-dose and thermal neutron flu-
ence with thermoluminescent dosimeters (TLD) has been developed in the laboratory [3].
Besides TLDs, also activation techniques and Monte Carlo calculations have been utilised for
intercomparison of data. The consistency of the results obtained with the various methods has
confirmed the reliability of the proposed procedure. 

The method of gel dosimetry in neutron fields has encountered international interest, and
experiments are now in development at nuclear reactors in other research centers where
BNCT trials of patients have been performed. Besides Tapiro reactor, present experiments are
mostly carried out at the TRIGA reactor of Pavia University, now recognized from the BNCT
community in all the world owing to a successful treatment of human liver, at the HFR (high
flux reactor) of the European Joint Research Center of Petten (Holland), that is the first
European BNCT unit performing treatment of human patient, and at the LVR-15 reactor of
Rez (Prague) where BNCT is studied and experimented from many years. 

3. Some results
In Fig. 3, the total dose in the central plane of a phantom for BNCT experimentation is shown.
The phantom was exposed in the epithermal column of TAPIRO reactor, up to a fluence of
about 1013 cm-2 s-1. The contributions to the total dose are from photons, from α and 7Li
charged particles emitted in 10B reactions and from fast neutrons. In Fig. 4 the results of the
separation of the therapy dose due to 10B reactions and the photon plus fast neutron doses are
reported. Photon and fast neutron doses have been separated too, with a method based on cou-
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Fig. 1 
Gel dosimeter after irradiation in a phantom
exposed to a reactor epitermal neutron beam.

Fig. 2 
Tapiro reactor of ENEA (Casaccia, Rome). 
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Role of physics in a ‘Trojan horse’
method for radiotherapy

G. Gambarini1

1. Introduction
Slow neutrons have shown promising potentiality for treating diffuse or radio-resistant
tumours. The energy delivered by slow-neutron interactions with tissue components is rela-
tively low. On the opposite, if a drug containing suitable isotopes with high cross section for
thermal neutrons can be concentrated in tumour tissue, then thermal neutron reactions release
high energy in tumour tissue itself. This kind of radiotherapy was initially known as “Trojan
horse” method.  Boron neutron capture therapy (BNCT) takes advantage of the possibility of
selectively accumulating the isotope 10B in tumour cells and of the high cross section of the
reaction with thermal neutrons 

10B(n,α)7Li (σ = 3837 b).

The short range in tissue of the emitted α and 7Li particles (<10 µm) allows localised ener-
gy release in tumour cells, saving the surrounding healthy tissue. Therefore, BNCT is of par-
ticular interest for diffused tumours, such as liver tumours. Moreover, owing to the high lin-
ear energy transfer (LET) and relative biological effectiveness (RBE) of α and 7Li particles,
BNCT is potentially effective for radio-resistant tumours, such as multiform glioblastoma and
some kinds of melanomas. Very promising results have been obtained in trials on patients with
glioblastoma or liver cancer. Interdisciplinary research is still carried out aimed at setting up
suitable modalities for BNCT, in particular for achieving higher selectivity of the boron car-
rier (Chemistry and Biology), good quality of neutron fields (Nuclear Engineering and
Physics) and reliable dosimetry methods (Physics).

2. Dosimetry for BNCT
As known, neutrons are not directly ionising particles. Then, during the exposure of a patient
to thermal or epithermal neutrons, the absorbed dose in tissue is released by the various com-
ponents of secondary radiation. For BNCT treatment planning, besides the radiotherapy dose
in tumour tissue with accumulation of 10B, it is necessary to evaluate the dose delivered by
thermal and epithermal neutrons to healthy tissue too, because this information is necessary
to establish the maximum neutron fluence admitted for the treatment. The reactions mainly
responsible of the released energy in tissue or tissue-equivalent materials are:

1H(n,γ)2H  (σ = 0.33 b)

whose γ-rays (of 2.2 MeV) can travel many centimetres through tissue, and 

14N(n,p)14C (σ = 1.81 b)

whose emitted protons (of about 0.6 MeV) have short range in tissue and give local dose dep-
osition. Moreover, epithermal and fast neutrons undergo elastic scattering (mainly with hydro-
gen) so that recoil nuclei also contribute to the absorbed dose. The spatial trends and the rel-
ative contributions to the total absorbed dose of such secondary components depend on neu-
tron energy spectrum, on beam geometry and on the size and dimension of the irradiated vol-
ume. Owing to the different LET and RBE of the various kinds of secondary radiation, the
various dose components have to be separately identified.

A method has been developed for imaging the various dose components in phantoms
exposed in thermal or epithermal neutron fields suitable for BNCT. The method is based on
optical imaging of suitably designed gel dosimeters, properly made up in the laboratory, that
act as continuum dosimeters and allow achieving images of the absorbed dose. Dosimeter
analysis consists in measurements of visible light transmission, imaged by means of a CCD
camera. A gel dosimeter after irradiation in a BNCT phantom exposed in a reactor epithermal
column is shown in Fig. 1. Gel dosimeters are particularly convenient for performing dose
measurements in thermal or epithermal neutron fields. In fact, they have good tissue-equiva-
lence for neutrons of whichever energy and also for the secondary radiation generated by neu-
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ples of gel layers having the same composition but obtained one with water and the other with
heavy water [4]. In Fig. 5, results of such separation are shown. Here depth dose profiles in
the central axis of the phantom have been extracted from images, and compared with the
results of TLD measurements and of Monte Carlo calculations. All dose profiles, extracted
from dose images, are reported in Fig. 6.

4. Final remarks
The proposed method has shown substantial potentialities. At present, no other method allows
obtaining spatial images of all dose contributions in thermal or epithermal neutron fields.
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Fig. 3
Total dose in the central plane of a phantom
for BNCT experiment, exposed to Tapiro
epithermal beam.

Fig. 4 
Images of the therapy dose due to 10B
reactions and the photon plus fast-neutron
doses.

Fig. 5
Result of separation of photon 
and fast-neutron doses.

Fig. 6 
Profiles of all the contributions to the
absorbed dose along the central axis of the
phantom exposed in the Tapiro epithermal
column. 
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Production of non-conventional 
high specific activity radionuclides 

for biomedical, toxicological 
and environmental purposes

F. Groppi1, M.L. Bonardi2, S. Morzenti3, E. Persico4, L. Gini5, E. Menapace2,
Z.B. Alfassi3, B.L. Zhuikov4, K. Abbas5, and U. Holzwarth5

Low- and medium-energy accelerators and sometimes thermal nuclear reactor, allow produc-
tion of very high specific activity radionuclides (HSARNs) for biomedical, environmental, tox-
icological and occupational investigations. Specific Activities of the order of GBq·µg-1 are
achieved; this means that the experiments can be carried out in the sub-nanogram range
(nanochemistry). The HSARNs allow labeling increasing amounts of different chemical forms
of toxicological or pharmacological interest, with the possibility to obtain dose vs. effect rela-
tionships on both cell cultures and laboratory animals. In nuclear medicine, “very high” AS

- in No Carrier Added radiopharmaceuticals - are normally required to avoid undesirable
effects due to high chemical concentration of labeled species. Some labeled species are spar-
ingly soluble in body fluids, organs and barrier membranes; some others present toxic or
adverse effects onto humans; a low AS(NCA) means a high molar concentration and could
interfere into normal human metabolism, by inducing undesired pharmacological effects.
High-resolution HPGe χ-spectrometry and β-spectrometry by liquid scintillation counting
allow determination of radionuclidic and radiochemical purities of the tracer and determina-
tion of radiochemical yield of processing procedures. Chemical purity determination is car-
ried out by a range of analytical and radioanalytical techniques. Radionuclide production for
biomedical applications has been brought up in the years, at LASA, particularly in co-oper-
ation with JRC-Ispra of EC and LENA-Pavia.

