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News and Issues from Japan 

In recent years, nuclear physics has
again become popular in Japan. There
are three major reasons for this. First,
the funding for individual scientists has
grown significantly due to the steady
growth of research funds for researchers
at universities and institutes. During the
past ten years the federal support for
basic science, called the Grants-in-Aid
for Scientific Research, has grown by a
factor of two. Second, several new facil-
ities for nuclear physics have been
funded and constructed in Japan. They
are (1) the RI Beam Factory (RIBF) at
RIKEN to provide 100 kW radioactive
isotope beams and (2) J-PARC at Tokai
(managed by KEK and JAEA) for the
acceleration of MW-class proton beams
that will provide intense kaon and neu-
trino beams, in addition to pulsed neu-
tron and muon beams for material
studies and life sciences research. These
facilities will be completed in 2006
(RIBF) and 2008 (J-PARC), respec-
tively. Third, applications of nuclear
physics techniques, such as radiation
therapies, are highly appreciated in soci-
ety. Therefore, many accelerators for
medical usage and other applications are
under construction in Japan. 

At the same time, however, I feel
that Japan is facing an important and
critical issue concerning the usage of
these facilities, in particular, for inter-
national users. The most important
issue is how to create mechanisms to
allow easy and friendly access of
international users to these facilities.
Unfortunately, the system in Japan has
not been well designed in this respect.
For example, the fraction of non-Japa-
nese employees in universities and

institutes is extremely small. Also, the
infrastructure to support temporary
foreign visitors has not been well
established at most institutes and
towns. Furthermore, in spite of the
existence of a strong need of Asian
scientists to use Japanese facilities,
very little discussion between Asian
scientists has thus far taken place for
the usage of RIBF and J-PARC. The
establishment of some mechanism for
access by non-Japanese scientists is
therefore an urgent issue in Japan. 

At RIBF a new organization for
the operation of the accelerator, called
the Nishina Center for Accelerator-
Based Science, started in April 2006.
About the same time, in February
2006, a new organization called the J-
PARC Center was born. In both places
the internationalization of the facilities
is one of most important items to be
implemented in the organizations. 

In 1999 the Working Group on
Nuclear Physics at the OECD Mega Sci-
ence Forum published its report. It states
that four important accelerator facilities
would be needed for future nuclear
physics research in the world: (1) high-
intensity radioactive nuclear beam facil-
ities, (2) intense high-energy electron
beam facilities, (3) multi-purpose had-
ron facilities with a wide variety of sec-
ondary particle beams, and (4) facilities
for heavy-ion collisions at very high
energies. Among those it was recom-
mended that high-intensity radioactive
nuclear beam facilities should be built
on a regional base, whereas the multi-
purpose hadron facility should be built
at only one place. Clearly, the former is
the RIBF facility at RIKEN and the lat-

ter is the J-PARC facility. The important
message from this OECD Working
Group was that, although the style of
international usage could be different
between RIBF (regional center) and J-
PARC (international center), Japan must
start to make serious efforts to accept
world users for both these new Japanese
facilities. 

In the fall of 2005 the IUPAP (Inter-
national Union of Pure and Applied
Physics) created a new Working Group
called the “International Cooperation in
Nuclear Physics.” Also, the OECD Glo-
bal Science Forum created the “Work-
ing Group on Nuclear Physics” in the
spring of 2006. Both Working Groups
have a common goal to discuss and pro-
mote international worldwide coopera-
tion and collaboration in nuclear
physics. Japan would like to utilize these
two Working Groups as a tool for solv-
ing the issue of internationalization of
the Japanese facilities. 

At the same time, while I was writing
this article I discovered that this journal,
Nuclear Physics News, is a unique jour-
nal in nuclear physics in the world,
which could play an important role, sim-
ilar to the CERN Courier in high-energy
physics, for the acceleration of commu-
nications among nuclear physicists in the
world. Thus, I feel that we would like to
utilize this journal more often to inform
the world community of the progress of
nuclear physics facilities in Japan, in
order to achieve true internationalization
of the forthcoming two facilities. 

SHOJI NAGAMIYA

J-PARC Center
Kek and Jaea



feature article

4 Nuclear Physics News, Vol. 16, No. 4, 2006

Analysis of Art Works and Nuclear Physics at the 
Laboratory of Centre de recherche et de restauration des 
musées de France 

JACQUES CASTAING AND MICHEL MENU 
Laboratoire du Centre de recherche et de restauration des musées de France (C2RMF)-UMR 171 
C.N.R.S., Palais du Louvre, 14, quai François Mitterrand, 75001 Paris, France 

Introduction 
Human societies have never considered that it was impera-

tive to preserve objects and artefacts as part of a heritage. In
our present time, the destruction of goods is the engine of the
economy; it allows production growth and social stability.
However, simultaneously to the industrial revolution of the
19th century, it has become essential to collect and protect an
increasing variety of traces from the past [1]. This includes not
only objects kept in museums (remains of living species, arte-
facts, works of art, etc.), but also people-made structures (pal-
aces, churches, industrial buildings, etc.) and even larger
fractions of our environment as can be seen in the list of the
UNESCO “world heritage.” To preserve the past production
of human activity, one must understand the knowledge and the
skills associated to the objects; hence, the development of
many disciplines such as history, archaeology, conservation,
life science, physics, chemistry, and so on are applied to heri-
tage. Many institutions have been involved and during the
20th century research laboratories have been created, such as
the laboratory [2], located in the Louvre museum, that we
describe in the following. The laboratory of centre de recher-
che et de restauration des musées de France (C2RMF) is in
charge of studying the collections at the request of the public
museum system or of other authority. Multidisciplinary inves-
tigations are currently performed by curators/art historians,
chemists, physicists, geologists, restorers/conservators, and so
on Together, they aim at helping the restoration and the con-
servation of objects as well as improving the understanding of
their fabrication, the strategy developed by the ancient artists
or craftsmen, and finally their use. Specific analytical tech-
niques have been implemented, many of them involving
nuclear physics. We focus on the latter in the following. 

Examination of Works of Art 
Multidisciplinary and multi-scale examinations of

objects are a prerequisite to any detailed investigation.
Indeed, the aspect, and the social and historical contexts of

objects as long as they are known, are the first steps. This is
the domain of historians and curators. In addition to direct
visual observation, these specialists are helped by the use of
various electromagnetic radiations such as infra red, ultra
violet, and X-rays [2]. The radiography of paintings has
been performed more than 10,000 times since it began in
the 1920s [3]. These techniques give information beyond
the surface and allow discovering details about the fabrica-
tion of the objects or about their deterioration or their
ancient restoration. Resulting from these investigations,
many questions often are raised concerning the origin and
the processing of the materials, the date of manufacture, the
alteration of the object, and so on. To attempt bringing
answers, it is necessary to use various types of analytical
techniques to determine detailed characteristics of the
materials, such as chemical compositions, atomic arrange-
ments in molecules or in crystals, lattice imperfections, and
so on. The strategy of analysis depends on many parame-
ters such as the question to be answered, the nature of the
materials (organic, mineral), their alteration with time, the
necessity of non-destructive analysis, and so on; different
points of view can be found in publications [4,5]. 

An example of such multidisciplinary research was
undertaken recently on the Mona Lisa by Leonardo [6]. All
the partners of the C2RMF associated with a few specialists
of French and Canadian research centers developed a com-
mon study of the famous painting. 

This approach is at the encounter of art and chemical
science with the consequence that the laboratory of C2RMF
has been supported by the Chemistry department of the
CNRS (UMR 171) for the past 15 years. A large variety of
materials are currently studied in the C2RMF, from metals,
ceramics, and stones to organic materials. The present arti-
cle gives examples related most to inorganic materials.
Actually, the techniques used for the analysis of materials
(X-ray fluorescence, electron microscopy, X-ray diffrac-
tion, infra-red absorption, etc.) derive from physics. Several
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important techniques used at the C2RMF derive from
nuclear physics, involving ion beams and stable or unstable
isotopes. The laboratory of C2RMF has been pioneering in ion
beam analysis on art works thanks to the design and con-
struction of an attachment to work at atmospheric pressure [7]. 

Physics Tools in Heritage Investigations 

Ion Beam Analysis of Chemical Elements 
Materials are fully characterized once the chemical

composition, the crystal lattice, and the microstructure of
the various phases are determined. This requires extensive
investigations that cannot always be afforded. Chemical
element analysis is the most common because it can be
done by the spectrometry of X-rays emitted under the
impact of X-rays (fluorescence; XRF), of electrons gener-
ally in a scanning electron microscope (SEM-EDX) or of
particles (PIXE) in an accelerator such as the one at the lab-
oratory of C2RMF (Figure 1 AGLAE for Accélérateur
Grand Louvre d’Analyse Elémentaire). XRF and PIXE are
performed directly at atmospheric pressure without taking
specimens from the objects; they are non-destructive and
give information on the superficial layers (10–50 μm from
the surface). SEM-EDX is routinely used because it com-
bines imaging and analysis; small specimens (usually less
than 1 mm) have to be extracted from the art works when
the whole object cannot be inserted in the vacuum chamber
of the SEM. 

AGLAE and its applications have been described in
many publications [7–10]. The equipment is based on a
2 MV NEC tandem accelerator 5SDH- (Figure 1) that is
used with beams of protons, deuterons, and α-particles, and
less frequently of heavier ions such as O or N. The beams
exit to the atmosphere through a 0.1 μm thick window
made of silicon nitride. These external beams allow per-
forming the analysis, usually in a flow of helium, at atmo-
spheric pressure, thus preventing from having to introduce
the objects in a vacuum chamber with the risk of damaging
fragile art works. With this system, beam diameters as
small as 20 μm are currently achieved. 

All the IBA techniques are available at AGLAE. PIXE
is the most common analysis because it readily gives quan-
titative compositions for major elements and it has limits of
detection (typically 5–10 ppm) much lower than SEM-
EDX (0.1%) because of the reduced “brehmstrahlung” for
heavy particles. PIX/E and SEM-EDX have the same limi-
tations for the analysis of light elements, that is, before
sodium in the periodic table. This difficulty is overcome by
using nucleus transitions associated to γ-ray emission
(PIGE) or nuclear reaction analysis (NRA), thus giving
access to fluorine, boron, nitrogen, and so on in art works at
the cost of extra work. 

Depth profiling near the surface can be obtained by
these techniques, for instance using beams inclined at vari-
ous angles in PIXE/PIGE or using resonant NRA. How-
ever, such profiling is usually made at AGLAE by
Rutherford back-scattering (RBS), most often with incident
α-particle beams. Hydrogen profiling has also been per-
formed by elastic recoil detection analysis (ERDA) with α-
particles [11,12]. 

In the following, we give two examples to illustrate
these techniques applied to ceramics, with first a PIGE
analysis of boron in glazes of wares fabricated between the
middle age and the 19th century and second a PIXE/RBS
study of luster on Hispanic ceramics. An application of the
characterization of metal point drawings illustrates the effi-
ciency of AGLAE applied to precious and fragile works. 

i. Boron seems to have appeared in glasses in the 17th–
18th century with a massive presence in the 19th due to a
decrease of its price after the discovery of large quantities
of borax in Death Valley (California) [13]. Boron cannot be
detected by PIXE, then, we used PIGE induced by 3 MV
protons. The emission of γ rays corresponds to the reactions
displayed in Table 1 spectra are shown in Figures 2 and 3
for a glass standard and an ancient ceramic glaze. The reac-
tion with the best yield is the one at 429 keV. It cannot be

Figure 1. General view of the AGLAE system. In the back
are the source and the Pelletron accelerating system. In the
forefront, the beam exit window is surrounded by detectors
and specimen monitoring devices. 
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used with specimens containing Li that has a γ peak at the
same energy and it is not convenient in the presence of Na,
frequent in glass, that has a peak at 439 keV (Figure 2). The
results for the three emissions of boron are, then, used to
verify that there is no coincidence in γ emission energy,
giving thus reliable values for B2O3 concentrations. 

The concentration c is determined from the ratio of the
peak areas of the sample (Figure 3) to the standard (Figure
2) Y/YS. However, if the standard and the materials under
analysis are different, an approximate calculation is made
by taking into account the stopping powers according to the
equation:  

c = cS (Y/YS) (S/SS)

where S is the stopping power (in MeV/g/cm2) for the inci-
dent protons. The units used in that equation are important
and cannot be changed without changing the whole equation.
We have examined, by PIGE, 33 ceramic wares covered
with glaze produced between the Middle Ages and the 19th
century to check for the presence of boron. Each object was
submitted to one or two PIGE measurements. An example
is given in Figure 3 where the presence of boron confirms

that the ceramic platter is not from the renaissance, but very
likely a 17th century fabrication.

