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Good Winds for (NUCLEAR) Physics from 
the Cape of Good Hope 

What is the present status of
physics? What are the perspectives
of physics in the (early) 21st cen-
tury? What is the role of physics in
the sustainable development of
humankind? These were the ques-
tions addressed at the two meetings
held in South Africa last autumn.
The first meeting was the 25th Gen-
eral Assembly of IUPAP held in
Cape Town and the second one was
the World Conference on Physics
and Sustainable Development held
in Durban. The same questions can
and should also be asked specifically
for our field of Nuclear Physics. 

A good message for nuclear
physics from the IUPAP meeting in
Cape Town is that a “Working
Group on Nuclear Physics” was
established. It consists of a small
number of prominent nuclear physi-
cists from all around the world. Its
mandate is to provide a description
of the landscape of key issues in
nuclear-physics research for the next
10 to 20 years; to establish (main-
tain) a network of facilities existing
or under development worldwide; to
produce a mapping of these facilities
onto the scientific questions identi-
fied earlier; to identify missing com-
ponents that would have to be
developed to provide an optimized,
comprehensive network of interna-
tional facilities; to explore mecha-
nisms and opportunities for
enhancing international collabora-
tions in nuclear science; to identify
R&D projects that could benefit

from joint international efforts; to
serve as a source of expert advice
for governmental or intergovern-
mental organizations in connection
with efforts to coordinate and pro-
mote nuclear science at the interna-
tional level; to serve as a forum for
the discussion of future directions of
nuclear science in the broadest
sense; to document the cross-disci-
plinary impact of nuclear physics
and of nuclear facilities and to iden-
tify mechanisms for expanding (fos-
tering) cross-disciplinary research.
It is known that IUPAP rarely estab-
lishes working groups, that is, it
does that only for the expanding
fields or the most important devel-
opments—so there are, for example,
the IUPAP working groups on
energy and on ITER (where, nota
bene, in both of them applications of
nuclear physics are very important).
Thus, establishing the Working
Group on Nuclear Physics marks a
new, higher level of worldwide
cooperation in our field. 

We, nuclear physicists in Europe,
can be proud to be an important axis
of this worldwide cooperation.
NuPECC as an expert committee of
the European Science Foundation,
operating on similar principles as
those mentioned earlier, has defined
the priorities and coordinated the
efforts in nuclear physics in Europe
and consulted the governmental and
funding agencies of European coun-
tries for more than a decade. In
recent years, it has broadened its

membership by including nuclear
physicists from countries with small
but active nuclear-physics commu-
nities like Greece, Romania, and
Croatia. 

Also, the optimistic news is the
building of the FAIR facility (GSI,
Darmstadt), which is of truly inter-
national and interdisciplinary char-
acter. China and India have recently
also become members of FAIR in
addition to the European countries
and Russia. FAIR is certain to
ensure top research perspectives not
only in the fields of nuclear structure
and nuclear astrophysics with
intense radioactive beams and high-
energy ions of exotic nuclear struc-
ture, in compressed baryonic matter
with ultra-relativistic heavy ions, in
low-energy QCD with high-quality
beams of antiprotons, but also in
atomic and plasma physics for
decades to come. 

Last year the Nobel Prize was
awarded to the International Atomic
Energy Agency (IAEA) for its role in
non-proliferation of nuclear weapons.
We, nuclear physicists, know the tre-
mendous contribution of the IAEA to
the peaceful applications of nuclear
science and should continue our
engagement in providing the expertise
and data needed. 

So, in my opinion, the answers to
all the questions posed at the two
meetings in South Africa are, from
the point of view of nuclear physics,
positive. Nuclear physics is a vigor-
ous research field with a broad range
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of applications in energy, environ-
ment, and health issues. We should
not hesitate (maybe hindered by
some misuse of nuclear physics and
a few accidents in old-technology
nuclear power plants) to bring this
message to our colleagues in high-

energy and other branches of phys-
ics, as well as to the general commu-
nity and policymakers. 

Thus, let us use good winds from
the Cape of Good Hope to sail on the
ship NUCLEAR PHYSICS to new
and exciting discoveries. 

ROMAN CAPLAR

Rudjer Boškovié Institute Zagreb
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The Bordeaux Nuclear Research Center 

The Centre d’Etudes Nucléaires at
Bordeaux-Gradignan (CENBG) is a
joint research unit of the CNRS/IN2P3
and the University Bordeaux 1 “Sci-
ence and Technology.” The laboratory
is composed of 35 permanent research-
ers (half of them are employed by the
University), 40 permanent engineers
and technicians, and about 15 Ph.D.
students, post-docs, and visitors. The
scientific program covers a broad range
of topics in nuclear physics, particle
physics, and astroparticle physics as
well as applications of subatomic phys-
ics to different multidisciplinary fields.
The main research subjects are: exotic
nuclei far from the valley of beta stabil-
ity and rare radioactive decays, neu-
trino physics (type and mass of the
neutrino) and double beta decay, high
energy gamma ray astronomy, innova-
tive approaches to nuclear power gen-
eration and transmutation of nuclear
waste, laser-induced nuclear excitations,
the effects of various environmental
exposures studied via macro-, micro-,
or nano-ion beams using the new plat-
form AIFIRA and finally theoretical
studies of nuclear and hadronic matter.
All these activities take place within
strong national and international col-
laborations involving the academic
world and enabling the selection and
training of high-quality students and
post-doctoral researchers. 