Introduction
Specific Activity, Activity Concentration and Isotopic Dilution Factor: Specific Activity (AS)
of a radionuclide (RN), is defined as the ratio between the activity of the stated RN to the mass
of “isotopic carrier” present in the sample, i.e. in the SI units this quantity is given in Bq.kg-1,
or in most practical cases GBq·µg-1. With the term “isotopic carrier”, we mean the total
amount of both stable and radioactive atoms of same Z present in the sample. AS must not be
confused with the “activity concentration” CA, that is the activity of a stated RN to the mass
or (volume) of substrate where the RN is diluted in; in the SI, CA has the same units of AS.
The AS of a RN, if no other RNs of the same Z are present, is named Carrier Free, AS (CF).
This quantity is an intensive parameter that depends on the physical properties of RN only, in
accordance to the definition: AS(CF) = NAv·λ·M-1 where: NAv is the Avogadro’s constant and
M is the atomic mass of the RN. This parameter is a physical constant, not depending on
either decay time or chemical or physical environment. The higher is M the lower is AS(CF);
conversely, the shorter is the half-life of the RN, the higher is AS. Actually, the atomic mass
of different RNs of Periodic Table from medium to high Z varies of less of one order of mag-
nitude, while the half-life is the parameter that determines the order of magnitude of AS(CF).
In practice, the Carrier Free condition can be achieved in a few selected cases. 

It is useful to derive a further non-dimensional quantity (always > 1), the Isotopic Dilution
Factor (IDF), defined as: IDF = (mass of isotopic carrier)/(mass of RN) = AS(CF)·AS

-1. In
order to optimize radionuclidic purity increasing at the same time AS of light ion produced
radionuclides, two main approaches must be considered. A. An accurate knowledge of
“experimental” excitation functions of nuclear reactions involved, as a function of projectile
energy, as well as the knowledge of the excitation functions of both “stable” and radioactive
nuclides produced by side reactions, that are isotopic with the RN of interest; B. the optimiza-
tion of very selective radiochemical separations of radionuclide produced, without “intention-
al” addition of either isotopic or even isomorphous/iso-dimorphous carrier. The radionuclides
and labeled compounds obtained in this way are named No Carrier Added (NCA). Figure 1
reports the different definitions of AS. Even without “intentional” addition of “isotopic carri-
er”, the contamination by isotopic carrier is unavoidable and it is due to chemical impurities
present in both target materials, target holders, chemicals used during radiochemical process-
ing and even by contact of a HSARN with the polluted environment. Whenever the radiotrac-

 



er is used to label any chemical compound or radiopharmaceutical, the “isotopic carrier” is
easily introduced into the sample by the labeling procedure. Finally, if in order to administer
a radiopharmaceutical or labeled compound, use is made of a physiological medium or metal-
lic injection needles, the sample is contaminated in principle by any element present in the
Periodic Table, excluded a few “artificial” ones. A complete scheme showing the different
steps that must be followed for reaching these results and achieve very high purity radionu-
clides and labeled compounds is reported in Fig. 2. In Fig. 3 are reported the main uses of
HSARNs.
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Fig. 1
Different definitions of specific activity 
SA(NCA) for radionuclides and labeled
compounds. The concept of isotopic
dilution factor IDF is related to the
definition of SA(t), while the activity
concentration CA(t) has a completely
different meaning.

Fig. 2
Mains steps in cyclotron and nuclear
reactor production of HSARNs 
and labelled compounds. Collaboration
with international organisations is
mandatory: IAEA, International Atomic
Energy Agency, Nuclear Data Section,
NDS, Vienna, Austria and ANS, American
Nuclear Society, La Grange Park, Illinois,
USA.

Fig. 3
Main modern applications of High 
Specific Activity Radionuclides in No
Carrier Added form.

Experimental activity
Since the beginning of the 70’s, a large range of HSARNs, have been produced at former
Cyclotron Laboratory of the UNIMI. Several nuclear data for radionuclide production,
measured in our Laboratory, are presently recommended by the Nuclear Data Section of
IAEA, Vienna. More recently, use is made of the Cyclotron of JRC-Ispra, and the
research Nuclear Reactor of the University and CNR of Pavia. Several International insti-
tutions are involved (Canada, Hungary, Israel, Russia, USA). 

The Isotopic Carrier has two origins:
1. it is introduced into the sample by isotopic impurities present in both target materials,

environment and chemicals used for radiochemical processing of the RN; 
2. it is produced by side nuclear reactions and decay chains leading to both stable and

radioactive isotopes of the same element (same compound). Thus, the nuclear reac-
tion route and radiochemical processing procedure chosen are fundamental steps to
gain HSARNs.

Reagents and chemical equipment
High purity water of Type I was produced with Millipore equipment supplied with
deionised water obtained from a mixed-bed twin ion-exchange column. A total oxidable
carbon (TOC) value of 10 ppb is achieved. All equipment are made by Teflon-PFA, for
operations at temperature up to 200 °C. At higher temperature use is made of quartz-ware
of nuclear grade. All the acids and organic chemicals are analysed for metal impurities
by graphite-furnace atomic absorption spectrometry (GF-AAS), inductively coupled
plasma optical-emission spectrometry (ICP-OES), instrumental neutron activation analy-
sis (INAA) and by high-resolution γ spectrometry. Concentrated metal standard solutions
are diluted as required for the standard additions and for method evaluation, by both GF-
AAS, ICP-OES and INAA. All ion exchange resins used are of analytical grade purity.
Suitable portions of resins are preconditioned by swelling either in high purity water,
buffer or acidic solution and then filled into polypropylene columns and repeatedly
washed, up to reach a constant pH value of the eluate. For some chemical separation and
quality control, use is made of inorganic ion exchangers. All chromatographic fractions
are collected in disposable plastic vials for both γ and β spectrometry.

Nuclear data traceability and isotope nomenclature
All nuclear data are treated in accordance with the IAEA recommendations. Whenever it
is possible, the official IUPAC nomenclature and the SI are adopted.

Instrumentation
Nuclear activations are carried out at the compact cyclotron of JRC-Ispra of EC, as well
as at the TRIGA thermal nuclear reactor of University and CNR Pavia. The accelerator
(K−38) gains proton and alpha beams, with energy variable up to 38 MeV, as well as
deuteron beams of energy up to 19 MeV. The nuclear reactor is a 250 kW research reac-
tor, with 30 % enriched 235U fuel rods. A thermal nuclear flux density varying from 1016

to 9 1016 n·m-2·s-1 is used in different cases (INAA and isotope production). The epither-
mal component of neutron spectrum was experimentally measured by Cd shielding and
is less than 10%.

High-resolution gamma spectrometry is performed by four 50 cm3 coaxial HPGe
detectors, with intrinsic efficiency of 15%, with a peak to Compton ratio of 30 to 1 at 1
333 keV, FWHM 2.3 keV, connected to spectroscopy amplifiers and A/D 2 x 4096
MCAs. The spectroscopy amplifiers are set to gain a channel/energy conversion factor
2:1. Gamma spectra in the energy range up to 2 000 keV were acquired and analyzed by
advanced s/w packages. The efficiency data, obtained by certified point sources of 152Eu,
226Ra and 133Ba, are fitted by advanced s/w packages.

Beta spectrometry by liquid scintillation counting (LSC), is performed by a 1k MCA
Liquid Scintillation Counter, with: three energy window, random coincidence monitor
and Horrocks Number quenching correction capabilities. Large activities were measured
by a well type ionisation chamber dose calibrator.

Metal determinations are performed with GF-AAS, ICP-OES, for most elements.
Moreover, for some particular metals we use INAA, even if this technique could deter-
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mine at least 35 trace elements simultaneously. Some irradiated targets are mineralized
by a microwave digestion system. Some trace metal determinations are performed by
anodic and cathodic stripping voltammetry too. For most elements an inter-comparison
between the different analytical techniques is carrier out.

Specific activity determination
In most cases, in order to determine the experimental value of NCA Specific Activity, we
use radiometric techniques, like γ and β spectrometry hyphenated with elemental analy-
sis techniques, like GF-AAS, ICP-OES, NAA and ASV.

Nuclear reaction choice, energy threshold, Coulomb barriers
The choice of more suitable nuclear reaction for production of each specific RN is based on
a preliminary study. Q values, energy thresholds for a charged particle on a target and
Incoming particle Coulomb Barrier are calculated by the mass defects with kinematics in the
laboratory system.

In a few selected cases, use is made of neutron-induced nuclear reactions in thermal
nuclear reactor. This method leads to HSARNs only when the RN produced decays on the
RN of interest by negatron decay: in this case the RN can be radiochemically separated from
irradiated target. Otherwise, NAA is used for elemental chemical analysis of RN produced.

Conclusions
Medium energy cyclotron and sometimes nuclear reactors, allow production of HSARNs
for biomedical, environmental, toxicological and occupational studies about long-term
exposure to low doses of ultra-trace elements present in the ecosystems. Specific activities
of the order of GBq·µg-1 are achieved, so the experiments can be carried out in the sub-
nanogram concentration range.