Indeed, among the 33 wares, there were medieval tiles
from the “châteaux de Vincennes” and objects from Arras.
From the Renaissance, PIGE was performed on fragments
of objects from the Della Robbia’s active between 1450 and
1550, tiles made by Masséot Abaquesne who died in 1564,
and shards of Palissy (1510–1590) wares found at the time
of excavations made near the Louvre museum in the 1980s.
In none of these objects, the concentration of B2O3 is above
the detection limit that is around 0.05%. A number of
glazes on ceramic wares from followers of Palissy contain
B2O3 concentrations between 0.2% and 0.75% [14].
Finally, PIGE was performed on various colors of two
glaze palettes made by Avisseau (19th century) [14]; B2O3

concentrations between 3% and 15% have been found in 7
cases out of 35 PIGE measurements. Clearly, the drop in
the price of boron has induced 19th century potters to intro-
duce boron in the glazes. 

ii. In the ultimate years, there has been a renewed inter-
est in luster pottery that has been investigated using SEM,
transmission electron microscopy (TEM), EXAFS, and so
on [15–19]. Luster is a ceramic decoration that appeared in
the 9th century in the Middle East and spread around the
Mediterranean basin in the following centuries. Luster
gives a metallic aspect that is due to copper and silver nano-
particles distributed into a thin layer under the glaze sur-
face. These particles are revealed by TEM and the nature of
the chemical bond of copper or silver can be determined by
EXAFS. However, these techniques require samples
adapted to the measurements that are very expensive. RBS

Table 1. PIGE conditions for the analysis of boron. 

g energy 429 keV 718 keV 2125 keV 

Reaction 10B (p, α1 γ) 7Be 10B (p, p1 γ) 10B 11B (p, p1 γ) 11B

Yields at 3.1 MeV 7.2 × 106 1.3 × 106 4.8 × 106 

PIGE NIST 93a

1
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10000

600 1100 1600 2100 2600 3100 3600

channel

spc

2125keV 
      B 

Si

Na

Si

Al
718keV

B
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B Na 

Figure 2. PIGE spectrum for a standard reference
borosilicate glass (NIST 93a) containing 12.5% B2O3,
80.8% SiO2, 4% Na2O, 2.3% Al2O3 as major components.
The energies of g rays is indicated for boron. 
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Figure 3. PIGE spectrum from the glaze of a ceramic
platter in the style of Bernard Palissy. The glaze is rich in
lead; it is grey and covers a snake. The concentration of
B2O3 is 1.1%. 
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provides an alternative that is fast to obtain concentration
profiles of copper and silver; it is non-destructive and is
currently performed on valuable luster ceramic wares at the
laboratory of C2RMF. A study has been recently performed
on 15th century shards excavated from a workshop in
Seville that was unknown for any production of luster
ceramics [20]. The chemical composition of the glazes,
determined by PIXE, is typical of the Iberian production
with 50% SiO2, 35% PbO, and 7% SnO2. Concentration
profiles have been determined by RBS. In places, the pro-
files show a loss of lead due to surface weathering during
the centuries underground; metallic luster seems to provide
a protection [20]. The luster layers are revealed by the Ag
and Cu peaks (Figure 4), both elements being present in all
the luster objects. Quantitative profiles are obtained with
the SIMNRA simulation code. The layers containing the
metallic particles are particularly thin (100–200 nm) and
generally not covered by a 20–100 nm glass layer, as com-
monly found in other productions; they are rich in Cu. The
ratio of Ag to Cu concentration is found to vary consider-
ably with the origin of the wares, luster ceramics rich in Ag
being yellow and those rich in Cu being red. External beam
RBS is a very convenient non-destructive technique to
obtain characteristics of sub-surface layers in luster ceram-
ics [20]; it is presently used to investigate a large number of
objects from several national museums. 

iii. Metal point drawings belong to the most precious
and rarest treasures of graphical collections. They were
mainly realized during the Renaissance period by Italian
and Northern European artists. These drawings are charac-
terized by extremely thin grey-brown strokes. Until now,
only little chemical information was provided because of
the very delicate character of the works. However, the anal-
ysis is difficult to perform without damaging the drawings. 

The metal point was known as early as the Roman
period and was used more extensively during the Middle
Ages. From the 14th century, the metal point became an
independent drawing instrument until the mid-16th century,
when it was progressively replaced by black or red pencils.
Lead, silver, and gold were the principal metals used, but
more rarely copper and its alloys. More recently, lead, tin,
or bismuth alloys were prepared. The famous early 15th
century Cennino Cennini’s treatise recommended only two
metals: a lead-tin (2/1) alloy and silver. Lead and tin point
might be used directly on paper or parchment and had the
useful quality to be rubbed out. On the other hand, silver
point, with a higher hardness, was used on a support with a
special bone white preparation. When sketched, the trace is
not erasable. Basically, analyses of the chemical composi-
tion provide additional information in the knowledge of the
genesis of the creation: identification and provenance of the
materials, revealing the artistic knowhow. By evaluating
the chemical fingerprint (determination of the chemical ele-
ments: major, minor, and trace elements), one can deduce
the origin of the materials used, the processing and the stor-
age conditions. 

The analysis should overcome three principal con-
straints: First, the precious character of the works implies
that the analysis has to be absolutely non-destructive: a
direct analysis without sampling and any damage. Second,
the tracks of the metal point consist of a dispersion of tiny
particles on the support. The contribution of the support
should be deduced in the final analysis, which is not always
easy because of the heterogeneity of the composition and
thickness of the track itself. Finally, the amount of the
deposited matter is small: if the area of the analysis is
around 100 square micrometers, the mass of the analyzed
matter is about 1 μg. Quantitative analysis of 1 μg of matter
on an infinite thick support is a real challenge. The sensitiv-
ity of induced X-ray spectrometries is particularly favor-
able for the goals to be achieved. 

As a second analytical technique, we applied spatially
resolved X-ray fluorescence spectroscopy induced by synchro-
tron radiation (SR-XRF), a method totally nondestructive

Figure 4. RBS spectra obtained, in 1 atmosphere helium,
on three locations of the RFM 5 lustre ceramic from Seville.
A 50 mm diameter beam of 3 MeV a particles was used. The
simulation gives atomic concentrations of about 5% Ag and
20% Cu in a 70 nm thick layer at the surface [19]. 
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and very sensitive. Ina Reiche (C2RMF-UMR171) per-
formed the analyses at the BAMline of the BESSY syn-
chrotron in Berlin [21]. The high energy (5–90 keV) mono-
chromatic X-rays are collimated in ca 100 μm. 

As an application the drawingbook of Albrecht Dürer
was analyzed. The German painter created this book during
his trip to the Netherlands in 1521. Dispersed in several
museums, mainly in Paris (Chantilly) and Berlin (Kupfer-
stichkabinett), the different sheets were studied. All were
executed on a paper covered by a preparation based on
bone white. All the drawings show the same chemical com-
position: 90 w% silver, 10 w% copper, and minor traces of
zinc (Figure 5). Only one has another composition: 83 w%
silver, 12 w% copper, 5 w% zinc: The Portrait of young
man with a fur hat was realized with another silver point
(Figure 4), which does not appear in the travel notebook. It
is most probable that the portrait is not contemporary with
the other drawings. 

Synchrotron Radiation 
The use of synchrotron radiation has grown very

quickly during the past decade. The laboratory of C2RMF
has been involved in investigations at LURE (Orsay, now
closed), ESRF (Grenoble), BESSY (Berlin) [22,23] and
Brookhaven National Laboratory; scientists of the C2RMF
are active in the CNRS GDR 2762 set up to organize the
connection between the heritage community and the new
SOLEIL facility due to start operating at the end of 2006.
The investigations have used infra red (IR) absorption,
which provides high resolution microscopy particularly
useful for mixtures of organic and inorganic matter, and
also X-rays that provide unique performance for XRF and
X-ray diffraction (XRD) on small volumes as well as the
possibility to determine the local environment of atoms by
absorption (XANES, EXAFS). Examples are briefly
described in what follows. 

Lead sulphide is a major component in ancient Egyptian
eye make-up. Other compounds such as lead carbonate
(PbCO3), as well as unexpected constituents (laurionite
PbOHCl; phosgenite Pb2Cl2CO3) have been identified by
XRD [24]. The microstructure of lead sulphide was evalu-
ated by analyzing the XRD peak broadening in terms of
dislocation densities and crystallite sizes in relation to the
powder processing for the cosmetic manufacture [25].
Focused X-ray micro-beam has been used to identify by
XRF the trace elements in powder grains of cosmetics in
order to identify the provenance of the minerals; XANES
allowed us to check that the impurities are in the lead

sulphide fraction of the make-up [26]. The same technique
has been used to identify the minerals in black pigments
used in Labastide prehistoric cave (around 14500 B.P.);
they contain the unexpected Mn rich birnessite that is prob-
ably due to micro-organism activity [27]. 

Specimens of Egyptian mummy skin have been exam-
ined with IR microscopy with apertures adjusted down to
3 μm × 3 μm thanks to synchrotron radiation [28]. Compari-
son with modern skin indicates that the structure and the
composition of the skin have been deeply modified due to
degradation; some aspects of the degradation mechanisms

Figure 5. Albrecht Dürer: Drawings from the sketchbook
during his trip to the Netherlands. Berlin. Top/Musée de
Chantilly, analyzed by PIXE/AGLAE; bottom/Berlin
analyzed by SR-XRF/BAM BESSY. The drawing of the
“young man with a fur hat” presents a particular elemental
composition: silver ally with 13 wt% Cu and 5.3 wt% Zn
compared with the other drawings, 90 wt% Ag/10 wt% Cu.
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have been uncovered [29]. Such sets of measurements
would have been impractical without the help of synchrotron
radiation. 

Dating 
Nuclear physics is at the base of a large number of dat-

ing techniques. Applications to heritage studies are useful
mostly for the past 20–30,000 years and exceptionally for
older times. For such a time span (14C half life is 5,730
years), 14C dating is particularly suited to organic materials
left by living species when they stop being in chemical
equilibrium with their environment. The decay of 14C con-
centration gives a direct access to the age of the death of
animals or plants. It requires measuring 14C/12C ratios infe-
rior to 10−12; accelerator mass spectroscopy (AMS) is par-
ticularly adapted to this type of measurement. AMS gives
dates with very small amounts of carbon (1 mg) and has
such a sensitivity that it can give ages as old as 50,000
years. 

A new AMS machine has been purchased, the costs
being shared by the Ministry of Culture, CNRS, CEA, and
IRD. It is a 3 MV Pelletron tandem accelerator 9SDH-2,
manufactured by NEC-USA designed for 14C concentration
measurements. The machine is located in Saclay, south of
Paris, and is part of the laboratory LMC14, managed in the
frame of the CNRS UMS 2572. The laboratory of C2RMF
is involved in 14C dating of heritage objects. The production
of 14C dates is currently becoming a routine process. 

In complement to the previous technique, thermolumi-
nescence (TL) dating is applied to minerals; it has been
used at the laboratory of C2RMF to date ancient ceramics
for the last 30 years [30]. TL is a universal tool for dosime-
try. It applies to heated minerals giving the possibility of
dating by measuring the total dose of natural radiation
recorded since the last temperature increase (T > 350 °C).
This dose is measured by TL or by optically stimulated
luminescence (OSL). In order to calculate the age, the
annual dose rate must be known for the whole life of the
artefact after the thermal event. The dose rate comes from
radio-elements (uranium, thorium, potassium) inside the
object and from the environment. The first contribution can
be deduced from the measurements of the concentrations of
radio-elements. The second contribution is less known
because it may fluctuate depending on the conditions of
storage as shown by a recent survey of the radiation back-
ground in various buildings [31]. Errors on ages can be as
small as 5–10% in the best cases. Additional sources of
uncertainty are the unknown humidity level in the objects

during their storage and also the possible application of ion-
izing radiation to the objects, mostly X or γ rays, that
induce an artificial ageing (laboratory study, airport safety,
etc.) [31]. In spite of these limitations, TL and OSL dating
are largely used, not only in archaeology, but also for
museum collections and in the art market where the results
should be considered with some caution. On the occasion
of a recent exhibit of the Tanagra terracottas of the Louvre,
the laboratory of C2RMF has performed an investigation
with the aim to verify the authenticity of the statuettes.
Luminescence dating has been applied to 140 Tanagra figu-
rines, which were all found to have an age of 2,300 ± 400
years, except 9 of them having an age of 150 ± 50 years.
Obviously, the Louvre collection includes a small number
of fakes, a common situation for the Tanagra statuettes [32]. 