Exotic Nuclei 
Our present understanding of

nuclear structure is mainly based on
measurements of nuclei close to the
stability line. Using decay studies and
reaction-type experiments, their struc-
ture has been investigated and a
detailed picture of the structure of the
atomic nucleus emerged. However,

during the last two to three decades,
nuclei further and further away from
stability have been produced and their
structure studied. New and unex-
pected phenomena appeared. This led
to the conviction that in order to give a
coherent description of the nucleus,
one needs to understand how the
nuclear structure is evolving when
going toward the drip lines. 

At the CENBG, the limits of
nuclear stability are explored via the
radioactive decay of proton-rich nuclei
far from stability. Measurements con-
cern β-delayed proton and β-delayed
two-proton emission, β-delayed γ
decay and two-proton radioactivity.
The experimental program is carried
out at several facilities all around the
world: GANIL at Caen, GSI at Darms-
tadt, University of Jyväskylä, ISOLDE
at CERN, and at Michigan State Uni-
versity. The 2p decay mode was pre-
dicted about 45 years ago by the
Russian theoretician V. Goldanskii. It
was suggested that it occurs in proton-
rich even-Z nuclei, when one proton
emission is forbidden by energy con-
servation. In experiments performed at
GANIL and GSI, this new nuclear
decay mode was discovered a few
years ago in the decay of iron-45.
Recently, it was shown that zinc-54
and most likely nickel-48 are two other
ground-state two-proton emitters [1]. 

However, the details of this decay
mode are still unclear. Two-proton
radioactivity can occur by a simulta-
neous uncorrelated emission of the
two protons, which means that the two
protons are correlated neither in angle
nor in energy. This decay mode was
coined “three-body decay.” The other
decay mode, often called “helium-2
emission,” is the emission of a

strongly correlated proton-proton pair
that decays after traveling through the
Coulomb barrier. Both are rather
extreme pictures and the experimental
truth probably lies somewhere in
between. To study the details of two-
proton radioactivity, a time-projec-
tion chamber (TPC) was built at the
CENBG (Figure 1). It is used to visu-
alize the emitted protons in three
dimensions and thus to measure their
individual energies and relative emis-
sion angle. The first experiments with
this chamber were performed recently. 

Another highlight of the studies of
nuclei far from stability performed at
the CENBG was the first observation
of doubly-magic nickel-48 [2], a
nucleus with the magic numbers of
protons (Z = 28) and neutrons (N = 20).
This nucleus is the last doubly magic
nucleus accessible with accelerators of
the present generation and its studies
should allow for a deeper understand-
ing of the evolution of shell structure
for very proton-rich nuclei. 

In the near future, the group and
technical services of the laboratory
will be contributing to the construc-
tion of SPIRAL2, a project that aims

Figure 1. Schematic representation
of the TPC recently built at the CENBG
for the two-proton radioactivity study.
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to accelerate radioactive beams pro-
duced by fission of uranium as well as
very intense stable beams in 2010. 

Neutrinos 
Neutrinoless double beta decay

(ββ0ν) is the most sensitive process to
answer two of the main remaining
questions related to neutrinos: are they
Dirac ( ν ≠ ν) or Majorana (ν = ν) par-
ticles, and what is their mass? 

The CENBG is a member of the
international (France, Russia, UK,
Spain, Czech Republic, Japan, USA,
Finland, Slovakia, Morocco)
NEMO3 (Neutrino Ettore Majorana
Observatory) experiment, which has
been running in the underground
Frejus laboratory since February
2003. The two main isotopes inside
the detector are 100Mo (~7 kg,
Qββ = 3.034 MeV) and 82Se (~1 kg,
Qββ = 2.995 MeV). A Geiger cell
tracking detector allows track recon-
struction, a calorimeter consisting of
1940 plastic scintillators coupled to
low radioactivity photomultipliers
measures the particle energy (resolu-
tion ~14% FWHM at 1 MeV) and a
magnetic field gives the particle
charge signature. NEMO3 is a
unique double beta decay experi-
ment, able to identify electrons,
positrons, alpha particles, and γ rays,
providing a very powerful tool to
reject the different backgrounds.
The whole detector is shielded
against external γ rays and neutrons.
The installation of a radon-free air
factory, in December 2004, has
decreased the 222Rn background to
the negligible level of 1-2 mBq/m3. 

The signal for the neutrinoless
double beta decay is the simultaneous
emission of 2 electrons from the ββ-
source with specific total energy
peaked at the Qββ value. The back-
ground comes from natural radioactiv-

ity and the ββ2ν decay (allowed
process). Figure 2 shows the clear
ββ2ν signal for the 100Mo data taken
between February 2003 and December
2004, in good agreement with Monte
Carlo simulations. 

So far, no evidence for neutrino-
less ββ decay has been found leading
to the following limit on the half-life:
T1/2(ββ0ν) > 4.6 1023 y for 100Mo. A
similar analysis has been performed
for 82Se and the half-life limit obtained
is T1/2(ββ0ν) > 1.0 1023 y. The corre-
sponding limits on the neutrino effec-
tive mass are mν < 0.66-2.81 eV
(100Mo) and mν < 1.75-4.86 eV (82Se)
depending on the particular nuclear
matrix elements used for the calcula-
tion [3]. NEMO3 is still in operation
and the low-radon period data will
lead to more sensitive results after fur-
ther analysis. 

The next goal of the collaboration
is to attain sensitivity on mν below
0.1 eV with 100 kg of enriched iso-
tope, using the same tracko-calo tech-
nique. The SuperNEMO project is
now in an intense R&D phase to study
in particular the background reduction
(to an order of a few μBq/kg) and the
improvement of the energy resolution
(7% FWHM at 1 MeV). 