HPGe γ spectrometry, allows both qualitative and quantitative analytical and radioanalyt-
ical investigations on activated targets and radiochemical fractions. Conversely, β spectrome-
try by LSC is intrinsically characterised by low-resolution capability, due to continuous spec-
tra of beta emitters, but presents a very high counting sensitivity. After the End Of Chemical
Processing of target itself, β spectrometry can be used effectively to follow either β or elec-
tron decay of pure RN. Elemental analysis techniques like AAS, ICP-OES, INAA, RNAA,
ASV, allow the determination of No Carrier Added Specific Activity and the chemical purity
of the radiotracer itself. As expected, the real specific activity is lower than the theoretical car-
rier free one; nevertheless, in most cases, the NCA HSARNs obtained are suitable for purpos-
es envisaged. The use of extra-pure chemicals, targets and equipment allows reaching IDF
values in the range from some tens to a few hundreds in some selected cases. Much lower IDF
values were obtained with very rare elements.

A method for 3D imaging of absorbed dose
in conformal radiotherapy

M. Carrara1, G. Gambarini 1,2, S. Gay1,2, L. Pirola1, and M. Valente1,2

1. Introduction
In the last decade, technological radiotherapy (RT) improvements have been significant and
consequently the use and importance of RT in cancer treatment have greatly increased. A fun-
damental advance has been the development of external beam techniques aimed at dose deliv-
eries that are highly localised on the tumour volume, sparing at the same time most of the sur-
rounding healthy tissues. These techniques include conformal RT as well as intensity modu-
lated RT (IMRT). However, these methodological improvements require corresponding
improvements in the dosimetry methods, in order to ensure that the values calculated with
computer treatment planning systems (TPS), adopted in the clinical praxis, agree with the
delivered dose distributions. Considering that traditional dosimeters are not well suited to this
task, an alternative technique for 3D rendering of in-phantom absorbed dose has been studied
and set up. 

2. Materials and Methods
In a tissue-equivalent gel matrix, a ferrous sulphate solution and the metal-ion indicator
Xylenol Orange (XO) are infused to assess the chemical continuum dosimeter (gel-dosime-
ter). Ionising radiation causes a conversion of ferrous ions Fe2+ into ferric ions Fe3+. The com-
plex of XO with Fe3+ produces visible light absorption around 585nm, with yield proportion-
al to the absorbed dose. For the analysis, gel dosimeters are placed on a plane light source and
transmittance images at 585nm are detected with a CCD camera, before and after their irra-
diation. Suitable software has been developed, able to carry out all the manipulations neces-
sary to get the interactive rendering of dose profiles, surfaces and volumes, as well as of the
isodose curves, starting from a set of acquired transmittance images.

3. Results
After having optimised the protocol for dosimeter preparation and the modality of detecting
and manipulating optical images, the method’s reliability has been verified. The obtained dose
distributions have been compared with those measured by means of a cylindrical ionisation
chamber or calculated with Monte Carlo simulations, adopting field geometries in which the
last are reliable. After having assured reliability, many experimental configurations in confor-
mal radiotherapy have been verified. As an example, following are reported isodose curves
(Fig. 1) and 3D isodose distributions (Fig. 2) obtained in a special configuration of arc thera-
py. As a qualitative comparison, treatment planning system (TPS) (Prowess 3D) calculations
are reported in Fig. 1, as well. 

1 Dipartimento di Fisica, Università 
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Fig. 1
Relative isodose curves obtained with 
a single gel-layer (a) and TPS (b) (95% red,
90% blue, 85% green, 80% yellow, 60% 
light blue, 40% orange)
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Development of biokinetic 
and dosimetric models for incorporation 

of radionuclides

A. Giussani1, I. Veronese1, and M.C. Cantone1

The assessment of the internal dose after incorporation of radioactive material requires reli-
able knowledge of its biokinetics in the human body. The International Commission of
Radiological Protection (ICRP) presents, in its Publications, a selection of compartmental
models describing absorption into the systemic circulation, transfer between organs and tis-
sues, and excretion for a number of radionuclides and of radioactive compounds. For many
substances of radiological relevance, however, lack of sufficiently robust experimental evi-
dence prevents from defining detailed models with specifically determined parameter values.
Consequently, the derived dosimetric estimates are of questionable value.

Recent studies with stable tracers conducted by our group have permitted to collect new
experimental evidence regarding the biokinetics of elements of radiological relevance.
Compartmental analysis approach has been used for interpreting the new pieces of informa-
tion. In particular, the biokinetic model for radionuclides of molybdenum has been revised on
the basis of data collected in a total of more than 50 investigations, and the consequences of
this revision on the internal dose estimates have been evaluated [1-5]. 

Figure 1 shows the structure of the revised model; the new or revised features are indicated in
green. Different sets of parameters are recommended in dependence of the chemical form of
administration. Non linear kinetics had to be introduced in order to describe the variation of
the observed features with mass and modality of administration. 

Figure 2 shows typical time patterns of the oral tracer, administered in two different forms to
the same volunteer and the predictions of the revised model, obtained using specific parame-
ters.

The revised model has also been used for the interpretation of bioassay data from a series
of workers who were accidentally exposed to an aerosol containing 99Mo and 99mTc [6]. Data
from experiments with stable tracers have also been used for the validation of the models for
radionuclides of ruthenium and zirconium. 

Similarly, the compartmental analysis approach was used for the definition of specific
pharmacokinetic models for radiopharmaceuticals employed in therapeutic nuclear medicine
[7], specifically for 131I as used in the treatment of patients with autonomous functioning thy-
roid nodule ([8], study conducted in association with Ospedale Maggiore Policlinico, Milano)
and for 186Re-HEDP employed for the pain palliation in patients with bone metastases ([9],
study conducted in association with Ospedali Riuniti di Bergamo).
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Fig.1 
Structure of the revised model 
for molybdenum
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Fig. 2 
3D distribution of relative isodoses 
(95% blue, 80% yellow, 40% red)
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4. Conclusions
The proposed method allows 3D imaging of absorbed dose with high reliability and good spa-
tial resolution.
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The thermoluminescence peaks of quartz 
at intermediate temperatures and their use

in dating and dose reconstruction

I. Veronese1, A. Giussani1, and M.C. Cantone1

Introduction
Among the luminescence materials, quartz is one of the most investigated specimens.
Generally three main regions can be distinguished in the glow curve: the first consists in
only one peak at low temperature, known as “110°C” peak. It was investigated by several
authors because of its peculiarity of changing the sensitivity following thermal activation.
A second region occurs at temperature higher than 300°C. The glow peaks of this region
are known to be thermally stable and are mostly used in TL dating of archaeological man-
ufactures [1]. Between these two regions, quartz exhibits other TL peaks. The sensitivity of
these peaks is higher than those occurring at higher temperature, and therefore they are very
promising in the assessment of relatively low dose values using samples of recent manufac-
ture. Nevertheless, their employment for dose reconstruction applications requires prior
investigations of their luminescent and dosimetric properties, as well as the assessment of
the minimum anthropogenic dose detectable using these peaks [2, 3].

The TL peaks of quartz at intermediate temperatures
Figure 1 shows the spectral emission of pure quartz in the temperature range of interest
measured using a high sensitive TL spectrometer [4]. Two main peaks (peak I and peak II)
occur at temperature of 135°C and 185°C (heating rate 1°C/s) respectively. For both of
them the emission band is centred at approximately 380 nm, suggesting the presence of a
common recombination centre. The trap parameters of peak I and II were estimated using
two different methods of analysis: peak shift (PS) and isothermal decay (ID) [5]. Some
results of these analyses are summarised in Table 1.
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Fig. 1
Spectral emission of pure quartz 
(3D vision and contour plot)
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Fig. 2 
Typical time patterns of the oral tracer 
and predictions of the revised model.
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Limits of thermoluminescence dosimetry 
In thermoluminescence dosimetry, the accidental dose Dx can be assessed as the differ-

ence between the total accrued dose DTL and the dose due to the natural sources of radia-
tion (alpha, beta, gamma and cosmic rays) absorbed by the sample during its age A:

Dx = DTL - A⋅(Nα + Nβ + Nγ + NC)