Conclusions and Perspectives 
The aims of heritage research are to understand the past

through the studies of objects, establishing details of date,
place, technology, materials, and so on. We have shown
that in all these aspects, analysis based on nuclear physics
plays an important role. The efforts in investigating and
preserving the heritage are steadily growing in our societ-
ies. A network of laboratories has been created by the Euro-
pean Union to promote “Access, Research and Technology
for the Conservation of European Cultural Heritage” (EU-
ARTECH). In this network, the laboratory of C2RMF is in
charge of providing access to AGLAE for IBA studies of
art work; details are given on the websites of EU-ARTECH
or of C2RMF. 

AGLAE allows nondestructive measurements of elemen-
tal compositions of specimens or of objects when they can be
carried to the accelerator. The cost of transportation is a limi-
tation to the use of IBA for the studies of art work. Hence,
portable equipment is being developed that can be carried
easily to the sites of measurements (museum, monument,
excavation). Various systems are commercially available
such as Raman spectroscopy or X-ray fluorescence. Other
systems exist as laboratory prototypes; an example is a porta-
ble PIXE using a 210Po source of α-particles [33]. 

Numerous techniques are available for elemental analy-
sis. For identification of materials, it is necessary to identify
the crystal structure of the phases. The laboratory of
C2RMF is developing two XRD equipments. A portable
lightweight system, supported by EU-ARTECH, will be
able, when completed, to characterize by combined XRF
and XRD objects that cannot be moved. Another system is
under construction with the financial support of the
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“Conseil Régional Ile de France”; it will give XRD patterns
of surfaces of art works with a spatial resolution of less than
0.2 mm in combination with elemental analysis with
AGLAE; this system will give access to the identification
of small inclusions or to the mapping of mineralogical com-
position of the surface of objects. Progress in the knowl-
edge and the conservation of heritage depends not only on
the availability of complementary analytical techniques,
but also on the narrow collaboration of many disciplines
from physics, geology, chemistry to curators, art historians,
conservators, archaeologists, and so on. 
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Probing the Standard Model with Superallowed 
Nuclear Beta Decay 

J. C. HARDY AND I. S. TOWNER* 
Cyclotron Institute, Texas A&M University, College Station, Texas 77843, USA 

Introduction 
Central to the Electroweak Standard Model is the

Cabibbo-Kobayashi-Maskawa (CKM) matrix, a unitary
3 × 3 matrix that relates the weak- to the mass-eigenstates of
the three generations of quarks. The Standard Model itself
does not prescribe the values of the individual matrix ele-
ments—they must each be determined experimentally—but
it does insist that the full matrix must satisfy all conditions
of unitarity. Thus, any conclusive experimental demonstra-
tion that the unitarity conditions are not met would prove
the need for “new physics” extending beyond the current
Standard Model. Conversely, if the experiment were
instead to confirm unitarity, this result would circumscribe
the scope of any possible new physics to an extent limited
only by the quoted experimental uncertainties on the unitar-
ity sum. Either way, there is compelling motivation here for
precision measurements of the CKM matrix elements
aimed at the most demanding tests possible of the matrix’s
unitarity. 

It is nuclear physics measurements that form the key-
stone of what is by far the best test of CKM unitarity that is
currently possible. 

Superallowed 0+ → 0+ nuclear beta decay is a singularly
valuable tool in probing many properties of the weak inter-
action, not just CKM unitarity. Ironically, its value for this
purpose follows from its relative insensitivity to the effects
of nuclear structure, effects that are notoriously difficult to
account for with high accuracy. To understand why these
particular decays are so insensitive to nuclear structure we
need to examine some of the general properties of beta
decay. 

To a good approximation—the “allowed approxima-
tion”—the two leptons emitted in beta decay, e+ and νe (or
e− and e), do not carry any orbital angular momentum. The
lepton spins can be antiparallel (total S = 0) or parallel (total
S = 1). For the former to occur (a process referred to as vec-
tor, or Fermi, decay) there can be no change in the nuclear

spin between the parent and daughter states: ΔJ= | Ji −Jf | = 0.
For the latter (referred to as axial-vector, or Gamow-Teller,
decay), the leptons carry away one unit of angular momen-
tum, which means that the parent and daughter nuclear
spins may differ by as much as one unit: Δ J = 0 ± 1. How-
ever, what is most important in the present context is that
angular-momentum conservation does not permit an axial-
vector transition to occur between states with Ji = 0 and
Jf = 0. When such a transition occurs, it must be uniquely of
the vector type. 

Calculation of the decay rate for a beta transition
requires knowledge of the wave functions for the initial and
final nuclei and of a transition matrix element connecting
them; in general, this is a complicated and difficult proce-
dure, producing results that are certainly not expected to be
accurate to the percent level. For one special class of
decays, however, the calculation is simplified and its reli-
ability is increased enormously. These are the vector decays
between “analogue” states. Without charge-dependent forces
in nuclei, analogue states would be completely identical in
structure (including spin and parity) except for the inter-
changed roles of a neutron and a proton. Although, in fact,
charge-dependent effects do exist, they are comparatively
small and the wave functions of analogue states remain
nearly identical to one another. For that reason, beta transi-
tions between analogue states are among the strongest
known, and are called “superallowed.” Furthermore, if the
analogue initial and final states have spin 0+, then we have a
pure-vector superallowed transition, and the transition
matrix element turns out to be nearly independent of the
detailed structure of the states involved. 

If we ignore small charge-dependent effects for the
moment, the parent and daughter analogue states differ
only in their z-component of isospin. This is a critical point
because the transition operator for vector beta decay is the
isospin ladder operator, exactly the operator that acts to
change the z-component of isospin. Thus, the transition
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matrix element between analogue states is simply a Cleb-
sch-Gordan coefficient of isospin algebra, which for T = 1
states has the value . The actual structure of the
analogue states does not affect this transition matrix ele-
ment at all so long as both states are identical. As we will
see, it is only when charge-dependent effects are incorpo-
rated that nuclear structure enters, and then only at the per-
cent level. 

The measured strength of a beta transition is expressed
in terms of an “ft value,” where f is the “statistical rate func-
tion,” a phase-space integral that depends strongly on the
total measured decay energy; and t is the partial half-life,
which depends on two other measured quantities, the total
half-life of the parent and the branching ratio for the super-
allowed transition. For superallowed 0+ → 0+ transitions
between T = 1 analogue states, the measured ft value can be
written in simple form as  

where = 8120.271(12) × 10−10

GeV−4s, and GV is the weak-interaction coupling constant. 
By referring to GV as a “constant,” we have already

made an assumption, rather an important one in fact. In
most applications a nucleon embedded inside a nucleus
does not behave as a free nucleon but is affected by its sur-
roundings, primarily the cloud of mesons that engulfs it as
it participates in exchange interactions with its neighbors.
The hypothesis that Fermi beta decay is an exception, with
GV being unchanged by the mesons surrounding a decaying
nucleon, is known as the Conserved Vector Current (CVC)
hypothesis. The term “vector” refers to the Lorentz trans-
formation properties of the operator responsible for the
decay. The CVC hypothesis for the weak interaction can be
understood by analogy with the electromagnetic interac-
tion. The proton’s electric charge is not changed by its
being embedded in a nucleus and interacting with mesons.
This is true because the electromagnetic interaction is gov-
erned by a conserved vector current. The CVC hypothesis
is that the weak vector current is just an isospin rotation of
the electromagnetic vector current. In this context then, the
vector coupling constant, GV, plays the same role for the
weak interaction that charge plays for electromagnetism,
and it is likewise independent of its environment. 

We arrive then at the first important application of
superallowed 0+ → 0+ beta decays: testing the CVC hypoth-
esis experimentally. According to Eq. (1), the measured ft

values for all such transition must be the same, regardless
of the parent nucleus involved, providing that GV is con-
stant as CVC hypothesizes. 

The second important application of superallowed
decays only follows if the first is successful. If the mea-
sured ft values are found to be the same, indicating that GV

is truly constant, then the value for GV is automatically
determined from the average. Once we know the value of
GV, we can turn to the test of CKM unitarity and the light it
sheds on physics beyond the Standard Model. If we denote
the weak eigenstates of the quarks in the three-generation
Standard Model as d, s′, and b′, and their mass eigenstates
as the corresponding unprimed quantities, then the CKM
matrix connects the two,  

and must consequently be unitary. There are many relation-
ships among the nine experimentally determined matrix
elements that could be used to test whether this requirement
is met, but the one that currently provides the most precise
result is the top-row sum:  

By far the dominant term in this sum is Vud, which depends
directly on GV via the relationship Vud = GV /GF, where GF

is the well-known weak-interaction constant for the purely
leptonic decay of the muon. The result for GV obtained
from superallowed beta decay is thus the linchpin of this
critical test of CVC unitarity. 

Before examining the nuclear data to see how well CVC
and CKM-matrix unitarity stand up to these tests, we must
first add some small correction terms to Eq. (1). 

Decay in the Nuclear Environment 
Although CVC hypothesizes that GV does not change in

the nuclear environment, other small effects are expected to
occur there. First, there are radiative corrections that arise
because the beta-decaying nucleon is doing so in the pres-
ence of the electromagnetic field of all the other nucleons
and, for example, the decay positron may emit a
bremsstrahlung photon, which goes undetected in the
experiment. Second, isospin is not an exact symmetry in
nuclei; so the nuclear matrix element is slightly reduced
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from its ideal value, leading us to write ,
where δC is the isospin-symmetry-breaking correction. 

Because of these various corrections, the expression for
the ft value in Eq. (1) is modified, and the ft value is
replaced by a “corrected” value, written F t [1,2]:  

Here, δ′R and δNS comprise the transition-dependent part of
the radiative correction and Δ1

R is the transition-indepen-
dent part. The first of these terms, δ′R, is a function only of
the electron’s energy and the Z of the daughter nucleus. It
has been evaluated by standard QED to order Zα2 and esti-
mated in order Z2α3 [3,4]; its values [1] are around 1.4%
and can be considered to be very reliable. The second term,
δNS, is affected by nuclear structure and its evaluation
depends on a detailed shell-model calculation. Although its
values [5] are thus much less certain, they are quite small,
being of order 0.2% for transitions from nuclei with Tz =
½ (N–Z)=−1, and of order 0.04% for those from Tz=0 nuclei. 

The third radiative-correction term, Δ1
R, is somewhat

larger (2.4%) and is nucleus independent; it is thus placed
on the right-hand side of Eq. (4). It plays no role in the test
of CVC, which only requires the F t values to be constant,
but its value is needed before the CKM matrix element,
Vud, can be determined. Marciano and Sirlin recently re-
computed Δ1

R by a new method [6] and after careful scru-
tiny reduced its uncertainty to 0.04%, half its previous
value [7]. 

The isospin symmetry-breaking correction, δC, is also
small but, because it depends most strongly on nuclear
structure, it requires considerable attention. Although the
CVC hypothesis makes the tacit assumption that isospin is
an exact symmetry, this can never be strictly true in nuclei,
where the Coulomb and other charge-dependent forces cer-
tainly play some role. Thus a sound evaluation of the isos-
pin-symmetry-breaking correction, δC, is required and over
the years there have been many calculations of these
effects. Here we choose to retain only two—those of
Towner and Hardy [5], and of Ormand and Brown [8]—
because these calculations were constrained to reproduce a
variety of other properties of the nuclei involved. Typical
values for δC in nuclei with A ≤ 54 are around 0.4%, but for
cases in the upper pf shell, where the extra node in the 2p
orbital plays a critical role, the correction jumps to around
1.2%. There is a small systematic difference between the two
calculations, however, presumably due to Towner–Hardy’s

use of Woods-Saxon functions and Ormand–Brown’s use
of Hartree-Fock functions for the appropriate nuclear radial
functions. This does not affect the CVC test but, in evaluat-
ing Vud, we correct for this discrepancy and assign a sys-
tematic uncertainty equal to half the spread between them.
Unfortunately, this assigned error emerges as one of the
larger contributors in the total error budget for Vud. 