The CENBG is actively partici-
pating in this phase via detector
tests, data acquisition developments,
and low radioactivity measurements
with very sensitive germanium
spectrometers. 

These spectrometers can measure
radioactivity levels as little as one-
millionth of that found in the human
body and can be used in other disci-
plines to trace natural and man-made
radioisotopes. For example, it has
been possible to verify the vintage of
old Bordeaux wines without opening
the bottle by measuring the very low
contamination (<1 Bq/l) of 137Cs that

is strongly dependant on the age of the
wine [4]. 

Gamma-Ray Astronomy 
The Astroparticle physics group at

the CENBG studies the sky as seen in
GeV gamma rays, and all efforts are
currently focused on preparing the
LAT (“Large Area Telescope”) for the
GLAST satellite to be launched by
NASA toward the end of next year.
This project involves laboratories
from the USA, France, Italy, Japan,
and Sweden. 

Gamma rays are detected when
they convert to an electron-positron
pair in the LAT. One of the world’s
largest silicon trackers measures their
direction, with an on-axis resolution
between 30 MeV and 10 GeV of ~0.6/
E0.8 degrees (E in GeV), a few-fold
improvement as compared to the
previous mission (EGRET on the Comp-
ton Gamma-Ray Observatory was
de-orbited in 2000). The CsI(Tl) calo-
rimeter measures energies up to
300GeV, with an effective area ~10
times greater than EGRET’s. The over-
all sensitivity will be 25 times greater
than for EGRET. Hence both the num-
ber of gamma-ray emitters that can be

Figure 2. Energy distribution of the
2 electrons for 100Mo: full spectrum
of the bb2n [3].



laboratory portrait

Vol. 16, No. 3, 2006, Nuclear Physics News 7

detected and the ability to associate
them with objects known at other
wavelengths will be greatly enhanced. 

The CENBG’s contribution to the
instrument has been to study the
energy response of the CsI crystals. A
calorimeter module was taken to the
GSI, Darmstadt to determine its
response to relativistic heavy ions [5].
As preparation, a smaller version with
superior electronics was built at the
CENBG and taken to beams at the
CERN SPS and GANIL. A “calibra-
tion unit” consisting of two silicon
trackers and three calorimeters will
spend several weeks in the CERN PS
and SPS beams this summer. CENBG
personnel also worked on the calorim-
eter calibration using atmospheric
muons while the LAT was being
assembled at Stanford University dur-
ing 2005. The final energy calibration
will be performed on-orbit using cos-
mic ray ions. 

With launch only a year away,
efforts are shifting toward physics anal-
ysis. The group is concentrating on two
topics: “blazars” and “pulsars.” A blazar
is an active galactic nucleus harboring a
supermassive black hole generating a jet
pointing high-energy particles toward
Earth, similar in many respects to the
better-known quasars. A major discov-
ery by EGRET was to learn that the high
energy sky is dominated by these
extremely distant particle accelerators,
and thus extremely powerful. GLAST
should detect thousands of blazars and
allow major steps forward in their
understanding (see Figure 3). 

Pulsars are rapidly rotating neutron
stars that sweep the earth with an intense
beam, much like a lighthouse flashing
an observer. EGRET detected fewer
than 10 gamma-ray pulsars, whereas
GLAST could detect hundreds [6]. 

The end-point of the life cycle of
many stars, an accurate census of

gamma-ray pulsars is lacking. Further-
more, 40 years after their discovery,
models of high-energy particle acceler-
ation by pulsars have many flaws that
new observations should resolve.
Gamma-ray pulsar studies benefit
greatly from accurate radio timing, and
our group is working with the 100-
meter radio telescope in Nançay,
France, to track over a hundred
gamma-ray candidates. Ten years after
the birth of the Astroparticle group at
the CENBG, most of which time was
spent building and running the
CELESTE atmospheric Cherenkov
telescope, the group is about to share in
what will probably be the most signifi-
cant mission in high-energy astrophys-
ics for the decade to come. 

Nuclear Data for New Fuel Cycles 
and Waste Transmutation 

The increased greenhouse effect
due to the consumption of fossil
fuel, the increasing need of energy
due to the fast economical develop-
ment in Asia, and the probable lack
of primary resources in the near
future all put nuclear fission energy
as a serious candidate at least for a
transition period. But two problems
have to be solved: first, standard
pressurized water reactors (PWR)
use 235U as fissile material. It is a
tiny part (0.7%) of natural uranium,
and the only fissile nucleus present
in nature. The resources are there-
fore limited. Second, even though
nuclear power plants do not contrib-
ute to the greenhouse effect, they do
produce an important amount of
radioactive waste, the most radio-
toxic ones being long-lived α-chain
emitters like Pu isotopes and minor
actinides (Am, Cm). 

Fourth generation reactors should
solve both questions. Innovative fuel
cycles regenerating fissile material

while producing smaller amounts of
Pu and minor actinides (for example,
the 232Th-233U cycle) and systems for
transmutation of nuclear waste (for
example, accelerator driven systems)
are possible answers to these chal-
lenges. However, new sets of neutron-
induced cross-sections are needed for
a number of isotopes of interest and
for a broad neutron energy range
because available data are often rather
scarce or of poor quality. 