Accurate measurements of the terms contributing to Dx and of the uncertainties related to
each of them were performed using quartz extracted from one brick and two tiles (50-80
years range) collected from an urban settlement. Independent methods like alpha-counting,
beta dosimetry, gamma spectrometry and flame photometry were used for the annual dose
assessment. Two approaches were employed for the evaluation of the total accrued dose:
regenerative dose and additive dose [1]. The former enables to assess accidental doses as
low as approximately 12 mGy by using 10 year old samples, but it can be applied only
when sample sensitisation does not occur. The latter can be applied to any sample, howev-
er the related uncertainty is higher and minimum detectable anthropogenic dose in young
samples amounts to 20 mGy [6].
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PEAK ACTIVATION FREQUENCY LIFETIME METHOD
ENERGY (eV) FACTOR (S-1) (AT 15°C) OF ANALYSIS

I 1.13±0.03 (3.35±2.99)·1012 - PS

I 1.22±0.02 (3.39±1.46)·1013 720±70 d ID

II 1.46±0.06 (7.79±10.91)·1014 - PS

II 1.36±0.02 (2.23±0.75)·1013 580±70 y ID

Table 1 
The trap parameters of peak I and II 
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Difficoltà pluridecennali 
nei rapporti tra ricerca e politica

E. Bellone1

Non è trascorso molto tempo da quando Antonio Ruberti ricordava al paese, e non solo agli
scienziati, la tenacia con cui, per decenni, una parte cospicua della politica aveva frainteso il
valore della libera ricerca fondamentale. Ruberti aveva effettivamente vissuto nella cornice
delle difficoltà causate da quel fraintendimento, sia nella sua qualità di Rettore della
“Sapienza” di Roma, sia come ministro, sia nelle sue funzioni in incarichi europei. A suo
avviso, la difficoltà più robusta stava nella popolarità del punto di vista secondo cui la scien-
za non è cultura vera e propria, ma è una forma della tecnica da valutare in termini di utilità
o dannosità. Nella cultura diffusa nel paese questa svalutazione della scienza suscitava con-
sensi, e molti responsabili in sede politica agivano appunto in tale sfera consensuale. 

Ancora oggi è abbastanza popolare il punto di vista secondo cui la scienza non è cultura:
la ricerca di base sarebbe allora da intendere come una mera tecnica. Ma le forme della tec-
nica possono generare anche cose pericolose. La libertà di espressione, che in genere si con-
cede ai prodotti della cultura, non deve invece essere concessa a pratiche tecniche che sono
potenzialmente dannose, e che debbono quindi essere soggette a controlli esterni alla comu-
nità scientifica.

Questo atteggiamento non è alimentato da idee nuove o originali, ma da opinioni che
risalgono ad epoche lontane. Le troviamo, per esempio, nelle pagine del “Dialogo” di Galilei.
Ne è portavoce il filosofo Simplicio, il quale diffida delle dimostrazioni scientifiche ed esalta
invece il sapere dei saggi, i quali si occupano solo di ciò che è “universale”. Una persona vera-
mente colta, quindi, lascia certe sottigliezze e certi “tritumi”, che sarebbero soltanto da clas-
sificare sotto la voce “curiosità”, ai matematici e ai vili meccanici.

Va tuttavia notato che il punto di vista di Simplicio è, nelle pagine galileiane, messo alla
berlina: oggi, invece, sembra essere maggioritario, soprattutto fra coloro – intellettuali e
politici – che riducono la scienza a mera techne. Se si accetta questa riduzione, allora si
ammette anche che la tecnica può produrre forme pratiche di benessere o forme pratiche di
danni. 

Se così stanno le cose, allora va fatto quel passo ulteriore di cui già ho fatto cenno: con-
trollare, dall’esterno della comunità scientifica, gli sviluppi della ricerca, così da impedire
evoluzioni pericolose. 

Essendo così impostato il problema, si tratta di trovarne qualche giustificazione. Un com-
pito abbastanza facile, questo: basta pescare nelle acque delle ideologie. Se la scienza può
essere una serva delle multinazionali, allora la libertà di ricerca va soppesata, caso per caso,
in sede politica. Se la scienza può deturpare l’ambiente, allora la scienza libera è una utopia
da demolire in sede politica e giuridica. Se la scienza può costituire un attentato allo spirito o
alla dignità della persona, allora la libera ricerca deve sottostare a leggi che ne limitino la
crescita.

Nei regimi democratici, operazioni di tale natura hanno ovviamente bisogno del consen-
so popolare. E una via maestra per formare il consenso è ben nota e ben praticata. È suffi-
ciente diffondere tra i cittadini la paura.

Chi decide, però, quali siano i rischi che sarebbero connessi alla ricerca libera, e quali
siano le leggi di controllo? Negli anni galileiani, per esempio, il rischio era stato individuato
nel modello copernicano, e le leggi di controllo avevano stabilito sia la falsità del modello
stesso, sia la necessità di impedire, anche con metodi spicci, le ricerche di un Giordano Bruno
o di un Galileo Galilei.

Dobbiamo allora chiederci, con la necessaria franchezza, se quei metodi sono stati defin-
itivamente respinti. La mia risposta è negativa. 

Agli inizi degli anni Sessanta, in Italia, era in discussione la necessità di dotare il paese di
centrali elettronucleari, così da liberare la nostra economia dalla dipendenza dalle fonti fos-
sili e, in particolare, dal petrolio. Una discussione anche aspra, soprattutto perché la questione
vera poggiava, ovviamente, su interessi economici enormi. Specifiche istituzioni politiche e
specifici mezzi di informazione di massa seppero costruire il consenso attorno all’idea di
bloccare la costruzione di impianti elettronucleari, presentandoli come dannosi per l’econo-
mia nazionale e pericolosi per la salute dei cittadini. E, nello stesso tempo, si ricorse a meto-
di decisamente spicci nei confronti di chi invece difendeva la necessità di innovare le nostre
capacità energetiche: Enrico Mattei fu assassinato sul finire del 1961, e contro Felice Ippolito
fu emessa, pochi mesi dopo, una sentenza di condanna a undici anni di galera.

Fatti da ricordare. Anche perché il rigetto delle centrali non fu il risultato di un referen-
dum successivo al disastro di Chernobyl, ma l’esito di ciò che fu fatto accadere all’inizio degli
anni Sessanta. 

Ci si potrebbe a questo punto chiedere come mai la negazione della libera scienza abbia,
nel nostro paese, un peso così rilevante nei rapporti tra politica e ricerca. La domanda è legit-
tima: anche in Francia o in Inghilterra esistono resistenze alla modernizzazione e alla realiz-
zazione di quella società della conoscenza che appunto si basa sulla forza della cultura scien-
tifica, ma quelle resistenze non generano leggi contro le decine di impianti nucleari francesi
o contro l’esplorazione in biologia molecolare e ingegneria genetica.

Il caso italiano è effettivamente un caso, nel senso che la paura verso la scienza ha da noi
trovato un referente forte in molti intellettuali che hanno codificato la necessità di un rigetto
della scienza come cultura.

Basti allora citare, per sommi capi, alcune fasi della battaglia culturale che fu condotta da
un grande studioso come Benedetto Croce e che incise profondamente nelle opinioni mag-
giormente diffuse nella società civile. Nel 1911 Croce sconfisse, in un dibattito aspro, il ten-
tativo che il matematico Federigo Enriquez stava elaborando per presentare la scienza come
intrisa di valori culturali. La tesi crociana fu assai semplice. Essa sosteneva che solo le menti
profonde o universali possono accedere alla cultura, essendo quest’ultima centrata su grandi
questioni di metafisica o storia. Ma l’umanità conteneva anche menti “minute”: a queste
ultime era allora concesso di interessarsi di botanica o aritmetica. L’ironia e il sarcasmo si
mescolavano così al disprezzo per quelle attività che già erano state bollate dal Simplicio di
galileiana memoria. La miscela, nel 1911, vinse.

Parole ancora più severe furono usate da Croce, nel 1939, per liquidare le ricerche bio-
logiche che si rifacevano al modello elaborato da Charles Darwin. Quelle ricerche, a parere
del filosofo, suggerivano l’esistenza di “origini animalesche e meccaniche dell’umanità”, e
dovevano pertanto essere respinte poiché suscitavano solo “vergogna”. Esse, infatti, negavano
la presenza di una “favilla divina” nell’essere umano. Più tardi, in scritti che esercitarono una
spiccata influenza in molti altri studiosi di vario orientamento filosofico e politico, Croce liq-
uidò l’intero scenario scientifico, negandogli totalmente una qualsiasi rilevanza nel mondo dei
valori e lasciandogli soltanto l’etichetta secondo cui una scienza è un elenco di ricette
pratiche.