The four correction terms we have introduced into Eq.
(4) are all small, about 1% or less. Their uncertainties do
not exceed 0.05%. This means, in principle, that CVC and
CKM unitarity can both be tested to a few parts in 104 if the
nuclear measurements of the ft values of superallowed 0+

→ 0+ beta decays can reach the 0.1% level of precision or
better. This is a challenging goal but it is one that has
already been met—for nine separate transitions! 

Status of World Data 
Last year, a new critical survey of world data on super-

allowed 0+ → 0+ beta decays was published [1]. All for-
mally published measurements were included, even those
that were based on outdated calibrations if enough informa-
tion was provided that they could be corrected to modern
standards. In all, more than 125 independent measurements
of comparable precision, spanning four decades, made the
cut. The evaluated survey results for half-lives, branching
ratios and QEC values were then used to obtain ft and cor-
rected F t values, which ultimately were applied to funda-
mental weak-interaction tests. 

It is beyond the scope of this brief overview to describe
any of these experiments in detail. However, we will give a
few of the many possible references, and encourage the
interested reader to seek them out because many of the
techniques used in these precision measurements are inge-
nious extensions of, or substitutes for, familiar nuclear
methods in a very different regime. For example, where
else has a decay Q value been measured with a voltmeter? 

For half-life measurements, the most important experi-
mental criteria are that the source be pure, the signal-to-
noise ratio high, pulse pile-up eliminated, circuit dead-time
controlled and appropriate statistical techniques used in
analysis. The most precise measurements have been made
with isotope-separated samples and a 4π gas counter to
detect the positrons [9,10], although recently a precise mea-
surement has been reported with a plastic-scintillator tele-
scope [11]. 

Until recently, branching-ratio measurements were the least
experimentally demanding of the quantities required for
precise ft values because most of the best known superallowed
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transitions were from relatively light Tz = 0 parent nuclei,
from which the superallowed branching ratios are typically
very close to 100%. In such cases, the intensity of the few
weak competing branches could be measured with modest
precision and subtracted from 100%, leaving the superal-
lowed branching ratio determined with high precision [12].
However, in the past decade it has become possible to study
superallowed decays from heavier Tz = 0 parents (A ≥ 62),
as well as from Tz = −1 parents. The former are plagued by
the so-called Pandemonium effect [13,14]: so many weak
competing transitions that they are difficult, if not impossi-
ble, to fully characterize. The latter offer competing
Gamow-Teller branches that are as strong, if not stronger
than, the superallowed branch, thus affording no shelter
from a direct ±0.1% measurement on the transition of inter-
est. In both cases, experiments focus on the beta-delayed γ
rays. With a combination of careful spectroscopy on the
visible γ rays and shell-model calculations to account for
those too weak to see, the Pandemonium effect appears to
have been overcome [15]; and the direct measurements of
branching-ratios from Tz = −1 parents are inching closer and
closer to the 0.1% goal. In one case, the key was a γ -ray
array and alternating reactions to provide internal calibra-
tion [16]; in another, it was a single HPGe detector that had
been painstakingly efficiency-calibrated to 0.15% [17]. 

Historically, the QEC value was the most challenging
property of a superallowed transition to measure with suffi-
cient precision. Because f depends on the decay energy to
the fifth power, these Q values have to be determined to
about ±0.01%, or ±500 eV for a 5-MeV β decay. Until last
year, the only measurements to meet these standards were
of reaction Q-values, typically obtained from a (p, n) or
(3He, t) reaction in which the β-decay daughter nucleus was
used as the target. For the (p, n) reaction (e.g., Ref. [18]), its
threshold was determined with the target placed at the focal
plane of a magnetic spectrometer and the incident proton
beam tightly constrained through the spectrometer by slits.
Cesium ions from an ion source were later passed through
the same slits, and the required accelerating voltage mea-
sured against a 1-V standard in order to determine the orig-
inal proton beam energy. In the case of the (3He, t) reaction
measurements [19], two superallowed transitions were
studied simultaneously, with a composite target made up of
both daughter nuclides, and the outgoing tritons were ana-
lyzed in a magnetic spectrometer. A periodic voltage was
imposed on the target, causing the triton peaks to shift
between two positions on the focal plane. The voltage needed
to overlap a peak from one reaction with an unshifted peak

from the other corresponded to the Q-value difference
between the two reactions. This voltage was then measured
with a precision voltmeter. 

The whole situation has changed very recently as online
Penning traps have begun to achieve astonishing precision
in atomic mass measurements. For the first time, it has now
become possible to measure parent and daughter masses
individually and obtain the difference between them to a
precision of a few hundred eV in light nuclei [20–22]. This
is a very active research area at the moment, with a few
measurements published and numerous other ones in
progress or in the process of being published. 

CVC Under the Microscope 
The top panel of Figure 1 shows the up-to-date situation

for the ft values of the superallowed 0+ → 0+ decays. Most
data come from our recent survey [1] but we have also
included new results that have been published since the sur-
vey, or that we know to have been submitted for publication. 

The middle and bottom panels of Figure 1 show the effects
of successively incorporating the correction terms shown in
Eq. (4): first the transition-dependent radiative term, (1+δ′R),
and then the nuclear-structure-dependent one, (1+δNS – δC). A
comparison of these two panels shows how effective the struc-
ture-dependent corrections are in removing the considerable
scatter that is apparent in the ft values and is completely absent
in the F t values. It is especially important to recognize that the
origins of the structure-dependent corrections are completely
independent of the superallowed decay data; so the consis-
tency of the corrected F t values is a powerful validation of the
calculated corrections used in their derivation. 

The agreement among the F t values for transitions from
a wide range of nuclei 10 ≤ A ≤ 74) is just what CVC led us
to expect—but the extent of agreement is truly impressive!
The data presented in the bottom panel of the figure yield
an average value of (F t)av = 3073.2(8) s, with a normalized
chi-squared of 0.94. Because F t is inversely proportional to
the square of GV, this result confirms the constancy of the
latter to a part in 104, the tightest limit ever set. 

A second implication of the CVC hypothesis is that the
“induced” scalar term in the vector part of the weak interac-
tion must be zero. If this term were non-zero, it would man-
ifest itself as a curvature, either upward or downward, in
the F t-value line at low Z. There is no hint of any such cur-
vature in the bottom panel of Figure 1, and a careful analy-
sis of the 2005 survey results confirmed the absence of any
induced-scalar term at the level of 13 parts in 104, again the
tightest limit ever. 
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CKM Unitarity 
With a mutully consistent set of F t values, the test of

CVC is passed and we can confidently proceed to determin-
ing the value of GV and, from it, the up-down element of the

CKM matrix, Vud. The procedure is straightforward and has
been described recently [1]: it incorporates some provision
for possible systematic uncertainty in the nuclear-structure-
dependent corrections and also employs the Particle Data
Group value for GF. The result is  

where the contribution of experiment to the quoted
uncertainty is only ±0.00007. The result in Eq. (5) is consistent
with, but considerably more precise than, other determina-
tions of Vud obtained from neutron or pion decay. Both of
these sources are free from the charge-dependent correc-
tions that are a serious concern in nuclear β decay, but both
are fraught with experimental difficulties that have so far
limited their precision. 

Unlike the 0+ → 0+ superallowed decays, neutron
decay includes axial-vector as well as vector contribu-
tions. Thus, to isolate GV, not only a lifetime measurement
is required, but also a correlation measurement to deter-
mine λ, the ratio of axial-vector to vector coupling con-
stants. Both measurements present serious experimental
challenges—and serious issues in reconciling the results.
For the neutron mean life, the Particle Data Group (PDG)
[23] actually excludes the most recent gravitational trap
measurement [24] because it differs by 5.6 standard devi-
ations from the previous most precise result [25]; that way
they arrive at seven consistent measurements and a
weighted average of τn = 885.7 ± 0.8 s. The PDG’s recom-
mended value for λ is a weighted average of five results,
not all mutually consistent, so they scale the uncertainty
by a factor of two, yielding λ = −1.2695 ± 0.0029. From
these results, the PDG obtains 

Here the uncertainty is dominated by experiment—the cor-
relation measurements—and furthermore, if the recent dis-
crepant lifetime measurement had not been excised by the
PDG at an earlier stage, experiment would have caused the
uncertainty on Vud to increase even more. 

Pion beta decay is a pure vector transition between two
spin-zero members of an isospin triplet and is therefore
analogous to the superallowed nuclear decays. Its major
disadvantage is that it is a very weak branch (~10−8) in the
decay of the pion and, even the recently completed
PIBETA experiment [26], which succeeded in reducing the
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Figure 1. The uncorrected ft values for the 13 well known
superallowed transitions (top); the same ft values corrected
only for the transition-dependent radiative correction, d¢R
(middle); and the fully corrected F t values (bottom). The
difference between the middle and bottom panel illustrates
the effects of the nuclear-structure-dependent corrections,
dC and dNS. The grey band in the bottom panel is the average
F t value including its uncertainty. 

Vud = ±0 97370 0 00027. . , [nuclear] (5)

Vud = ±0 9746 0 0019. . , [neutron] (6)
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branching-fraction uncertainty by a factor of six, still only
reached a precision of 0.5%. This experiment measured the
beta-decay branching fraction relative to the two-body π+

→ e+νe branch. Taking the precisely determined theoretical
prediction for the latter, the PDG obtains 

where almost all the uncertainty comes from experiment. 
With the value of Vud currently coming entirely from the

dominant nuclear superallowed decays, we can now turn to
the two other matrix elements required for the CKM unitar-
ity test presented in Eq. (3). The value of |Vub| is not known
very precisely but, at (4.31 ± 0.30) × 10−3, it plays no statis-
tically significant role when squared in the unitarity sum.
That just leaves Vus, an element that has undergone major
upheaval in the last few years. 

The value of Vus is mainly derived from the Kl3 decays,
K0 → π−l +νl and K+ → π0l +νl, where the leptons l are either
electrons or muons. Prior to the 2004 Particle Data Group
compilation [27], the accepted value for Vus contributed to a
unitarity sum that was less than one by more than two stan-
dard deviations, a nagging problem that has persisted for
over a decade. Prompted by this discrepancy, a new round
of Kl3 experiments was undertaken, from which the results
have now been published [28–31]. The new results, all con-
sistent with one another, are 2.6% higher than the old mea-
surements and yield f+(0) |Vus| = 0.2169 ± 0.0009, where
f+(0) is a form factor whose departure from unity is a mea-
sure of the SU(3) symmetry breaking in the octet mesons.
A number of calculations for f+(0) have appeared recently,
but the one preferred by the PDG is an older result by
Leutwyler and Roos [32], which has been corroborated
recently by a quenched lattice QCD calculation [33]. This
issue has certainly not been completely settled yet but, for
the time being, we follow the PDG in using
|Vus| = 0.2257 ± 0.0021. 

With the values just presented for all three matrix ele-
ments, the unitarity sum becomes  

where the first uncertainty is the contribution from |Vud|
2,

the second from |Vus|2. It should be stressed, though, that
both uncertainties are dominated by theory and not by
experimental precision. Clearly, unitarity is well satisfied

by the result. Even so, if we had adopted a different calcula-
tion [34] for f+(0) in deriving Vus, the unitarity sum would
again have fallen short by two standard deviations. The
nagging problem has not entirely gone away. 

Directions for the Future 
With CVC verified to high precision and CKM unitarity

in all likelihood satisfied, one could be forgiven for asking
if any more work needs to be done on these questions. Have
the results described here now become material only for the
textbooks? 

Not yet. Whether the unitarity sum is consistent with
unity or not, its value and the uncertainty on that value set
important constraints on physics beyond the Standard
Model. Obviously, if the CKM matrix is shown not to be
unitary, then we will know that new physics is definitely
required; but, even if the sum equals one, its uncertainty
will strictly delimit what new physics is possible. Both are
fundamentally important outcomes! As long as improve-
ments are possible in the unitarity sum, they will continue
to have a significant impact on our understanding of
nature. 