The CENBG group started with
the investigation of fission and capture
cross-sections relevant to the 232Th-
233U cycle. The major advantage of
such a fuel is that it produces
radiotoxic waste in much lower quan-
tities (up to a factor 1000) compared
to the present PWR reactors. Further-
more, thorium is more abundant than
uranium and it is the only nucleus
present in nature that can give rise to
an excess of fissile material (233U) in
presence of either thermal or fast neu-
trons. The 233U production is con-
trolled by the 27 day half-life of 233Pa
and thus the neutron properties of this
nucleus influence directly the inven-
tory of the fissile material. For the
long-lived nuclides of this cycle, like
232Th and 233U, fission cross-sections
have been measured using direct neu-
tron-induced reactions and a compact
set-up of photovoltaic cells for the
detection of fission fragments. 

The lack of experimental data con-
cerning 233Pa can be explained by its

Figure 3. Simulated gamma-ray sky
as seen with GLAST.
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short half-life and as a consequence
the high specific activity (109 Bq/μg)
has been a real challenge for experi-
mentalists. In order to overcome this
problem, the group has developed a
new technique to determine the neu-
tron-induced fission and capture
cross-section [7] via the transfer reac-
tion 232Th(3He, p)234Pa (see Figure 4).
In the same experiment, neutron
induced fission cross sections for
231,232Pa and 230Th could also be mea-
sured and the comparison with exist-
ing data allowed validation of the
method employed. 

Minor actinides are produced by
successive neutron captures, α and β
decays starting from 238U in the cur-

rent U-Pu cycle. These nuclei are the
most harmful types of nuclear waste
and their transmutation with fast neu-
trons has been proposed as an alterna-
tive solution to the high level
radioactive waste depository prob-
lem. The reliable design of fast neu-
tron reactors for incineration requires
accurate knowledge of neutron
induced reaction cross sections (fis-
sion, capture, . . .), which is not the
case for the Am and Cm isotopes of
interest. The surrogate technique
applied for the Th-U cycle has been
extended to these isotopes using an
243Am target [8] and neutron-induced
fission cross-sections for 242–244Cm
and 241Am have been obtained. The

group also plans to use a 242Pu target
in order to determine fission cross-
sections of 241–243Am and 240Pu. 

The various experiments have
been performed at the local AIFIRA
platform, at the Van de Graaff acceler-
ators of Bruyères-le–Châtel (CEA)
and GEEL (IRMM) and at the Tan-
dem accelerator of IPN Orsay, which
are all facilities of the network “EFN-
UDAT” (European Facilities for
NUclear DATa) recently set up in the
6th framework program EURATOM
of the European Community. 

Nuclear Physics with High-Intensity 
Lasers 

The production of high-energy
electrons, protons, and heavy ions was
observed with ultra high intensity
(UHI), 50 joule class lasers a few years
ago. This discovery has triggered
strong interest for applications in vari-
ous domains: accelerators, nuclear
waste management, medicine, radio-
isotopes production, and inertial fusion.
At that time CEA, CNRS, and the Uni-
versity Bordeaux 1 decided to coordi-
nate their efforts in academic research
in anticipation of the Megajoule laser
installation near Bordeaux. It is in this
context that the CENBG group, which
was already working at the interface of
nuclear and atomic physics, has
decided to explore the new possibilities
offered by these UHI lasers. 

Tremendous progress in laser tech-
nology and especially the use of the
Chirped Pulse Amplification (CPA)
allowed the installation of UHI “table-
top” lasers. Figure 5 shows a typical
electron energy distribution obtained
with such a laser (1 J, 30 fs) at the
facility of the Laboratoire d’Optique
Appliquée (LOA) in Palaiseau [9].
The laser was focused on a 10 μm
thick mylar target with an intensity
reaching I = 1019 W/cm2. 

Figure 4. Neutron-induced fission cross-sections of 233Pa determined via the
232Th(3He, p)234Pa reaction and comparison to the nuclear data libraries ENDF
and JENDL.
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The high-energy part of the spec-
trum is characteristic of a Boltzman
distribution with a “hot temperature”
Th. The electrons can be converted into
photons (by Bremsstrahlung) in order
to induce photonuclear reactions. In the
presence of very high particle fluxes,
these photonuclear reactions are effi-
ciently used to characterize the total
electron yield as well as their angular
distribution. It has been shown that the
high-energy electrons are emitted in the
forward direction within a cone of only
a few degrees. 

This experiment proved that a
femtosecond laser pulse can generate
relativistic electrons, in sufficient
quantities to induce photonuclear
reactions: 104 fissions/pulse in a 2-mm
thick uranium target or 105 (γ, n) reac-
tions in a 4-mm thick copper foil.
These activation measurements, com-
bined with GEANT simulations, led to
a total amount of ~108 electrons above
5 MeV produced in one pulse. This
figure is expected to be drastically
improved in the future with higher
intensity lasers and the optimization of
the laser-matter interaction, espe-
cially through the control of the pre-
plasma due to the CPA. 

The large amount of electrons
accelerated out of the target gives rise

to a tremendous space charge and as a
consequence, protons are also
extracted and propagate with the mov-
ing electrons. Based on activation
measurements the intensities of the
two beams seem to be correlated. 

The opportunity of producing
short pulses (less than 1 ns) of high-
energy particles and the possibility of
generating a time synchronized mm3

size plasma open new possibilities for
nuclear physics studies. Nuclear exci-
tations in plasmas are being investi-
gated with the kHz laser at the CEntre
des Lasers Intenses et Applications
(CELIA) facility at Bordeaux [10].
Laser-produced proton beams have
been used to induce (p, n) reactions on
copper plasma at the Laboratoire pour
l’Utilisation des Lasers Intenses
(LULI) at Palaiseau [11]. These first
steps in nuclear excitation studies with
UHI lasers now available at LOA,
LULI, IOQ Jena, or CELIA open the
route toward experiments planned
with the petawatt laser, which should
be in operation in 2010 at the Mega-
joule installation near Bordeaux. 