Dall’interno della comunità scientifica furono poche le voci che si alzarono per con-
trastare questa critica radicale di Croce, che si traduceva in banalizzazioni popolari di ampio
successo sia nei mezzi di comunicazione di massa, sia nei programmi del sistema educativo
nazionale.

Una maggioranza di scienziati ritenne opportuno fingere di poter vivere in qualche torre
d’avorio. Una minoranza, invece, tentò di replicare, ma fu sconfitta con argomenti non diver-
si da quelli che già avevano bloccato il progetto di Enriquez. Non a caso spettò a un filosofo
come Banfi, che davvero tentava di capire l’evoluzione della scienza , il compito di esprimere
un giudizio decisamente negativo su quanto la filosofia italiana aveva fatto contro la cultura
scientifica. Attorno alla metà del Novecento, infatti, Banfi scrisse con amarezza che gli scien-
ziati italiani furono messi a tacere con gli strumenti della “ciarlataneria filosofica”.

Un caso italiano, dunque, e solo italiano. Mentre il filosofo Banfi constatava il rigetto cul-
turale della scienza in Italia, negli Stati Uniti il filosofo Schilpp curava un volume che nel
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1949 sarebbe stato stampato con il titolo “Albert Einstein: Philosopher-Scientist”. Il volume
era una raccolta di saggi, appositamente scritti da scienziati e da filosofi, che mettevano in
luce, sotto angolature diverse, il grandioso impatto culturale del pensiero einsteniano. 

Che fare, allora? Personalmente ritengo che sia accettabile l’opinione di uno storico della
cultura come Paolo Rossi, secondo il quale una persona è colta se, oltre ad apprezzare
Shakespeare, sa anche cogliere il significato di una legge fisica. 

C’è molto da fare, qualora si accetti davvero questa regola. E, soprattutto per i giovani, c’è
da rivendicare con orgoglio l’eredità di Galilei ed Einstein. Galilei pretendeva per sé il titolo
di filosofo, ed Einstein amava dire che la scienza senza filosofia è arida, e che la filosofia
senza scienza è vuota. La ricerca di base è cultura in quanto è guidata dalla curiosità, e la
curiosità per i fenomeni osservabili è la matrice non della tecnica, ma di quella che in età
galileiana si chiamava “filosofia naturale”, e che oggi può prosperare solo nella libertà. 
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The role of Ion Beam Analysis 
in environmental studies

R. Vecchi1, G. Marcazzan1, G. Valli1, F. Lucarelli2, S. Nava2, M. Chiari2,
P. Prati3, A. D’Alessandro3, and F. Mazzei3

Ion Beam Analyses (IBA) – such as PIXE (Particle Induced X-ray Emission), PIGE (Particle
Induced Gamma-ray Emission) and PESA (Particle Elastic Scattering Analysis) – have been
applied to many different fields due to their high sensitivity, multi-elemental capabilities and
non-destructive character. One of the many research fields that made use of IBA as an analyt-
ical technique was related to environmental studies, and in particular to atmospheric aerosols.
Atmospheric aerosols play an important role in the physics of the atmosphere; they act as
clouds condensation nuclei, are responsible for visibility reduction, contribute to global change
and carry on a number of toxic metals inducing adverse health effects. Moreover, atmospher-
ic particles contribute to the damage of cultural heritage. 

In the frame of the aerosol research, the most interesting property of PIXE is that it pro-
vides quantitative analysis of elements which are markers for specific components or sources
of particulate matter such as marine aerosol (Na, Cl), mineral dust (Al, Si, Ca, Ti, Sr), sulphates
(S), biomass burning products or biogenic emissions (K, Zn, Rb), heavy oil combustion (V, Ni),
incinerator emissions (K, Zn, Pb), traffic and industrial emissions (Mn, Ni, Cu, Zn, Pb). The
knowledge of suitable markers for each emission source is very helpful in the application of
statistical multivariate analysis such as receptor models (PCA, APCA, PMF,…) that lead to the
identification and quantification of the contribution due to different emission sources.

The complementary use of PIXE and other IBA techniques such as PESA (for the deter-
mination of H, C, N, O), PIGE (for light element analysis) as well as chemical analysis (for the
speciation of carbon compounds and for the quantification of the ionic content) allow a com-
plete aerosol characterization and the possibility of a mass closure [1]. A typical aerosol sam-
ple consists of a thin layer of particles deposited on a filter support, its total thickness ranges
from a few hundreds of µg/cm2 up to 1 mg/cm2 and it can therefore be considered as a thin tar-
get for energetic proton beams of a few MeV.

The yields of X-rays, gamma-rays and scattered particles after a few minutes of irradiation
by some tens of nA of 2-4 MeV protons are generally sufficient to provide elemental concen-
trations for almost all the elements of interest for atmospheric aerosol studies. PIXE and com-
plementary ion beam analytical techniques were implemented in the past by the authors for
atmospheric aerosol studies at the INFN external beam facility in Florence, based on a KN3000
Van de Graaf accelerator [2] and, recently, at the new INFN-LABEC facility based on a
Tandetron accelerator. PIXE analysis allowed the determination of elements with Z >10 which
are generally detected in aerosol samples by routine analysis with Minimum Detection Limits
(MDL) of the order of few (1–10) ng m-3 for most elements. 

A problem with PIXE analysis is the X-ray self-absorption in the particulate matter deposit
or in the single particle. The self-absorption effect influences especially the quantitative analy-
sis of low atomic number elements (i.e. Na, Mg, Al, Si) and needs the introduction of correc-
tion factors generally calculated theoretically. Advantages of PIGE and PIXE contemporary
application are – apart from the low Z elements detection to reach a complete mass balance –
the possibility of determining experimentally the self-absorption correction factors which are
essential to provide correct PIXE concentrations.

The application of PIXE/PIGE is mandatory when high-time resolution samples or size-
segregated samples are of interest as they give the possibility of having an ion beam of reduced
size and a good sensitivity also with small quantities of matter. High time-resolved and size-
segregated samplings give insights into physical-chemical processes involving aerosols (pro-
duction, transformation, transport, removal) and allow a direct comparison with gaseous pol-
lutants and meteorological parameters, which are often monitored on an hourly basis. Time-
series of hourly elemental concentrations have been obtained by our research group during pre-
vious monitoring campaigns at locations with different characteristics (urban, industrial,...) [3].

The experimental set-up for PIXE/PIGE analysis is shown in Fig. 1. Since X-ray pro-
duction cross sections ranges over 3 order of magnitude, to obtain an efficient simultane-
ous detection of all the elements it is necessary to balance the counting rates of the differ-
ent X-rays. The adopted solution is the use of a quite high beam current (5-15 nA) and two
Si(Li) detectors (Si1 and Si2 in the Fig. 1), optimised respectively for low and medium-high
X-ray energies. Moreover, helium gas flows into the volume in front of the detectors to
reduce the possible attenuation of low energy X-rays by the air. A HPGe detector is used to
collect the γ rays for PIGE analysis. For aerosol samples the total thickness (aerosol deposit
+ substrate) is small enough to let the beam pass through; as a consequence the charge can
be measured simply integrating the beam charge on a graphite Faraday cup (FC) placed
behind the sample. 

A 2.990 MeV proton beam has been used so that the cross section for the Na(p;p’γ)Na
(E = 440 keV) reaction, which is exploited for PIGE determination of Na [4], remains suf-
ficiently constant even considering the moderate proton energy loss in the sample.
Moreover, the beam energy is high enough to provide good sensitivity for PIXE. PIXE and
PIGE analyses are now routinely and simultaneously performed by our group both on 1-
hour resolution fine and coarse aerosol samples and on standard 24-h particulate matter
deposits.