Certainly some of these improvements must come
from theory because it is the theoretical correction terms
that currently dominate the uncertainty budget. Straight-
ening out the SU(3) symmetry-breaking correction
required to extract Vus from kaon decay heads the list, but
further improvements in Δv

R, the radiative correction
required for Vud, wousld have a significant effect on the
overall uncertainty too. Third in order of significance are
the nuclear-structure-dependent corrections, δC and δNS.
So long as the 0+ → 0+ nuclear decays provide the best
access to Vud, these corrections will need to be tested and
honed. Here is where nuclear experiments can continue to
play a critical role. 

The approach is best illustrated by Figure 1. We have
already noted in discussing that figure that the calculated cor-
rections are seen to completely remove the considerable scat-
ter present in the experimental ft values. This already
validates the calculations at the level of current experimental
precision. However, improvements in experimental precision
would test the calculations even more severely, as would
new cases of 0+ → 0+ transitions, specifically selected for
having larger calculated corrections. The reasoning is that if
the ft values measured for cases with large calculated correc-
tions also turn into corrected F t values that are consistent
with the others, then this must verify the calculations’ reli-
ability for the existing cases, which have smaller corrections.

Vud = ±0 9749 0 0019. . , [pion] (7)

V V Vud us ub
2 2 2

0 9991 0 0005 0 0009+ + = ± ±. . . (8)
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In fact, the cases of 34Ar, 62Ga, and 74Rb, which have only
recently been measured, were chosen for this reason. Many
more are possible, either among the light even-even Tz = −1
nuclei like 34Ar or among the heavier odd-odd Tz = 0 ones
like 62Ga. These new cases were inaccessible to precision
studies in the past but, with the increasing availability of
radioactive beams, their time has certainly come. 
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Double Beta Decay 
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Introduction 
In the last few years our understanding of neutrino intrin-

sic properties has expanded in a revolutionary and unex-
pected way. The results of experiments with solar,
atmospheric, reactor, and accelerator neutrinos are all (or
almost all) consistent and lead to the inescapable conclusion
that neutrinos are massive but very light particles and that
they are mixed. By that we mean that the electron, muon, and
tau neutrinos νe, νμ, ντ that are produced in the weak decays
are not particles with a definite mass (in fact, perhaps for that
reason we should not call them elementary particles at all),
but rather superpositions of particles with a definite mass,
usually just denoted ν1, ν2, ν3. And, unlike the analogous
mixing involving quarks where the Cabibbo-Kobayashi-
Maskawa unitary mixing matrix is nearly diagonal, the anal-
ogous neutrino mixing matrix is nearly “democratic” with
eight out of nine matrix elements almost equal in magnitude.
These discoveries opened a window to the “Physics beyond
the Standard Model” and ultimately should guide us to for-
mulation of a new more general theory that would include
such phenomena together with all previous successes of the
Standard Model. Despite these triumphs there are questions
that ought to be answered before we might be able to formu-
late such a new all encompassing theory: 

• Are neutrinos Majorana particles or Dirac particles like
the other fermions? 

• What is absolute neutrino mass (oscillation experiments
supply only mass squared diffences)? 

• Is CP symmetry violated in the lepton sector? 
• Is there a relation between all of this and the baryon

asymmetry of the Universe? 

Study of neutrinoless double beta decay could, and hope-
fully will in a foreseeable future, help answering the first
two questions on the aforementioned list. 

What is double beta (ββ) decay? ββ decay is a nuclear
transmutation, typically involving the ground states of
even-even nuclei (Z, A) and (Z + 2, A) in which two neu-
trons are simultaneously transformed into two protons and
two electrons (and perhaps something else). Such process is

potentially observable because even-even nuclei are more
bound than odd-odd ones with the same number A of nucle-
ons, as illustrated in Figure 1. The transition changing pro-
tons into neutrons, with the emission of positrons or with
electron captures, is also possible as could be deduced from
Figure 1, but in the following we concentrate on the decay
with the emission of electrons. Note that the depicted situa-
tion is not unique, there are eleven “candidate nuclei” pairs,
analogous to the 136Xe → 136Ba ββ decay, with the Q value,
that is available kinetic energy, in excess of 2 MeV. 

There are two modes of ββ decay. In the 2νββ mode
two electrons and two electron antineutrinos are emitted
simultaneously, and in the 0νββ mode only the two elec-
trons and nothing else is emitted. The 2νββ decay is a standard
allowed process that does not violate any conservation laws,
but it is very slow because it is a second order weak transition.
It has been observed in a number of cases by now, with the
typical half-life of t1/2 ~1020 years. The sum-electron kinetic
energy spectrum of the 2νββ decay is continuous, peaked
below the midpoint of the Q value. 

Figure 1. Masses of nuclei with 136 nucleons, with the y-
axis shifted arbitrarily. The two faint parabolas connect the
even-even and odd-odd nuclei, respectively. 136Xe and 136Ce
are stable against ordinary beta decay, but can decay by
emission of two electrons (136Xe) or two positrons (136Ce). 
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In contrast, the 0νββ decay violates the lepton number
conservation law that is a symmetry of the Standard Model.
Hence, its observation would signal a presence of “new
physics,” namely that neutrinos are massive Majorana parti-
cles, and it would answer the first question on the earlier list.
That existence of the total lepton number violation and the
statement that neutrinos are massive Majorana particles are
equivalent follows from the theorem initially formulated by
Schechter and Valle years ago [1]. In view of this, the search
for the 0νββ decay is among the top recommendations of
the APS study of the future of neutrino physics [2]. 

Study of the ββ decay has a long history and went through
up and down periods of interest several times. The first esti-
mate of the 2νββ decay rate was made by Maria Goeppert-
Mayer [3] in her thesis under the guidance of Eugene Wigner
already more than seventy years ago. This was followed by the
work of Furry [4] who realized that the phase space arguments
give preference to the 0νββ decay. However, the discovery of
parity violation in weak interactions led to the realization that
the 0νββ decay is possible only for massive neutrinos and thus
is suppressed by the smallness of neutrino mass, and hence
much more difficult to observe. Although this was considered
a drawback fifty years ago, it is the main reason for the present
enthusiasm for the search for 0νββ decay. 

It took about 50 years since the calculation of Maria Goep-
pert-Mayer [3] to observe the 2νββ decay in a laboratory [5].
Why it took so long? The problem is that the 2νββ decay has a
continuous spectrum with energies similar to the natural radio-
activity governed by half-lives ~1010 times shorter. Hence, the
experimental study of both modes of ββ decay is, first of all,
an art of background suppression. At the present time, the
observation of 2νββ decay mode is more or less routine, and
the emphasis is on the search for the 0νββ decay with present
sensitivity to t1/2 ~1025 years, and attempts to extend it soon by
one or two orders of magnitude. Many theorists believe that
neutrinos are massive Majorana particles, because that would
make it possible to understand the extreme smallness of their
masses (~106 times lighter than the lightest charged fermion,
the electron) without invoking unnatural fine tuning. 

Double Beta Decay and Neutrino Oscillations 
The elementary amplitude of the 0νββ process involves a

six fermion vertex nn → ppee or on the quark level dd →
uuee. The two initial neutrons and the two final protons are
correlated. That correlation may be caused by a virtual
exchange of the light Majorana neutrinos, the same neutrinos
that are observed in the oscillation experiments. However,
that is not the only possibility. The transition may be caused

also by a virtual exchange of various as yet hypothetical
heavy particles, for example, heavy neutrinos, heavy inter-
mediate bosons that could be responsible for the right-
handed weak interactions, various supersymmetric particles,
and so on. It turns out that this heavy particle exchange could
lead to potentially observable 0νββ decay if the heavy parti-
cle mass is ~TeV. That is a mass range that will be explored
soon with LHC. In addition, there appears to be a relation
between the 0νββ decay (or lepton number nonconservation
in general) and charged lepton flavor violation in processes
like μ → e+γ or μ conversion into e in nuclear field. Obser-
vation of the lepton flavor violation in the forthcoming more
sensitive searches could be used as a diagnostic tool for the
mechanism of the 0νββ decay [6]. 

Lets assume that the simplest scenario is the correct
one, that is, that the 0νββ decay is caused by the exchange
of light Majorana neutrinos. In that case the decay rate is:  

1/t1/2  = G0ν (Q,Z) |M0n|2<mββ>2,

where G0ν (Q, Z) is the easily and accurately calculable
phase space factor, M0ν is the nuclear matrix element, dis-
cussed later, and <mββ> is the effective neutrino Majorana
mass, the quantity that we would like to determine. <mββ>
depends on the absolute neutrino masses, on the mixing
angles, and on new and totally unknown so-called Majo-
rana phases through the relation  

<mββ> =Σ |Uei|
2 mie

iα(i)

Here Uei are matrix elements of the first row of the neutrino
mixing matrix, mi are the masses (nonnegative) of the neu-
trinos νi and α(i) are the Majorana phases that cannot be
determined in the neutrino oscillation experiments
(α(i) ≠ 0,π signifies CP violation). 

Thus, if the 0νββ decay rate can be measured, and
<mββ> determined, we will have an important constraint on
the absolute neutrino mass. (From oscillation experiments
one can determine only the mass differences Δmij

2 = mi
2 −

mj
2). The other well-known probe of neutrino mass is the

shape of the β spectrum in tritium β decay that involves the
quantity <mβ>2 = Σ |Uei|2 mi

2 and is independent on the
Majorana (or Dirac) nature of the neutrinos. In addition,
from the study of the cosmic microwave background,
galaxy surveys and other cosmological/astrophysical data,
one can determine or constrain the sum of neutrino masses
M = Σmi. The relation between <mββ> and these other
observables is illustrated in Figure 2. 
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One can see that for the so-called inverted hierarchy,
that is, when m3 < m1 < m2 the effective mass <mββ> is
always finite, and larger than about 20 meV (~10 meV
when the error bars are included). Above ~50 meV the two
hierarchies result in indistinguishable value of <mββ> and
the corresponding mass pattern is degenerate, that is,
mi >> (Δmij

2)1/2 for all i and j. If the hierarchy is normal,
m1 < m2 < m3, the quantity <mββ> might vanish even though
all three neutrinos νi are massive Majorana particles. How-
ever, to have <mββ> = 0 in that case implies either a fine
tuning or some as yet unknown additional symmetry. 

Nuclear Matrix Elements 
Clearly, if the goal is a determination of the effective

mass <mββ> then any uncertainty in the nuclear matrix ele-
ments M0ν causes a corresponding uncertainty in <mββ>.

Unfortunately, the nuclear many-body system does not allow
(at least not now) exact solutions, and approximations must
be used. There are two common methods used in the evalu-
ation of M0ν, the quasiparticle random phase approximation
(QRPA) and the nuclear shell model (SM). They represent
almost opposite extremes in the approximations used. In
SM only a narrow interval around the Fermi level (one shell
or less) can be used, but all (or almost all) configurations of
the valence nucleons are included, in QRPA an arbitrary
number of single particle states can be included, but only
simple particle-hole (or two-quasiparticle) configurations
and their iterations are included. Because QRPA is much
simpler computationally, most of the published calculations
use that method or its modifications. The issues involved
are reviewed in Refs. [7,8]. 

Alas, the published results often do not agree with each
other. If we were to use the spread of calculated values of
M0ν as a measure of uncertainty, as some people suggest,
we would have to conclude that the error in M0ν is quite
large, a factor of 3–5. What is causing such a large spread
in calculated M0ν within QRPA and its modifications?
There is a lively debate among the practitioners on this sub-
ject (see, e.g., Refs. [9,10]). Some of it is related to the
choice of the parameters of the effective hamiltonian. Most
of it, however, is caused by including (or not) corrections
for the short range nucleon-nucleon repulsion and induced
weak currents (primarily pseudoscalar). In any case, the
spread of calculated values is not a good measure of uncer-
tainty. Instead, a consensus should be reached, and justi-
fied, on the proper way of treating these and other effects;
the true uncertainty caused by the uncertainties inherent to
QRPA and related to the input explicit and implicit parame-
ters is considerably less. 

When using the M0ν of [10] we conclude that in order to
explore the degenerate neutrino mass region one needs to
reach sensitivities to t1/2 ~1026–27 years, corresponding to
exposure of several hundred kg-years with negligible back-
ground. And, in order to explore the inverted mass hierar-
chy region, one would need 1–10 ton-years exposure. 