Theory 
The theory group at CENBG is

working along two main lines:
nuclear structure studies and had-
ronic physics. 

In the first domain, the accent is
currently on mean field approaches
using effective nucleon-nucleon inter-
action. Correlations (of the pairing or
RPA type) are taken into account
within an approach that explicitly con-
serves ab initio the number of parti-
cles. The main physical issues
considered lately are the quenching of
pairing correlations in high-K iso-
mers, intrinsic vortical currents in
highly rotating states, and a novel
understanding of the spin of fission
fragments as resulting from an orien-

tation pumping mechanism based on
the Heisenberg principle. 

At the energy scale of nuclear
physics, the effective degrees of free-
dom are the hadronic ones. However,
hadrons are composite objects and
their behavior in nuclear matter
should reflect the underlying dynam-
ics of the quarks. Starting from mod-
els taking into account the quark
degrees of freedom, like for example
the Nambu-Jona-Lasinio model, the
group is involved in the construction
of effective nonlinear hadronic
Lagrangians and in the calculation of
physical observables sensitive to the
substructure of the hadrons like
dilepton production rates, in-medium
vector-mesons mass, . . . already mea-
sured or which should be available
soon via experiments performed, for
example, at CERN, Brookhaven, or
GSI Darmstadt. 

The New AIFIRA Platform 
AIFIRA stands for “Applications

Interdisciplinaires des Faisceaux d’Ions
en Région Aquitaine”. This recently
developed ion beam facility is equipped
with a single stage electrostatic accelera-
tor (HVEE 3.5 MV Singletron) deliver-
ing bright beams of light ions (H+, D+,
He+) with currents up to 100μA. Ion
beam analysis, material characteriza-
tion, irradiation (fast neutrons, charged
particles), and imaging techniques are
carried out to conduct an interdiscipli-
nary research program in the following
fields: biomedicine, environment, inno-
vative fuel cycles, nuclear waste man-
agement, microelectronics, material
sciences, and cultural heritage [12]. The
facility is opened to external users from
academic research as well as to indus-
trial firms via the technology transfer
department ARCANE. 

The facility was commissioned in
January 2006. Because one of the

Figure 5. Electron energy distribution
obtained with a 1 J, 30 fs laser focused
(10 mm spot). 
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objectives of the project is the
achievement of a nano-beam with
lateral resolution less than 100 nm, it
has been installed in a new building
specially designed to avoid any
perturbations from mechanical vibra-
tions and thermal effects (see Figure 6).
The building has also been equipped
with concrete radiation shielding for
fast neutron experiments. 

Five beam lines are available for
dedicated applications: 

• Production of fast mono ener-
getic neutrons (100 keV-6.5 MeV
and up to 20 MeV soon) using (p,
Li), (p, T), (D, D), and (D, T)
nuclear reactions. 

• Focused micro- and nano-beams
for chemical analysis, material
characterization, and imaging
(PIXE, RBS, NRA, STIM, . . .) at
submicron scale. 

• External beam for material charac-
terization in air (PIXE, RBS, NRA). 

• Targeted irradiation of individual
cells using a micro-beam con-
trolled in single event mode. 

• Targeted irradiation of micro-com-
ponents using a sub-micron beam
for microelectronics (Ion Beam
Induced Charge, Single Event
Upsets, . . .) 

• Local modification of materials
and processing of micro-structured
materials. 

The nanoprobe is in its final stage of
development and will be available
beginning in 2007. It takes advantage of
the outstanding performances of the
accelerator in terms of beam brightness
and energy stability. New research fields
such as nanotechnology and nanobiol-
ogy will be addressed using this instru-
ment. Furthermore, AIFIRA is one of
the few modern experimental facilities
in Europe offering the possibility to

perform experiments with fast mono
energetic neutrons in this energy range. 

The access for internal and
external users is managed by an inter-
disciplinary scientific committee
composed of 11 members including 4
external experts from different fields
of research. 

Cellular Response to Charged 
Particle Irradiation 

The objective of this research is to
understand the cellular and molecular
mechanisms involved in the response
of biological systems to ionizing radia-
tions and thus to resolve uncertainties
in the risk from environmental expo-
sures to radiation at low and protracted
doses. In this interdisciplinary frame-
work, physicists and biologists are con-
ducting a research program based on (i)
advances in modern molecular biology
to investigate damage at the individual
cell scale, (ii) new instrumentation in
ion beam techniques to perform the
irradiation of single cells with a
counted number of MeV ions (see
Figure 7), and (iii) Monte-Carlo

simulation for an accurate micro
dosimetry at the cellular level. 

At dose levels typically encoun-
tered in private and professional
environments, a lot of information is
still missing about the molecular
pathways and cellular mechanisms
that lead from initial deposition of
energy to strand breaks and other
lesions in DNA. The aim is to
develop numerical models of track
structure caused by the passage of
ionizing particles through living mat-
ter and more especially cells and to
compare predictions with experimen-
tal data. The strategy is not to create
another stand-alone Monte-Carlo
simulation code, but is rather to inte-
grate the actual knowledge basis of
radiobiology into Geant4, a Monte-
Carlo simulation tool kit developed at
CERN and widely used by a large
community. 

Furthermore, the efforts of the group
are concentrated on understanding the
primary molecular processes responsi-
ble for recognizing and repairing DNA
damage, as well as apoptosis induction

Figure 6. The switching magnet and beam lines of AIFIRA. The long granite
stone intended to support the future nanoprobe is aligned on the 0× port of the
magnet. Granite is employed to avoid any perturbation by vibrations or
thermal effects.