In order to allow a complete reconstruction of the aerosol mass, we implemented the light
element (H, N, O and C) detection by means of in-vacuum Particle Elastic Scattering Analysis
(PESA) with 3 MeV protons on particulate matter collected on Teflon filters. For the PESA
measurements we used two fully depleted surface-barrier detectors arranged at forward and
backward angles in a vacuum chamber. The detector used to measure the H content was
placed at a scattering angle 30° while the other detector, used for the C, N and O concentra-
tion determination, was placed at 150° and the sample was placed in a vertical plane orthog-
onal to the beam. The beam current was integrated, after the sample, by a Faraday cup, kept
at a positive voltage of about 70 V to avoid secondary electrons escape. [5]

Since mass resolution improves at higher beam energies, we selected the working ener-

1 Istituto di Fisica Generale Applicata,
Università degli Studi di Milano& INFN-
Milano
2 Dipartimento di Fisica, Università 
di Firenze & INFN-Firenze
3 Dipartimento di Fisica, Università 
di Genova e &INFN-Genova

REFERENCES
1. Chiari M., Lucarelli F., Mazzei F., Nava S.,
Paperetti L., Prati P., Valli G. and R. Vecchi
“Airborne particulate matter characterization
in an industrial district near Florence, by
PIXE and PESA”. X-Ray Spectrometry 34,
323 (2005)
2. Del Carmine P., Lucarelli F., Mandò P.A.,
Moscheni G., Pecchioli A. and J.D.
MacArthur. “PIXE measurement of air
particulate elemental composition in the
urban area of Florence, Italy”. Nuclear
Instruments and Methods in Physics Research
B 45, 341 (1990) 
3. D’Alessandro A., Lucarelli F., Mandò P.A.,
Marcazzan G., Nava S., Prati P., Valli G.,
Vecchi R., and A. Zucchiatti, “Hourly
elemental composition and sources
identification of fine and coarse PM10
particulate matter in four Italian towns”,
Journal of Aerosol Science 34, 243 (2003)

Fig. 1 
KN3000 external PIXE-PIGE set-up 
at the INFN Van de Graaff accelerator 
of the INFN in Florence

Fig. 2
PIXE spectra from a sample of aerosol,
recorded simultaneously by Si1 (a) 
and Si2 (b).
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Fig. 3
Proton scattering spectra on blank and loaded
Teflon filters, detected at an angle of 30°
(above) and 150° (below).

Fig. 4
Average contributions (in percentage) of the
eight most abundant detected elements to the
total PM10 mass. 
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gy in the highest proton energy range available at our Van de Graaff accelerator. To obtain
quantitative results by direct comparison with thin standards, we worked at an energy of 3
MeV, where the proton elastic scattering cross sections on H, C, N and O are quite constant
(better than 10%) over the range of proton energy loss in aerosol samples (≤ 100 keV). The
calibration was achieved using a thin Upilex-S foil containing known areal density of H, C,
N and O; the energy loss for 3 MeV protons in this foil is 120 keV. Preliminary test meas-
urements were also carried out to identify the best aerosol filter for these analyses and
Teflon membranes resulted to be the only substratum appropriate for PESA analysis. Using
Teflon filters PIXE and PESA analyses are both possible on the same sample, but at the
moment they are performed separately. 

The coupling of the PIXE/PIGE and PESA techniques allows the ‘mass closure’, i.e.
the measurement of the concentrations of all the elemental constituents of atmospheric
aerosol. An example of their application for mass closure purposes, is shown in Fig. 4; it
concerns a first aerosol characterisation of the atmospheric aerosol in the industrial area of
Montelupo Fiorentino [1]. The assessment of the detailed elemental composition on a wide
data-set allowed also the application of receptor models and led to the identification of main
emission sources and their contribution.

Climate change and variability in Italy 
in the last two centuries

M. Brunetti1, L. Buffoni2, G. Lentini3, F. Mangianti4, M. Maugeri3,
F. Monti3, T. Nanni1, and R. Pastorelli3

The Italian monthly temperature (mean, maximum and minimum) and precipitation secular
data-set was updated and completely revised. Station density and metadata availability were
greatly improved and the series were subjected to a detailed quality control and homogenisa-
tion procedure. The errors affecting original data were quantified by studying the temporal
evolution of the mean adjustments applied to the series, and examined in the light of the sta-
tion history. The results stress the importance of homogenisation in climate change studies.
The final data set was clustered into climatically homogeneous regions by means of a
Principal Component Analysis. Yearly and seasonal trend analysis were performed both on
regional average series and on the mean Italian series (ITA). The results highlight a positive
trend, for mean temperature, of about 1 K per century all over Italy: it is generally higher for
minimum temperature than for the maximum one. The progressive application of trend analy-
sis shows that this behavior is opposite in the last 50 years, the maximum temperature trend
being stronger than that of the minimum temperature. This has led to a negative trend in the
daily temperature range that, for the last 50 years, has become positive. Precipitation shows a
decreasing tendency, even if low and rarely significant, the negative trend being only 5% per
century on a yearly basis. A complete discussion of the data, the methods and the results is
presented in [1]. Figures 1 and 2 display the ITA yearly temperature and precipitation records.
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4 Ufficio Centrale di Ecologia Agraria 
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Fig. 1 
Average Italian national series for mean
temperature (1800–2003). The series 
is displayed together with an 11-year window 
3-year σ Gaussian low-pass filter.

Fig. 2
Average Italian national series for
precipitation (1800–2003). The series 
is displayed together with an 11-year window 
3-year σ Gaussian low-pass filter.
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Concentration, composition and sources 
of PM1 (particulate matter with d<1 µmm) 

in Italian urban sites

R. Vecchi1, G. Valli1, M. Ceriani1, F. Silvani1, F. Lucarelli2,
S. Nava2, M. Chiari2, L. Paperetti2, P. Prati3, A. D’Alessandro3, F. Mazzei3, P. Fermo4,

A. Piazzalunga4, and I. Garcia-Orellana5

In the frame of a national research project in 2004 we planned a monitoring campaign with
the aim of characterising PM1 in three major Italian towns. This study completed previous
researches on the PM10-PM2.5 characterisation performed by the authors in Milan, Genoa
and Florence [1, 2]. The measurement campaigns were carried out in Milan, Genoa, and
Florence using the same experimental methodology for sampling and elemental analysis (i.e.
sequential samplers and ED-XRF spectrometry). Contributions from ionic components as
well as elemental and organic carbon were also evaluated (by means of Ionic
Chromatography and Thermal Gravimetric Analyzer/Fourier Transformed Infrared
Spectroscopy, respectively). Gaseous pollutants concentrations and meteorological parame-
ters were also available from the regional air quality network. In Milan, additional 222Rn hourly
measurements were performed to account for the stability/dispersion conditions of the atmos-
phere [3]. The PM1 mass concentration values were very high in Milan (wintertime median:
44.5 µg/m3, summertime median: 19.1 µg/m3), enhancing concern for possible health effects
and problems in attaining the PM10 EU-limit. PM1 was about 40-60% of PM10 at the three
investigated urban sites during both seasons. Aerosols of secondary origin (i.e. organics,
nitrates and sulphates) dominated the PM1 mass at all sites accounting on the whole for about
80% of the mass. The application of receptor models allowed the identification of the emis-
sion sources and the quantification of their contribution to the particulate matter mass.
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Environmental Physics

Natural radionuclides in the rocks 
of Valle del Cervo Pluton

U. Facchini1, L. De Capitani2, and M. Carnevale1

The radionuclides from 238U and 232Th series represent, with 40K, the main source of gamma
radiation in the continental crust. The specific levels are related to the rock types. Highest
radiation levels are mainly associated with felsic rocks, due to the geochemical behaviour of
U, Th and K. These elements are more abundant in the continental crust than in the earth man-
tle and prefer the liquid phase during a process of crustal anatexis (partial melting) and sub-
sequent fractional crystallization. Valle del Cervo Pluton is a composite body consisting of
Monzonitic, Syenitic and Granitic Complexes formed by strongly K-enriched rocks. The
areas, where these rocks crop out, are characterized by high natural radiation background.
Gamma spectroscopy at high resolution, with HPGe, is the most used technique for quantita-
tive analysis of gamma emitters radionuclides. The following hypothesis has been made: 1-
Isotopic ratio between 235U and 238U is 7,2‰. 2- 238U and 226Ra are in secular equilibrium. 3-
The exhalation rate of radon gas has been determined to be less than 1% of the total radon
contained inside sample’s volume. This rate is not relevant for examination of radon’s daugh-
ters. For all the analysed rocks the U concentrations are lower than the Th ones.The rocks of
the Granitic Complex show the lowest contents in elemental Th, whereas the elemental U
values are similar to those of the Syenitic and Monzonitic Complexes. The specific activity
related to syenite PM 26 is particularly interesting: 764 Bq/kg for 238U and 478 Bq/kg for 232Th.
This rock is the most active. Moreover, the syenite LB 99, collected at the La Balma quarry,
shows specific activities of 468 Bq/kg for 238U and 381 Bq/kg for 232Th, respectively. These
values are relevant compared with those of other granitoids used as building stones.
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Fig. 1 
Non-invasive analyses. SEM Scanning
Electron Microscope, XRF X-Ray
Fluorescence, PIXE Particle Induced X
Emission, PIGE Particle Induced X Emission,
NRA Nuclear Reaction Analyses, RBS
Rutherford Back Scattering, PAA Proton
Activation Analyses

based either on atomic (PIXE or RBS) or nuclear (PIGE or PAA) interactions.