Near-Term Prospects 
At present, the most sensitive experiments used

enriched 76Ge. The Heidelberg-Moscow [11] and IGEX
[12] experiments used ~10 kg of the source each and
reached a lower limit t1/2 > 1.9 × 1025 years [11] based on
~70 kg-years exposure. Subsequently, a subset of the
Heidelberg-Moscow collaboration reanalyzed the data

Figure 2. The relation between the effective neutrino mass
<mbb> and other absolute neutrino mass related
observables. mmin is the mass of the lightest neutrino,
M=Σmi is the sum of neutrino masses, constrained or
determined by “observational cosmology,” and <mb> is
observable in b decay. Shaded bands are for the best values
of Uei, lines include the 95% CL errors. The width of the
shaded bands reflects the uncertainty related to the
unknown Majorana phases. The dashed blue vertical lines
in the second and third panel indicate the anticipated limits
in sensitivity of the planned experiments. The horizontal red
lines are explained in the text. 
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obtained in the experiment, and concluded that the peak at
the Q-value corresponding to the 0νββ decay is in fact
present, and determined the half-life as t1/2=1.5+7.55

0.71×1025 y
[13]. If that claim could be independently verified, we
would have to conclude that the neutrino mass pattern is the
degenerate one (see the red horizontal lines in Figure 2).
Clearly, such an extraordinary claim requires detailed scru-
tiny, and eventual independent verification. Several experi-
ments are poised to not only accomplish that (and if true
reduce the error bars substantially), but to explore fully and
independently of each other the degenerate neutrino mass
region. 

Four proposed experiment, CUORE, EXO, GERDA,
and Majorana hope to reach sensitivity to 0νββ decay half-
life near or in excess of 1026 years, an improvement by
about an order of magnitude. This is accomplished by
increasing the mass of the sample to ~100 kg and at the
same time decreasing the background per unit mass accord-
ingly. All of them are also potentially scalable to a ~ton
size experiments, provided the envisioned background sup-
pression is achieved in the first phase. The results are
expected by ~2010. (There are other proposed experiments
but these four seem to be most advanced.) 

Thus, within this decade, we should be able to fully
explore the degenerate neutrino mass region, <mββ> > 50–
100 meV. The strength of this program is based on using
several different methods and different candidate nuclei,

thus reducing the dependence on the nuclear matrix ele-
ments and systematic errors. If the 0νββ decay is found in
this phase, we would have answers to the first two ques-
tions listed in the Introduction. If not, larger, ton-size
experiments are needed. The experience gained with the
~100 kg experiments will then serve as a guide for the
selection and funding of those even more challenging tasks. 
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Nuclear science is a young science, less than a hundred
years old, but the one that may in the end save the world
from self-destruction; particularly if James Lovelock’s
Gaia Hypothesis is correct[1]. The current reliability,
safety, life-capacity, and overall capability of nuclear
power reactors signify that here hangs the key to a secure
future for society including energy availability, predictable
fuel costs, and a non-toxic environment. 

If it is energy you want, it is electricity that you need!
Electricity for your comfort at home, for the expansion of
your industry or business, and your communication with a
complex and eclectic global market place. It is of course
essential that the electrical source be continuous in opera-
tion, and reliable in performance. 

As outlined in Ref.[2] only three energy sources meet
this need today, namely fossil fuels, hydraulic power, and
nuclear energy. The purpose of this article is to demonstrate
that the only complete baseload solution lies with the
nuclear option. 

It is of course a fact of life that many in society are sus-
picious and skeptical about most advances in scientific
understanding and technology. Because this is so, it is
increasingly important that scientists and physicists in par-
ticular explain and quantify realistically the significance
and value of new discoveries as they appear, and act as
interpreters of science to the community at large. 

It may be useful to recall that for a time in the early
nineteenth century organized teams of craftsmen existed
who destroyed textile machinery in a vain attempt to halt
the development of industrialization and technology. The
movement began in England, and the activists issued warn-
ings and proclamations in the name of their mythical leader
Ned Ludd, or “King Ludd” of Sherwood Forest. The name
Luddites stuck, but the movement never spread effectively
to other countries, although in France, certain workers in
the shoe industry threw their wooden shoes, sabots, into the
machinery to damage the equipment; an act that led to the
new word “sabotage.” So, with this historical footnote as
background, the advent of a comparatively recent Internet
website for Luddites-on-Line, must be seen as the most

oxymoronic means of communication ever invented, and
we, as scientists, must wonder at the absence of “innova-
tion-on-line” or “inventors-on-line”; alternative addresses
that might draw attention to the latest advances in technol-
ogy and reflect the ever growing optimism of science.
Instead we find wishful ostriches and nostalgic dreamers of
“the good old days” cluttering the network while those who
believe in a limitless future for science and technology
largely ignore the value of a medium that they themselves
have created. Physicists for one reason or another have
never been so complacent in relation to their impact on
society as at the present time. 

In reviewing the three energy sources mentioned earlier
the first fact to note is that fossil fuels emit large quantities
of greenhouse gases into the atmosphere, particularly car-
bon dioxide, the leading contributor to climate change
according to the Intergovernmental Panel on Climate
change of the United Nations Environmental Program
(1988). The burning of fossil fuel also produces sulphur
and nitrogen oxides, which add acid rain to the fly ash and
radioactive emissions from coal-fired power stations. 

Water generated “hydro” power at less than 10% of the
world’s current energy supply, has little opportunity to
increase in Canada. Most of the resource in Ontario, Que-
bec, and British Columbia is already harnessed, and Mani-
toba, apart from two major projects on the Nelson River,
has already delivered on its promise. Flooding large areas
of land above a hydro dam can be an environmental and
social challenge because of loss of forest, habitat, fertile
land, and the displacement of population to make way for
power generation, so the societal impact of hydro develop-
ment can be considerable. It has also been demonstrated
that greenhouse gas emissions from biological decay due to
such flooding can be similar to those from a coal-fired
power station over a 25-year period. 

Nuclear Power plants, on the other hand, release no pol-
lutants to the atmosphere. They do not contribute to global
warming, smog (smoke and fog), or acid rain. On the con-
trary, Canada’s existing nuclear plants avoid the emission
of 100 million tons of CO2 per year that would result from
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fossil fuel burning as an alternative. In addition, the foot-
print of a nuclear station is small and a plant benefits from
being sited close to a major center of population. This
removes the local need for long electrical transmission lines
from generator to consumer base. 

The Timely Renaissance of Nuclear Power 
Nuclear power plants currently provide around 20% of

the world’s total electricity production. However, the situa-
tion will change because the only way to meet an increasing
demand for electricity, while cutting both the emission of
greenhouse gases and dependency on oil from the Middle
East, is to build more nuclear-generating plants. 

Canada has had the most effective program in the West-
ern world in terms of electricity produced for nuclear
research dollars spent. From 1952 to 1992, the federal gov-
ernment invested $4.7 billion in nuclear research, and dur-
ing this time, the nuclear industry contributed at least $23
billion to Canada’s gross domestic product (GDP). Cur-
rently, Canada’s nuclear industry provides a $6 billion
stimulus to the GDP per year and generates more than
30,000 Canadian jobs, many of them in the high-tech area,
in support of this program. A great social benefit also lies in
the clean air resulting from nuclear power and the resultant
gain in human health and environmental protection that
Canadians can enjoy. This is at the core of this article. Also,
the improved safety and reliability of nuclear reactors
worldwide is having a significant impact. In the United
States, for example, where the average capacity factor for
large reactors was 58% in 1980; by 1990 it had increased to
66%. Now it has actually leveled off at 90% and it would
be imprudent to take it higher because maintenance has to
be done. So, operating nuclear power stations is becoming a
normal business and a welcome one. 

It is also worth noting that in the United States in partic-
ular, although no new plants have been built since 1990, the
improved performance of existing plants between 1990 and
today has produced an increased output equivalent to the
building of 19 new 1,000 MW(e) Megawatt (electric) reac-
tors. This is a dramatic figure. In the same context, a couple
of salient facts of a global nature are worth mentioning.
Nuclear plants have been generating electricity now for half
a century, with almost 8,000 reactor years of experience.
France relies on nuclear power for almost 78% of its elec-
tricity (2005); Sweden, 45% Belgium, 55% Switzerland,
40% Japan, 34% and Ontario Canada, 55%. In not one of
these jurisdictions has there ever been one nuclear-related
death or injury related to a commercial nuclear power

generator, and it is widely accepted that the statistical like-
lihood of dying in a nuclear accident is about the same as
being hit by a meteorite—virtually nil. It is interesting to
note that the eminent physicist, Bernard Cohen, has stated
that coal pollution causes 10,000 deaths per year in the
United States, compared to none for nuclear; so we are
weighing the low potential for death from nuclear against
the certainty of deaths from coal. Also, nuclear power con-
tinues to be a competitive choice for new plants in centrally
controlled electricity markets such as Japan, China, and
South Korea. 

Of course, deregulation, the opening of electricity mar-
kets to competition in many developed countries, has given
natural gas–fired plants a momentarily competitive edge
over nuclear power. This is because natural gas plants have
a capital cost that is at present about half that of a nuclear
plant with the same output. As a result, natural gas–fired
plants have shorter payback periods and higher financial
returns for investors. However, future natural gas prices are
very uncertain, and this risk may not be offset by the short
payback period of such plants. Nuclear plants, on the other
hand, have a lower overall average electricity cost over
their operating lifetime due to their lower operating cost,
although the payback period here may be significantly
longer than for a natural gas–fired plant. 

The challenge currently facing the nuclear industry is
therefore to reduce nuclear plant capital costs by about
25%. It is believed that this target is already reached for the
advanced new generation CANDU plant, the ACR 1000[3],
and development work is currently under completion. So in
2006 the renaissance of and green-ness of nuclear power is
suddenly evident, and we will all benefit from this fact. 

In comparing the future of fossil fuel vis à vis nuclear
power generation it is useful to examine the environmental
impact of the construction of a 700 MW(e) coal and a 700
MW(e) nuclear power station. Table 1 shows a comparison
of both, and includes the fuel consumption in tons, the
waste products due to stack emissions, residues of combus-
tion and distributed ash deposits. It should also be noted
that one hundred tons of fuel per year for a natural uranium
plant would be of the dimensions of a laboratory filing cab-
inet, the density of uranium being 19,000 kg/m3. This is true
for metallic uranium, but the actual fuel used is UO2, which
has a density of about 10,900 kg/m3. This volume should be
compared with the 1.75 million tons of coal required for the
fossil fuel–based utility. It is also noted that the waste prod-
ucts from the coal-fired power station are huge, comprising
gases going up the stack, metals left in the soil, and very



feature article

24 Nuclear Physics News, Vol. 16, No. 4, 2006

significant emissions of carbon dioxide. Also, because fuel
is a relatively small fraction of the total energy cost of
nuclear power compared to gas, the fluctuations in the cost
of nuclear fuel are likely to be insignificant compared with
oil, gas, and coal as time moves along. 

That even the greatest physicists are not always the
greatest visionaries must be evident from the following
remark, attributed to Ernest Rutherford: “The energy pro-
duced by the breaking down of the atom is a very poor kind
of thing. Anyone who expects a source of power from the
transformation of these atoms is talking moonshine.” 

We, however, who live in the twenty-first century, now
know better. Nuclear power is an integral part of life in
Canada, and essential to Ontario. But similar statements to
that of Rutherford are now heard in relation to the useful-
ness of renewable resources, and much mythology sur-
rounds the economic and environmental appropriateness of
such energy sources and technologies. It is therefore impor-
tant to assess realistically their value in each instance, and
with the prohibitive capital cost of some (wind machines)
and the fluctuating fuel costs of others (gas and oil in par-
ticular), the real benefits of nuclear power become apparent. 

Assessing Various Energy Sources 
In order to assess the relevance of various potential

sources of energy it is important to understand the basic
fundamental laws of thermodynamics, and to use them as
yardsticks in making any such assessment. When the sci-
ence of thermodynamics followed the invention of the
steam engine a century later, three important laws were
identified that are reproduced in the following list in a well
known but anonymous form that should be brought to the
attention of all who would gamble with energy resources: 

1. You cannot win. 
2. You cannot break even. 
3. You cannot get out of the game. 

The first law, basically the principle of conservation of
energy extended to heat, tells us that it is impossible to
extract more work from a system than the energy available
will allow. 