1
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at different levels of biological organiza-
tion from genes or proteins to cells. A
charged particle micro beam has been
installed for the targeted irradiation of
individual cultured cells with a lateral
resolution of a few microns. The system
is capable of delivering an exact number
of ions in cell compartments (cytoplasm
or nucleus) in order to control the dose
accurately. The development of such an
instrument was stimulated by the
requirement to avoid any randomness in
the dose delivered to each cell of a pop-
ulation, inherent to usual irradiation
techniques based on broad beams or
radioactive sources. Charged particle
micro beams allow the investigation of
cell compartment radio sensitivity. The
possibility of choosing the target of
interest within a cell population or
within an individual cell is also of

primary importance to understand the
role of intercellular and intracellular
communication in the response of cells
to a low radiation dose. 

ARCANE: The Technology 
Transfer Department 

ARCANE (Atelier Régional de
CAractérisation par méthodes
Nucléaires Elémentaires) is the tech-
nology transfer unit of the CENBG
that is carrying out material analysis
for manufacturers or private research
laboratories [14]. The means of inves-
tigation are based on low-energy
nuclear analysis methods and particu-
larly on the use of ion beams from the
old Van de Graaff accelerator as well
as the new Singletron machine. The
currently employed techniques are
RBS, ERDA, PIXE, NRA, and associ-
ated dedicated analysis chambers. The
current fields of investigation are
microelectronics, optics and optronics,
new materials, and environment. 

For the near future, new markets
might open up with the availability of
new beam-lines at the platform AIFIRA,
in particular the external ion-beam, the
capacity of carrying out irradiations with
energetic and intense neutron beams,
and the nanoprobe for elementary analy-
sis using targeted irradiations. 

Conclusion 
The CENBG contributes to the

excellence of French research while
actively participating in the missions of
both the CNRS and the University Bor-
deaux 1. Sharing our results with the
public and contributing to the general
knowledge and culture of our society is
a high priority for the laboratory. The
title of the CENBG brochure is
“Nuclear Science for the Benefit of
Humanity,” and increasingly, numer-
ous visitors are eager to learn more

about the progress made in subatomic
physics and related applications. 
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Figure 7. The charged particle micro
beam: view of the irradiation stage
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Introduction 
Quantum Chromo-Dynamics (QCD) describes the

physics of strong interactions. These phenomena are in
many cases non-perturbative. A particularly interesting sec-
tor of the strong interactions is at extreme conditions. With
increasing temperatures (T) we expect a transition at some
T=Tc. The dominant degrees of freedom are hadrons in the
low temperature phase and colored objects in the high tem-
perature phase. Present lattice results suggest a cross-over
and a critical point at some non-vanishing T and chemical
potential (m). 

Because we are mostly interested in the physics around
Tc, non-perturbative methods are necessary among which
lattice QCD is the most systematic one. There are at least
two serious difficulties with lattice simulations. The first
one is connected to the lightness of the quark masses. The
cost of computations increases strongly as the quark masses
decrease, therefore most lattice results were obtained with
unphysically large quark masses. The second difficulty is
connected to the continuum limit. Calculations are always
performed at a finite lattice spacing (a). In order to get
physical results, we have to take the a ® 0 limit. Because,
for example, for the equation of state (EoS) the computa-
tional costs scale as a-13 it is not surprising that up to very
recently most results were obtained only at one set of lattice
spacings. 

The situation is much easier in the case of the pure
gauge theory. The first problem does not exist because the
quark masses are infinite. There are continuum extrapo-
lated results, for example, for the equation of state, both
with unimproved and improved lattice actions and they
show nice agreement [1–3]. There are also numerous EoS
results for the full theory with dynamical quarks [4–7],
which will be discussed in the following. 

For a long time it was believed that no physical answer
can be given to questions with nonvanishing baryonic den-
sities. The reason for that is the infamous sign problem,
which spoils any Monte-Carlo method based on importance

sampling. Recently, new techniques were developed, which
are able to cover small to moderate baryonic chemical
potentials at nonvanishing temperatures (chemical potential
is used to set the baryonic density). 

In this article recent results on nonvanishing densities
and the determination of the EoS when approaching the
physical quark mass and continuum limit are presented. 

Lattice Formulation, NonVanishing Temperatures 
and Densities 

Thermodynamical quantities can be obtained from the
partition function, which can be given by a Euclidean path-
integral: 

where U and Y, Y are the gauge and fermionic fields and
SE is the Euclidean action. The lattice regularization of this
action is not unique. There are several possibilities to use
improved actions that have the same continuum limit as the
unimproved ones. The advantage of improved actions is
that the discretization errors are reduced. 

Usually SE can be split up as SE= Sg+Sf, where Sg is the
gauge action containing only the self interactions of the
gauge fields and Sf is the fermionic part. The gauge action
has one parameter, the b gauge coupling, whereas the
parameters of Sf are the mq quark masses and mq chemical
potentials. For the fermionic action the two most widely
used discretization types are the Wilson and staggered
fermions. 

For the actual calculations finite lattice sizes of Ns
3´Nt

are used. The physical volume and the temperature are
related to the lattice extensions as:  
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Therefore lattices with Nt >> Ns are referred to as zero tem-
perature lattices whereas the ones with Nt < Ns are finite
temperature lattices. Because the gauge coupling b has the
largest influence on the lattice spacing, it essentially deter-
mines the temperature (increasing b increases T). 