PIXE is based on the analysis of characteristic X-Ray Fluorescence spectra excited by par-
ticle bombardment and it does not apply neither to the lightest elements nor to the heaviest
ones. In the former case, in fact, XRF emission is disfavored compared with Auger electron
emission, and the detection efficiency of solid state detectors, used for the so called Energy -
Dispersive Spectroscopy as opposed to the traditional Wave Dispersive Spectroscopy, become
very low at the lowest energies of X-Rays emitted by the lightest elements. For very heavy
elements, on the other hand, K-shell ionization atomic cross sections becomes very small.
PIXE analysis can also be performed quantitatively; the main difficulty for quantitative analy-
sis depends on the progressive lowering, of the energy of ion traveling thorough the examined
layer, due to the material stopping power, which in turn decreases the atom ionization cross
sections. The stopping power effect depends on chemical composition which is evidently
directly connected to XRF line intensities. So the algorithm relating Characteristic X-Ray
intensity and concentration for each detected element is rather complicated.

XRF analysis, by definition, is the analysis where X-Rays are employed to excite charac-
teristic X-Ray emission. Comparison between PIXE and XRF, has been already treated under
several aspects. Sensitivities of the two analyses are on practice equivalent. The obvious
advantage of XRF is that it requires much simpler and less expensive instrumentation than the
ion accelerator and it is easily performed with portable instruments. Also quantitative analy-
sis is comparatively easier for XRF than for PIXE, more over, the examined layer is thicker.
Superior PIXE characteristics consists in the possibility of focusing very narrow proton probe
so producing very good lateral definition. We note, however, that the most recent develop-
ments in X-Ray focusing exploiting glass capillary techniques allow X-Ray probes with lat-
eral definition of a few microns to be manufactured.

Quantitative XRF analysis for cultural heritage
On the basis of the multiannual activity of our lab in the field of non destructive analyses
applied to cultural heritage we will illustrate the typical problems found to obtain quantitative
XRF analysis in case of paintings, metals, glasses and ceramics. We will deal only with XRF
analyses performable with portable instruments which represent the most important task pro-
vided we are mostly concerned with in loco analyses.

Quantitative XRF analysis can in general be obtained at the following conditions.
1. Homogeneous composition of the sample on microscopic scale.
2. Secondary or negligible presence of non detectable light elements in the sample matrix for

glasses and ceramics. 
3. Regular shape or at least the existence of a flat zone on the irradiated surface for metallic

samples.
4. Constant angles for exciting and emitted X-Ray directions all over the examined surface.

We see at first glance that such conditions are in general not all fulfilled in the objects per-
taining to cultural heritage. There is, in fact, not at all or insufficient homogeneity in the paint-
ing brushes; presence of light elements, non detectable with solid state detectors, can be dom-
inant or at least non negligible in glasses and ceramics; most of metallic objects, like coins for
instance, have, non flat or irregular surfaces or, even worse, either natural or artificial patina
can have been formed on the surface.
The last of above conditions of constant angles for irradiation and detection directions can
strictly be satisfied only in ideal experimental set-up. On reality it can only be considered valid
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The role of physical non destructive
analyses in the studies of cultural heritage

M. Milazzo1, D. Bertani2, L. Bonizzoni1, L. Consolandi1,
M. Gargano1, N. Ludwig3, and G. Poldi1

Looking in general at the scientific methods of analysis, i.e. the methods of traditional sci-
ences as chemistry, biology, informatics, geology, etc in their applications to Art and
Archaeology there is no doubt that the primary role recognized to them by common aware-
ness is in the conservation and restoration activities. It corresponds to the old latin sentence
primum vivere, deinde philosophare, if we attribute also to studying and enjoying the testi-
monies of past civilization and art the role of a philosophical activity. On the contrary, there
is a less diffuse awareness of the importance of the scientific analyses in the studies pertain-
ing to Art and Archaeology, namely in a context which leaves conservation or restoring intents
out of consideration. 

The analyses which are considered non destructive, or non invasive, are by full right phys-
ical analyses, meaning by this term, as opposed to chemical, that the employed methods,
going for instance from X-ray radiography to neutron activation, pertain by tradition to
Physics. They do not require sampling or any preparation of the objects to be examined and
for this reason are especially suited to be applied to Cultural Heritage. Physics (optical meth-
ods, for instance) plays a central role, also for the possibility of setting up portable instrumen-
tations. We use the term Archaeometry for denoting the area of scientific disciplines, includ-
ing Physics, dealing with measurements applied to old objects. Datations, in particular but not
exclusively.

As already noted, the scope of applications of scientific analyses to cultural heritage
should, in general, not be only considered as directed to tutelage, conservation, restoration,
which are evidently of paramount importance, they, in fact, accomplish as well the task of sup-
plying data for the materic characterization, which implement the ones of historical or stylistic per-
tinence, leaving conservation and restoration out of consideration.

In this contribution we show how several Physical methods can be applied in the field of
Archaeometry, in particular we deal with infrared optical examinations of painting, which proved
to be the best way to reveal the preparatory drawing, and XRF analysis. The latter is by far the most
widespread technique in archaeometric applications. However, concerning quantitative analyses,
several problem depending on the specific conditions of the measurements as, for instance, the
irregular shape of a metallic object or the unknown composition of glass matrix must be solved.
The methods pertaining to physics must be non destructive by definition; under this aspect sever-
al atomic physics methods are important (Ion beam analysis, for instance) and almost in their gen-
erality nuclear Physics methods. We can trace - for Italy at least - the origin of the application of
nuclear Physics to Cultural Heritage back to the international conference held at Accademia
Nazionale dei Lincei Applicazione dei metodi nucleari nel campo delle opere d’Arte. (Rome-
Venice, may 24-29 1973). We cite after it the International workshop on Ion beam analysis in the
arts and archaeology (Pont-à-Mousson. France 1986) and finally, as the most recent, the 52nd annu-
al Denver X-Ray conference where the plenary Session was devoted to X-Ray Studies of Art and
Archaeological Objects (4-8 August 2003).

Ion beam analyses
In Fig. 1 we show several non destructive analyses in principle applicable to the examination of an
ancient coin, for instance. They are grouped according to their probing depth. Not all of them are
classifiable as nuclear analyses (SEM analysis, for instance). Nevertheless there is a logical crite-
rion in associating them since the peculiarity of being non destructive is based on involving, in all
cases, transitions of internal constituents of atoms: of course, nuclei in nuclear analyses, internal
shell electrons in atomic analyses.

In Ion Beam Analyses (IBA) light ions, like protons, deuterons or helium ions, are used to bom-
bard with a few Mev energy the sample under examination. The main advantage, compared to
electrons, is that an ion beam can be employed in air and no sample preparation is implied. These
are both evident advantages in examining art objects like paintings or statues. The analyses are
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in first approximation. The error depending on this approximation is in general acceptable in
archaeometric applications and we shall not mention it any more.

In the XRF analyses of paintings the detection of some chemical elements typical of pig-
ment composition gives a direct indication of the chemical nature of color material. We
already commented on the fact that the irregularity of brush stroke makes in general so inho-
mogeneous the composition as to prevent from obtaining quantitative analysis. For painting,
however, a peculiar interest exists on getting information on the stratigraphy or painting layer
sequence. It can be obtained with the invasive technique of micro sampling and examination
of thin or thick sections with optical or electron microscope. We note, however, that in many
instances, as for painting Venetian school, the association of optical reflectance analysis,
which pertains to the most external pigment layer, and XRF analysis, pertaining to the entire
painting layer, allows to discriminate by non invasive method between over painting and inter-
nal painting composition (Fig. 2). 