The second law tells us that the situation is worse than
that. No process is possible whose sole result is to convert
heat completely into work. It is possible also to note the dif-
ference between degraded energy and useful energy. Two
beakers of water at different temperatures, for example, can
be used to operate an engine between the two temperatures.
The efficiency of the engine will be determined by applica-
tion of the second law. Also, two identical beakers of water
at a common temperature with the same total energy con-
tent will on the other hand be incapable of operating an
engine between them. The energy in this case is degraded
and no longer thermodynamically useful. A further impor-
tant point to note is that the flow of heat is irreversible.
There is nothing in the first law that forbids heat flow from
a cold beaker to a hot beaker, so long as the total energy
remains constant. Nature, however, has arranged it differ-
ently, and heat flows only from the hotter to the colder
body. 

The third law states that it is impossible to reach the
absolute zero of temperature in a finite number of opera-
tions, so the extraction of heat from a system has a built-in
and fundamental limitation. 

In taking a realistic look at the overall usefulness of
energy sources we also find that, perhaps unexpectedly,
energy density and transformation are not all-important,
whereas energy flux certainly is. The important relation,
P = UVA, where P is the maximum power available, U is
the energy density, V is the velocity, and A the area of
working surface, serves to illustrate this fact. In this for-
mula, physics limits the product UV, whereas economics
limits A. Kapitza [4], illustrated the usefulness of this
formula by assessing the power available from a wind-
mill with four sails of total area 80 m2 in a wind veloc-
ity of 10 ms−1. As the wind energy is kinetic in this
case, and air has a density of 1gl−1, U=50 Jm−3, so
Pmax = 50 × 10 × 80 = 40 kW. An output of 2000 MW, for
comparison with a nuclear power station located typically
on a 2 km2 site in Canada would require at least 50,000 such
windmills. According to a prescription given by the
National Research Council of Canada, this number of

Table 1. Environment impact. 

 Coal Nuclear 

Capacity (MWe) 700 700 

Fuel (tons) 1,750,000 100 

Waste Products  

CO2 (tons) 4,200,000 0 

SO2 and NO2 (tons) 80,000 0 

Toxic metals (tons) ~150 0 

Used fuel/ash (tons) 600,000 100

1
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windmills would cover a ground area of at least 4000 km2.
It is not out of the question to use solar/wind energy in this
way, but whether the solution is environmentally and
socially acceptable or not would depend on local conditions
and in particular the availability of land. 

Application of the formula, P = UVA, to other problems
related to solar energy conversion can be quite revealing. It
is found in the case of fuel cells, for example, that although
the chemical energy of hydrogen oxidation can be directly
transformed into electrical energy with 70% efficiency,
there is a very low diffusion rate in electrolytes and there-
fore the product UV is small. Indeed, the maximum power
available seems to be limited to 200 W for a 1 m2 electrode. 

2000 MW would therefore require more than 10 km2 of
electrodes—a formidable fuel cell system indeed. The same
is also true of the direct biophysical transformation of
chemical to mechanical energy. Here again, flux density is
low because of the low rate of diffusion processes across
membranes and muscle fiber. 

As physicists, who understand all about energy conser-
vation, conversion efficiency and flux density, it is almost
instinctive to reject a process whose efficiency is low, as
being worthless and useless. The first and second laws of
thermodynamics impose a limit on the efficiency of such a
process through the relationship, η = 1-TC/TH, where η is
the process efficiency, TC and TH the temperatures of the
cold and hot reservoirs, respectively. η therefore is
regarded as a figure of merit and if it is small it is normal to
reject the process. However, even when this quantity is
small, the relevance of the system may be great, particu-
larly if it makes use of a readily available and otherwise
untapped source of energy such as available sunlight. There
is therefore no reason why humankind should feel wedded
to any one particular source of energy or look for a unique
solution to the energy problem. Assessment of the useful-
ness of each energy resource, whether it be solar, tidal, geo-
thermal, nuclear, or water power, must involve
consideration of social, regional, political, and economic
factors in addition to the pure physics of the situation. In
Canada, wind power is at present viable in the Gulf of St.
Lawrence River, on the shores of Hudson’s Bay and at the
border between Alberta and Montana, whereas south Mani-
toba and southeast Saskatchewan have a level of solar inso-
lation almost equal to that of northern California and
Arizona, and the prospects of solar electrical power are sig-
nificant there. Some provinces are almost self-sufficient in
water power, others in oil. The same diversity can be found
in Europe, where mountain valleys already store water

which has both fallen as rain and been pumped there for
storage of excess nuclear power. 

Tidal power is clearly available off some coasts, but not
off others. It therefore seems that the best solution to the
energy problem is to define a mix of energy resources, the
mix being related to socioregional factors in addition to the
physical usefulness of each system. We should also not for-
get that the sun is a self-controlling nuclear fusion reactor,
and a part of our environment that we cannot exclude. It
allows us to live and prosper but, unlike the traditional oil
lamp, we cannot turn up its wick as and when we wish. It is
nonetheless a key component of our present and our future.
The time-averaged power density from the sun across the
surface of the earth is about 300 watts per square meter, and
in principle enough to provide over 200,000 times our aver-
age energy needs. The problem is, however, that solar radi-
ation cannot be made available at a whim, or at a
concentration appropriate to a particular task. 

Firstly, 50% of all solar thermal radiation is reflected or
absorbed by the earth’s atmosphere. Secondly, there are
problems in utilizing solar radiation because of the ineffi-
cient conversion of the energy into other forms (e.g., elec-
tricity) the intermittent nature of the supply (weather), and
the fact of nighttime. Thirdly, in the absence of an adequate
storage system for solar energy, most of it will continue to
be wasted. 

The physicist likes to sum quantities, so it is perhaps
appropriate to summarize the argument as follows:
E = ΣN

i = Iε1, where ε is an energy resource that may contrib-
ute to the need and N is a significant number. There is
clearly not one particular road to salvation. However, the
nuclear option is certainly favored, as an environmentally
clean, reliable, and versatile source of electricity for the
benefit and quiet enjoyment of modern society. 

Summary and Conclusion 
In order to solve burgeoning electricity supply prob-

lems, Ontario and Canada must maximize conservation
and build on its potential in the future, pursue an aggres-
sive course for renewable sources within current physi-
cal and economic constraints, while looking at ways to
reduce these constraints. Adopting a strategy that takes
advantage of the benefits of natural gas–fired generation
must limit exposure to its price and supply risks, as will
be the case for supply options that need long lead times,
such as nuclear, large-scale wind generation and hydro
imports. 
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Ontarians, for more than thirty years, have accepted
nuclear power to supply the larger part of their electricity
production. It peaked in the early 1990s at two-thirds of
production, but in the absence of refurbishment of the exist-
ing fleet, and any immediate prospect of “new-build,” the
overall problem has now become exacerbated, and the need
for new nuclear is being combined with a societal wish for
the close-down of existing polluting, coal-fired, generating
stations perhaps as early as 2009. 

From the financial point of view, the cost of electricity
from nuclear plants, which incidentally includes decom-
missioning of a plant and the management of used fuel, is
already in 2006 comparable with electricity from coal-fired
plants, and much lower than that from gas-fired plants.
Also, major advances in CANDU technology over the past
thirty years have enabled the capital cost of future power
plants to be reduced. Experience with building flagship
CANDU-6s in South Korea, China, and Romania over the
past decade or so has made this possible, as has the licens-
ing and construction of the next generation, Advanced
Candu Reactor [ACR], with greater power capability, and
other economic and safety features. 

Also, because of the low fuel costs in the nuclear case,
the operating costs of nuclear plants will remain below
those of gas-fired plants for the foreseeable future. It has
been noted that one contemporary CANDU fuel bundle
10 cm in diameter and 50 cm long can provide the electric-
ity consumed by the average household for about 100
years. However, as current reactors fission only one percent
of the nuclear fuel, an enormous amount of energy remains
in the used bundles, and within a century it is believed that
it will be economical to build new advanced reactors that
will recycle our “used” fuel (used, but not spent!). 

The immediate future of nuclear power generation in
Canada is not as yet entirely clear, but it is believed that late
in 2006, Ontario will move forward with new-build
nuclear, throwing its weight behind the assessment and
commissioning of the first of a new generation of CANDU
reactors, specifically the ACR 1000. This new power gen-
erator retains many of the basic proven features of the
CANDU-6 fleet, but exhibits many improvements, includ-
ing 50% more power than a CANDU 6 from the same size
core with enhanced passive safety. It will also require only
one shutdown for maintenance every 3 years, and is
designed for rapid pressure tube replacement (after 30
years), with a lifetime capacity factor of 93%. This reactor
will also—and this is important—withstand grid failures;

remaining in standby mode to supply power once the grid is
restored. Nuclear power can therefore provide a sound eco-
nomic future, in a sustainable clean environment, for any
country taking appropriate advantage of the mature tech-
nology involved. 

And finally, as Murray Elston, the President and CEO
of The Canadian Nuclear Association, has recently writ-
ten[2]: “Affordable electricity has helped make Canada a
powerhouse among the world’s nations. A reliable supply
of electricity, supplied at low cost, has led to a high stan-
dard of living and a competitive economic edge. Nuclear
energy is a vital part of that electricity system.” Because
uranium contains many thousands of times more energy
per unit of weight than fossil fuels, the waste from a
nuclear power station is very small in volume and is fully
managed. Unlike fossil-fueled plants there is no ash or
similar waste product that sometimes ends up in landfill.
Nuclear waste is not sent into the atmosphere. It has been
safely and securely stored and managed at reactor sites for
over 40 years, and plans for eventual permanent deep geo-
logical disposal when appropriate are being developed and
explored at the present time. All in all, the future for
nuclear power generation is bright, and the global environ-
ment will benefit from it. 
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The initial stage of the ISAC-II
upgrade consisting of the installa-
tion of a heavy ion superconducting
linac has been successfully commis-
sioned. This milestone makes possi-
ble the acceleration of radioactive
ions above the Coulomb barrier. In
brief, the ISAC (Isotope Separator
and Accelerator) facility[1], opera-
tional since 1998, includes a 500
MeV proton beam (I ≤ 100 μA) from
the TRIUMF cyclotron impinging
on one of two thick targets, an
online source to ionize the radioac-
tive products, a mass-separator, an
accelerator complex, and experi-
mental areas. The original accelera-
tor chain includes a 35 ~ MHz RFQ,
to accelerate beams of A/q ≤ 30 from
2keV/u to 150keV/u and a post strip-
per, 106 MHz drift tube linac (DTL)
to accelerate ions of 3 ≤ A/q ≤ 6 to a
final energy fully variable from
0.15 MeV/u to 1.5 MeV/u primarily
for nuclear astrophysics investiga-
tions. The ISAC-II initiative is
intended to increase the energy
range above the Coulomb barrier. As
well an ECR-based charge state
booster will be installed in the low
energy area to increase the available
mass range of the accelerated iso-
topes from 30 to at least 150. 

An achromatic transfer line trans-
ports the beam from ISAC to the
ISAC-II accelerator vault. The super-
conducting linac is composed of bulk
niobium, quarter wave, rf cavities,
for acceleration, and superconducting
solenoids, for periodic transverse
focussing, housed in several cryo-
modules. The linac is grouped into
low, medium, and high beta sections.
The initial five medium beta cryo-
modules described in this article rep-

resent a first stage (Stage 0) with a
further 20MV of high beta supercon-
ducting linac to be installed over the
next three years (Stage 1). The ISAC-
II accelerator final low beta Stage 2 is
foreseen after 2010. A schematic rep-
resentation of the expansion is given
in Figure 1. 

Many new projects are now being
discussed involving a new generation
of low beta (5–15%) superconducting
light and heavy ion linacs including
RIA, EURISOL, SPIRAL-II, SOREQ,
and REX-ISOLDE. The short, inde-
pendently phased cavities provide a
flexible, large acceptance machine to
support a varied nuclear physics pro-
gram. Present initiatives take advan-
tage of the early developments,
production, and operation of niobium
cavities at ATLAS, INFN-LNL, and
JAERI. The technology has advanced,
spurred by these pioneering labs, and
the parallel developments in the ellip-
tical cavity community, to the point
that high-quality cavities are now
available in industry and offer the
small and medium size labs the ability

to choose superconducting rf technology
without the added burden of develop-
ing an in-house cavity production
expertise. On-line continuous-wave (cw)
operation has been limited historically to
peak surface fields of 20–25 MV/m.
The new projects are attempting to
take advantage of the lessons learned
over the past twenty years and push
the cw gradients to minimize project
costs and/or improve facility perfor-
mance. The TRIUMF ISAC-II super-
conducting linac is the first realization
of this new-generation facility with a
design goal to operate at a peak sur-
face field of 30MV/m. 