For large homogeneous systems the pressure is propor-
tional to the free energy density. Unfortunately the free
energy density (-T/VlogZ) cannot be measured directly.
We can only measure the derivatives of logZ with respect to
the parameters of the action. Then, with an integration we
can obtain the pressure. This method is known as the inte-
gral method for calculating the pressure. In order to remove
the divergent zero-point energy we have to subtract the
pressure measured on zero temperature lattices. Further
thermodynamical quantities can be derived directly from
the pressure. For example the energy density (e ), entropy
density (s), and speed of sound (Cs) have the following rela-
tion with the pressure:  

Although QCD at finite chemical potential (m, which as
already mentioned, is used to set nonvanishing baryonic
density) can be formulated on the lattice [8], standard
Monte-Carlo techniques cannot be used at m¹ 0. The reason
is that for nonvanishing real m the functional measure—
thus, the determinant of the Euclidean Dirac operator—is
complex. This fact spoils any Monte-Carlo technique based
on importance sampling. Several suggestions were studied
earlier to solve the problem. Unfortunately, none of them
was able to give physical answers for nonvanishing densi-
ties. About three years ago new techniques appeared, with
which moderate chemical potentials could be reached on
the lattice. 

One of the most popular ideas [9,10] was to produce an
ensemble of QCD configurations at m=0 and at the corre-
sponding transition temperature Tc (or at any other physi-
cally motivated point for which importance sampling
works). Then one determined the Boltzmann weights [11]
of these configurations at m¹0 and at T lowered to the tran-
sition temperatures at this nonvanishing m. An ensemble of
configurations at a transition point was reweighted to an
ensemble of configurations at another transition point. 

Line of Constant Physics 
Lattice calculations of the EoS are usually performed

with a fixed Nt and then, because in a fixed temperature

range Nt is inversely proportional to the lattice spacing, the
continuum limit can be approached by increasing Nt. Keep-
ing Nt constant means that the temperature can only be var-
ied by changing the lattice spacing. This is usually achieved
by varying the gauge coupling. If we want to keep, for
example, the quark masses constant then the dimensionless
lattice mass parameters (amq) have to be tuned accordingly.
This defines the line of constant physics (LCP) in the
parameter space. 

If we keep the mass parameters constant and do not fol-
low the LCP—which is the case in most EoS lattice stud-
ies—then we have to face the following unphysical
situation. Cooling down two systems, one at 3Tc and one at
Tc to zero temperature, the quarks in the former case will be
3 times heavier. In this approach not mq but mq/T is kept
constant. 

Previous Results on the Equation of State 
There are numerous lattice results for the EoS using

dynamical quarks. However, in all cases the quark
masses—for computational reasons mentioned in the intro-
duction—were set to higher values than their physical one.
The first results were obtained with staggered fermions.
Calculations were performed by the MILC collaboration
[4,5] and by Karsch, Laermann, and Peikert from Bielefeld
[6]. The first calculation with Wilson fermions was done by
the CP–PACS collaboration [7]. 

Staggered results are shown in Figure 1. No LCP was
used in these cases, which means that the curves corre-
spond to constant mq/T, that is, increasing quark masses
with increasing temperature. Figure 2 shows the EoS
obtained with Wilson fermions for Nt= 4 and 6. The lowest
quark mass used here corresponds to a pion mass of
500 MeV. The LCP was used in this analysis. 

In the last years small nonzero chemical potentials
[9,10] have also been used to determine the EoS [12–15]. 

Recently, at the lattice conference both the MILC col-
laboration [16] and the RBC-Bielefeld collaboration [17]
reported on their ongoing work in QCD thermodynamics. 

Although the published results all apply QCD with
dynamical quarks they still have several weaknesses. 

1. In all cases, unphysical quark masses were used,
which results in unphysical pion masses. Because the
transition temperature is higher than the physical
mass of the pion, but smaller than the pion masses
used in these calculations, it might be important to
use physical values. 

ε ε
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T
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2. The works with staggered fermions did not use the line
of constant physics, which results in an unphysical
dependence of the hadron masses on the temperature. 

3. A known problem with staggered fermions is the taste
symmetry violation, which causes a nonphysical nonde-
generacy of the pion masses. This nondegeneracy disap-
pears in the continuum limit, but it is still large for the
lattice spacings used in these calculations. 

4. The approximate R algorithm [18] was used for the cal-
culations with 2, 3 or 2+ 1 flavors of staggered fermi-
ons. This algorithm has an intrinsic stepsize that leads to
systematic errors in the results. In order to eliminate this
systematics an extrapolation to zero stepsize should be
performed. None of the previous works have done such
an extrapolation. It should be mentioned that due to the
subtraction in the calculation of the pressure the error
coming from the typically used finite stepsizes is com-
parable with the result itself. 

5. The discretization errors are still probably large. This is
especially true for temperatures around and below Tc

where the lattice spacing of Nt=4 lattices can be as large
as 0.3 fm. 

6. The determination of the physical scale is not always
unambiguous. Ref. [6] uses, for example, the string

tension, which is—strictly speaking—not an existing
quantity in full QCD because at large distances the
string breaks and a meson pair is produced. 

New Results with Physical Quark Masses, 
Equation of State 

In the following the new results obtained in collabora-
tion with Y. Aoki and K. K. Szabó are presented. Details of
this work are found in Ref. [20]. We have determined the
EoS for two sets of lattice spacings, Nt=4 and 6. We
improved on all the aforementioned points. 