In the characterization of glasses and ceramics (Fig. 3), quantitative analyses are of fun-
damental importance. In general quantitative analyses rely on the possibility of evaluating
autoabsorption corrections which depend on the sample composition. As already noted, light
elements of the composition are not detected with the energy dispersive spectroscopy, so mak-
ing the correction impossible. In this case we can exploit the peculiarity of light elements, in
general, of having constant Compton mass absorption coefficient; so measuring the Compton
scattering intensity of the exciting X-Rays we obtain a direct evaluation of the absorption
coefficient of light matrix at the exciting energy and, by proper scaling laws, we can also eval-
uate the light matrix absorption effect for all involved X-Ray energies.

Recurring to scattering effect of the exciting X radiation is exploited to by pass the prob-
lem of the possible existence of an artificial or natural patina on metallic surface. In this case,
we recur to both coherent, or Rayleigh (R), and incoerent, or Compton (C), scattering since

Physics, Arts, and Cultural Heritage The role of physical non destructive analyses in the studies of cultural heritage

Fig. 4 
Hans Memling, Crucifixion (1468-70) Top-
left: visible inage detail.
Reflectographies obtained with different
infrared detectors (Silicon, Lead sulfide,
Mercury-Cadmiun Tellurium)
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the ratio R/C is a critical function of the material atomic number. So, using X-Rays of ener-
gy high enough as to pass the patina thickness we can deduce, for instance, for the binary alloy
of Ag-Cu coins the silver content which is the information of numismatic interest. The diffi-
culty dependent on irregular form to obtain quantitative analysis of metallic specimens con-
sists in the fact that unknown corrective shape factors must be included in the calculations
which depends on both exciting and emitted characteristic X-Ray energies. Recurring to the
expedient of measuring XRF line intensities as the average of different sample positions and
using their relative values, it is however possible to obtain a few per cent errors in quantita-
tive analysis of the alloys which are in general compatible with archaeometric requirements.

Infrared analyses of paintings
Optical analyses in general are the non-invasive physical analyses pour excellence. In partic-
ular, near infrared examination of paintings (IR reflectography) allows the detection of paint-
ing underdrawings. (Fig. 4) In cooperation with the national institute of applied optics (INOA)
we gave origin to the “Centro Interdipartimentale di Riflettografia Infrarossa e di Diagnostica
dei Beni Culturali” which is very active in supplying reflectographies of paintings of italian
and foreign museums. In the “Laboratorio di Metrologia Ottica per i Beni Culturali” a proto-
type of a new infrared instrument was developed, based on the scanning of painting real imag-
ine reduced on a minor scale, so offering the possibility of a substantial shortening of take
time.

Physics, Arts, and Cultural Heritage The role of physical non destructive analyses in the studies of cultural heritage

Fig. 2 
Hans Memling, Crucifixion (1468-70)
Non invasive analysis based on reflectance
spectroscopy, energy dispersive XRF,
and Fiber Optical Reflectance Analysis

Fig. 3 
Monza Iron Crown (bottom: detail).
Portable apparatus for XRF analyses of
metals and glasses.
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Measurement of time-dependent CP asymmetries in B0 —> D(*)D decays.
PHYS. REV. LETT. vol. 95, pp. 131802/1-131802/7

AUBERT B. et al. (including: LAZZARO A., LOMBARDO V., PALOMBO F.)
(2005).
Measurement of gamma IN B-+ —> D(*) K-+ decays with a dalitz analysis of D
—> K0(S) PI- PI+. PHYS. REV. LETT. vol. 95, pp. 121802/1-121802/7

AUBERT B. et al. (including: LAZZARO A., LOMBARDO V., PALOMBO F.)
(2005).
Production and decay of XI(C)0 at BABAR. PHYS. REV. LETT. vol. 95,
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AUBERT B. et al. (including: LAZZARO A., LOMBARDO V., PALOMBO F.)
(2005).
Measurement of the branching fraction of upsilon (4S) —> B0 anti-B0.
PHYS.REV.LETT. vol. 95, pp. 042001/1-042001/7
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AUBERT B. et al. (including: LAZZARO A., LOMBARDO V., PALOMBO F.)
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AUBERT B. et al. (including: LAZZARO A., LOMBARDO V., PALOMBO F.)
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AUBERT B. et al. (including: LAZZARO A., LOMBARDO V., PALOMBO F.)
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REV. D. vol. 73, pp. 012004/1-012004/8
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EUROPEAN PHYSICAL JOURNAL C. vol. 38, pp. 413-426
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The INFN-Grid Testbed FUTURE GENERATION COMPUTER SYSTEMS.
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Measurement of the tau lifetime with the DELPHI detector. NUCLEAR
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Development and construction of large size signal electrodes for the ATLAS
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Search for decays of B0 —> E+ E-, B0 —> MU+ MU-, B0 —> E+- MU-+.
PHYS. REV. LETT. vol. 94, pp. 221803/1-221803-8
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the branching fraction and search for direct CP violation B+ —> K0 PI+. PHYS.
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Measurement and Interpretation of Fermion-Pair Production at LEP energies
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Determination of heavy quark non-perturbative parameters from spectral
moments in semileptonic B decays. EUROPEAN PHYSICAL JOURNAL C.
vol. 45, pp. 35-59
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AUBERT B., et al. (including: LAZZARO A., LOMBARDO V., PALOMBO F.)
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EUROPEAN PHYSICAL JOURNAL C. vol. 32, pp. 475-492

ABDALLAH J. et al. (including: ANDREAZZA A., VEGNI G., MERONI C.,
TRONCON C.) (2004).
Measurement of the W-pair Production Cross-section and W Branching Ratios in
e+e- Collisions at s**(1/2) = 161-209 GeV. EUROPEAN PHYSICAL 
JOURNAL C. vol. 34, pp. 127-144
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ABDALLAH J. et al. (including: ANDREAZZA A., VEGNI G., MERONI C.,
TRONCON C.) (2004).
b-tagging in DELPHI at LEP. EUROPEAN PHYSICAL JOURNAL C. vol. 32,
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AUBERT B. et al. (including: LAZZARO A., LOMBARDO V., PALOMBO F.)
(2004).
Measurement of neutral B decay branching fraction to K0(S) PI+ PI- FINAL
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TECHNOLOGIES. vol. 1, pp. 390-394

ABDALLAH J. et al. (including: ANDREAZZA A., VEGNI G., MERONI C.,
TRONCON C.) (2004).
Searches for Neutral Higgs Bosons in Extended Models. EUROPEAN
PHYSICAL JOURNAL C. vol. 38, pp. 1-28
ABDALLAH J. et al. (including: ANDREAZZA A., VEGNI G., MERONI C.,
TRONCON C.) (2004).
Determination of the e+e- —> gamma gamma (gamma) cross-section at Lep 2.
EUROPEAN PHYSICAL JOURNAL C. vol. 37, pp. 405-419

ABDALLAH J. et al. (including: ANDREAZZA A., VEGNI G., MERONI C.,
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JOURNAL C. vol. 36, pp. 283-296

ABDALLAH J. et al. (including: ANDREAZZA A., VEGNI G., MERONI C.,
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Search for fermiophobic Higgs bosons in final states with photons at LEP 2.
EUROPEAN PHYSICAL JOURNAL C. vol. 35, pp. 313-324

ABDALLAH J. et al. (including: ANDREAZZA A., VEGNI G., MERONI C.,
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ABDALLAH J. et al. (including: ANDREAZZA A., VEGNI G., MERONI C.,
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JOURNAL C. vol. 36, pp. 1-23

ABDALLAH J. et al. (including: ANDREAZZA A., VEGNI G., MERONI C.,
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Search for single top production via FCNC at LEP at sqrt(s) =189-208 GeV.
PHYSICS LETTERS B. vol. 590, pp. 21-34

ABDALLAH J. et al. (including: ANDREAZZA A., VEGNI G., MERONI C.,
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Search for B0(s) - anti-B0(s) oscillations in DELPHI using high-pt leptons.
EUROPEAN PHYSICAL JOURNAL C. vol. 35, pp. 35-52
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Search for charged Higgs bosons at Lep in general two Higgs doublet models.
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ABDALLAH J. et al. (including: ANDREAZZA A., VEGNI G., MERONI C.,
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Search for SUSY in the AMSB scenario with the DELPHI detector.
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TRONCON C.) (2004).
Measurement of the Forward Backward Asymmetries of e+e- —> Z —> b anti-
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(2005).
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AUBERT B. et al. (including: LAZZARO A., LOMBARDO V., PALOMBO F.
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