Lattice Action, LCP 
The lattice action we used was a combination of the tree

level Symanzik-improved gauge action and the stout-
improved fermionic action [21]. The stout improvement is
known to reduce the taste symmetry violation significantly. 

As mentioned earlier, using an approximate algorithm
without performing the necessary extrapolations is danger-
ous. Instead we used the exact rational hybrid Monte-Carlo
(RHMC) algorithm [22,23]. 

The quark masses were set to their physical values so
that the meson masses agree with their physical values up

Figure 1. Left: The pressure (lower symbols) and energy density (upper symbols) with 2 flavors of unimproved staggered
fermions on Nt = 4 (diamonds) and Nt = 6 (squares and circles) lattices for different mq / T ratios [5]. Right: The pressure
with 2, 2 + 1 and 3 flavors of p4 improved staggered fermions on Nt = 4 lattices [6]. 
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to a few percent. Moreover, the physical quark masses were
kept constant while increasing the temperature, that is, we
followed the LCP. 

In order to give the EoS in T/Tc units, we had to find the
ratio of the scales at the different simulation points. For this we
matched the static quark-antiquark potential for the different
points at an intermediate distance. Tc was defined as the turn-
ing point of the isospin number susceptibility [20]. The precise
determination of Tc, that is, connecting the scale to physical
quantities, will be the subject of a subsequent publication. 

Results 
In order to present the Nt=4 and 6 results on the same plots

we rescale all quantities in the following way. At infinite tem-
peratures all quantities should approach their free Stefan-Boltz-
mann limit (c). This limit is, however different in the continuum
(ccont) and on lattices with some fixed Nt (cNt

). Therefore all
results are scaled with a factor ccont/cNt so that they could be
compared with the continuum Stefan-Boltzmann limits. 

Figure 3 shows the pressure and the energy density nor-
malized by T4. For comparison, the Stefan-Boltzmann limit
is also shown. Similarly, one can determine the entropy den-
sity, speed of sound, and quark number susceptibilities [20]. 

New Results with Physical Quark Masses, 
Critical Endpoint 

A critical point is expected in QCD on the temperature
versus baryonic chemical potential plane. Our goal in this
section is to determine the location of this critical point. 

The lattice action we used was the unimproved stag-
gered action with physical quark masses (which means that
the pion and kaon masses take approximately their physical
values). 

The partition function of lattice QCD with nf degenerate
staggered quarks is given by the functional integral of the
gauge action Sg at gauge coupling b over the link variables
U, weighted by the determinant of the quark matrix M,
which can be rewritten [9] as  

where m is the quark mass, m is the quark chemical
potential, and nf is the number of flavors. For non-degener-
ate masses one uses simply the product of several quark
matrix determinants on the 1/4-th power. Standard impor-
tance sampling works and can be used to collect an ensem-
ble of configurations at mw, bw, and mw (with, e.g.,
Re(mw)= 0 or nonvanishing isospin chemical potential). It
means we treat the terms in the curly bracket as an observ-
able, which is measured on each independent configuration,
and the rest as the measure. By simultaneously changing
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Figure 2. The pressure (left) and e–3p (right) obtained from O(a) improved Wilson fermions for several pion masses on
Nt = 4 (filled symbols) and Nt = 6 (open symbols) lattices [7]. 
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several parameters for example, b and m one can ensure that
even the mismatched measure at bw and mw samples the
regions where the original integrand with b and m is large.
In practice the determinant is evaluated at some m and a
Ferrenberg-Swendsen reweighting [11] is performed for the
gauge coupling b. The fractional power in Eq. (4) can be
taken by using the fact that at m=mw the ratio of the deter-
minants is 1 and the ratio is a continuous function of the
chemical potential. The details of the determinant calcula-
tion can be found in Ref. [10]. 

In the following we keep m real and look for the zeros of
the partition function on the complex b plane. These are the
Lee-Yang zeros [19]. Their V ® ¥ behavior tells the differ-
ence between a cross-over and a first-order phase transi-
tion. At a first-order phase transition the free energy µ
logZ(b) is non-analytic. Clearly, a phase transition can
appear only in the V ® ¥ limit, but not in a finite V. Never-
theless, the partition function has Lee-Yang zeros at finite
V. These are at “unphysical” complex values of the parame-
ters, in our case at complex b-s. For a system with a first-
order phase transition these zeros approach the real axis in
the V ® ¥ limit (the detailed analysis suggests a 1/V scal-
ing). This V ® ¥ limit generates the non-analyticity of the
free energy. For a system with cross-over the free energy is
analytic, thus the zeros do not approach the real axis in the
V ® ¥ limit. 

Figure 4 shows Im(b0
¥) as a function of m enlarged

around the endpoint mend. The picture is simple and reflects
the physical expectations. For small m-s the extrapolated
Im(b0

¥) is inconsistent with a vanishing value, and the pre-
diction is a cross-over. Increasing m the value of Im(b0

¥)
decreases, thus the transition becomes consistent with a
first-order phase transition. 

Setting the scale leads to the final results of the analysis.
As we already discussed, the quark masses, used to determine
the endpoint, correspond approximately to their physical

Figure 3. Left: the pressure p, as a function of the temperature. Both Nt = 4 (red, upper curve) and Nt = 6 (blue, lower
curve) data are obtained along the LCP. They are normalized by T4 and scaled by ccont / cNt. In order to lead the eye lines
connect the data points. Right: the energy density (e), red (upper) and blue (lower) for Nt = 4 and 6, respectively. This
result was obtained directly from the pressure.

Figure 4. Im(b0
¥) as a function of the chemical potential.
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