The present installation consists
of twenty 106 ~ MHz quarter wave
cavities. 

The cavities, originally devel-
oped at INFN-LNL[2], consist of
only two accelerating gaps giving a
broad velocity acceptance. Several
design and hardware choices were
made in an effort to reach the gradi-
ent goal. 

The high peak surface field demands
clean rf surfaces so clean assembly

Stage 2

Stage 1

Stage 0

HEBT1−Exp.

HEBT2−Exp.

S1

IH−DTL2

MEBT2

E=0.4Mev/u

S2Low β Mesium β

E=1.5Mev/u

MEBT1 1H−DTL1

A/q≤6
E=0.15-1.5Mev/u

High β

3≤A/q≤10 E=6.5Mav/u (A/q=7)

Figure 1. Stages 0, 1, and 2 for the ISAC-II upgrade. 
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methods and cavity rinsing were
adopted. The large stored energy
requires an rf system capable of achiev-
ing stable performance so a liquid nitro-
gen cooled coupling loop and new
mechanical tuner were designed. A linac
lattice consisting of modules of four
cavities with a single high field (9T)
superconducting solenoid in the center
is adopted to compensate the higher rf
defocussing fields. Also unique is the
use of unshielded high field solenoids
with added canceling coils operating in
close proximity to the cavities[3]. 

All cavities are characterized via
cold test in a single cavity test cry-

ostat prior to mounting in the cryo-
module[4]. Prior to installation all
twenty cavities met or exceeded
ISAC-II specifications for frequency
and performance. At 7 W rf power
the average peak surface field for
the cavities is 38 MV/m and corre-
sponds to a gradient of 7.6 MV/m
and a voltage gain per cavity of
1.4 MV. The cryomodule assembly
and commissioning off-line tests are
conducted in the clean laboratory
area in the ISAC-II building. Each
module has two main assemblies,
the top assembly and the tank
assembly. The top assembly shown

in Figure 2 includes the vacuum tank
lid, the lid mu-metal, and thermal
shield cooled by liquid nitrogen
(LN2), the cold mass, and the cold
mass support. The tank consists of
the vacuum tank, the mu-metal liner,
and the LN2 box insert. 

A 500 W class refrigerator and
cold distribution are installed to
deliver liquid helium and liquid
nitrogen to the new linac. The five
modules, injection line, and down-
stream transport line were installed
by the end of March 2006. A view of
the final vault installation is shown
in Figure 3. 

Acceleration commissioning is
done using stable beams from the
ISAC off-line ion source. The beams
are accelerated to 1.5 MeV/u and
transported to ISAC-II via a 25 m S-
bend transport line. Acceleration
commissioning runs are scheduled
between experimental physics beam
delivery periods with a frequency of
about once per month. A silicon
detector 4 m downstream from the
linac monitors ions back scattered
from a thin gold foil. The monitor is
used for cavity phasing and energy
measurement. A time of flight moni-
tor also in the downstream beamline
is used for more precise energy mea-
surement. Six different beams have
been accelerated to date correspond-
ing to three different mass to charge
ratios; 40 Ca10+, 22 Ne4+, 20 Ne5+,
12 C3+, 4 He1+, and 4 He2+ with A/
q ratios of 5.5, 4, and 2. Final
achieved energies are shown in Fig-
ure 4 (b) compared to expected final
energies assuming the design gradi-
ent of 6 MV/m. Final energies of
10.8, 6.8, and 5.5 MeV/u are reached
for beams with A/q values of 2, 4,
and 5.5, respectively. The average
cavity gradients for the three cases
as calculated from the accelerationFigure 2. ISAC-II cryomodule top assembly. 
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rate are shown in Figure 4(a). The
average gradient in each case is
7.2 MV/m corresponding to an aver-
age peak surface field of 36 MV/m
and an average voltage gain of
1.3 MV/cavity. Single cavity rf test
results for each cavity are plotted for
comparison. 

The average operating gradient is
down by only 5% from the single
cavity result. Furthermore, over the
first three months of commissioning
the average gradient has not deterio-
rated. During the first year of opera-
tion there will be no buncher in the
downstream beam transport. How-

ever, we have successfully demon-
strated that for experiments that do
not require the full energy, and
hence have only a limited number of
cavities “on” starting from the
linac’s upstream end, a downstream
cavity, normally “off,” can be tuned
to manipulate the longitudinal phase
space to provide either time-
focussed or energy-focussed beams
at the experiment. The transmission
is >90% and the tuning is straight-
forward. 

The performance represents the
highest accelerating gradient for any
operating cw heavy ion linac. Initial

commissioning runs have concen-
trated on completing measurements
in support of our operating license.
Further runs will be devoted to,
measuring beam quality and improv-
ing application programs in support
of beam delivery. First experiments
with radioactive beams are sch-
eduled for November 2006. The
experiments will study reactions of
radioactive 11 Li nuclei, with ener-
gies of 2 and 4 MeV/u, on a hydro-
gen gas target to 9 Li, 10 Li, and 12
Li final states. The experiment will
use the MAYA detector imported to
TRIUMF from GANIL (France)

Figure 3. The ISAC-II accelerator vault. 
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specifically to take advantage of the
world-leading high intensity 11 Li
beams available here. The full
ISAC-II experimental program is
expected to begin in spring 2007
after full operating licensing
approval. 
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9th International Conference on Nucleus-Nucleus 
Collisions, NN2006, August 28–September 1, 2006, Rio de 
Janeiro, Brazil 

The IX International Conference
on Nucleus-Nucleus Collisions
(NN2006) was held in Rio de Janeiro,
Brazil on August 28–September 1,
2006. The venue was the Rio Othon
Palace Hotel, situated at the sea front
of the world famous Copacabana
Beach. It was organized by M. S. Hus-
sein, A. Szanto de Toledo, C. A.
Bertulani, and P. R. S. Gomes. Spon-
sors, including the University of São
Paulo, the Universidade Federal Flu-
minense, the Federal Government of
Brazil, The State Governments of Rio
de Janeiro, and São Paulo. The ICTP-
Trieste and CLAF also supported the
event, which is officially sponsored by
IUPAP. The Annual Brazilian Nuclear
Physics Workshop, RTFNB, was held
concommitantly in the same venue. 

The last meeting of the series of
these conferences, NN2003 was held
in Moscow in Russia. The one before
that, NN200, was held in Strasbourg,
France. 

More than 300 scientists from 30
countries attended the meeting, with a
significant active participation of
graduate students, young scientists,
and women. Many scientists from
developing countries were present as
well. The program was densely
packed for 4 and a half full days with

many excellent contributions from
plenary speakers, invited talks, and
selected oral and poster presentations.
The topics covered were: 

• Accelerator Facilities 
• Nuclear Structure in Nucleus-

Nucleus Collisions and High Spin
Physics 

• Low Energy Nucleus-Nucleus
Collisions 

• Fusion and Fission Dynamics 
• Superheavy Elements 
• Nuclear Astrophysics 
• Reactions and Structure of Rare

Nuclear Isotopes 
• QCD, Hadrons, and Nuclei 
• Nuclear Fragmentation and Liquid–

Gas Phase Transitions 
• Equation of State of Nuclear Matter 
• Relativistic Heavy Ions, sQGP,

and Beyond 
• Applications and Technological

Developments 

The program of the meeting was
meant to represent faithfully the cur-
rent research in the field of heavy-
ion physics, both basic and applied.
An excellent summary talk was
delivered by Professor Walter
Greiner in the afternoon of the last
day, Friday, September 1. The con-

ference room was fully packed
(more than 150 attendees). 

The Conference dinner was at the
steak house Porcão in the Flamengo
district of Rio. About 350 physicists
and guests attended and had a joyful
mixture of excellent “churrasco” din-
ner and samba dance. 

A meeting of the International
Advisory Committee was held in the
evening on Tuesday, August 29 to
decide the site of the next NN confer-
ence. The meeting was presided by
Dr. Walter Henning, the Chair of the
Nuclear Physics Committee, C12 of
IUPAP. Several proposals were pre-
sented and after a lengthy deliberation
the overwhelmimg majority voted in
favor of the Chinese proposal. We are
thus happy to announce that NN2009
will be held in Beijing, China. 

More information about NN2006
can be found at the site,
www.nn2006.com.br 

M. S. HUSSEIN, A. SZANTO DE TOLEDO

São Paulo

C. A. BERTULANI

Tucson

P. R. S. GOMES

Rio de Janeiro
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International Workshop on Stopping and Manipulation 
of Ions (SMI-06) 

The International Workshop on
Stopping and Manipulation of Ions
and related topics (SMI-06) was orga-
nized by the Kernfysisch Versneller
Instituut (KVI), University of Gronin-
gen, on March 27–28, 2006 in Gronin-
gen, the Netherlands. 

The Workshop was the 9th in a
series of meetings that began in 1986
in Finland and have since been held in
France, Belgium, Poland, Japan, Russia,
Germany, and the United States. The
earliest workshops in the series, called
“IGISOL workshops,” concentrated
on the Ion Guide Isotope Separator
On-Line technique. Over time, the
scope of the meetings has followed the
evolution and expansion of the tech-
niques related to the stopping of ener-
getic ions in noble gases and the use
of noble gases to manipulate ions and
atoms, mostly in research involving
unstable nuclides. The many new
developments since the last workshop
in 2001 in Chicago warrented the
organization of this meeting. 

The 50 or so participants included
most of the leading researchers in the
field as well as representatives from
many of the world’s major nuclear
physics laboratories. Various presen-
tations were given on ion catcher
facilities at light-ion, heavy-ion

fusion, and fragmentation facilities, on
radiofrequency quadrupole (RFQ) ion
beam cooler/bunchers and on laser
ionisation and spectrocopy. Plans for
new facilities, ideas, and develop-
ments were presented and discussed.
The program and most of the presenta-
tions can be found at www.kvi.nl/
SMI06/; here we highlight a few top-
ics related to new developments. 

The maximum beam intensity that
can be handled by a gas catcher or
RFQ is limited by space-charge.
Recent realistic simulations provide a
detailed understanding of the nature of
the space-charge problem. Simula-
tions of the so-called cyclotron ion
guide show great promise for high-
intensity beams as most of the ioniza-
tion happens outside of the region
where ions are thermalized. Plans for
the construction of such devices at
RIBF-RIKEN and NSCL/MSU were
presented. In order to deal with ever
increasing energy at fragmentation
facilities, the use of higher density
stopping media has been investigated
in recent years. The status of the
development of cryogenic gas or
superfluid helium catchers jointly by
KVI and JYFL was reported. Contri-
butions by Mainz and JYFL showed
how the Laser Ion Source Trap (LIST)

provides laser-ionized beams with
improved purity and optimal spatial
and temporal structure by separating
target/catcher and ionization func-
tions. 

Interesting presentations were
given by representatives of Linde Gas
on liquid helium and SAES Getters on
helium gas purification. A tour of rele-
vant installations and developments at
KVI, notably related to the atomic
physics and fundamental interaction/
symmetries (TRIP) research pro-
grams, was organized. 

Thanks to sponsoring from fund-
ing agencies and industry, the organi-
zation costs could be taken care of and
a reception at the Groningen City Hall
followed by dinner at a nearby restau-
rant could be offered. 

Based on comments from the par-
ticipants, the goal of providing a status
of the field as well as guidance for
future developments seems to have
been achieved. Judging from the
developments planned for the next
years, a new SMI workshop in a few
years’ time will very likely be useful. 

PETER DENDOOVEN

Hans Wilschut
KVI Groningen

EXON-2006 

The International Symposium on
Exotic Nuclei (EXON-2006) took
place in the town of Hanty-Man-
siysk (West Siberia) on July 17–23,
2006. It was jointly organized by

JINR, GANIL (France), GSI (Ger-
many), and RIKEN (Japan). This
symposium, as it has become a tradi-
tion, dealt with the latest experimen-
tal and theoretical investigations on

the synthesis and properties of
nuclei far from stability, from very
light to very heavy elements. During
the last few years this field has been
intensively developing—this is the

1
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main motivation for organizing such
regular scientific meetings. The pre-
vious symposium EXON-2004 was
held in Peterhof near St. Petersburg
(Russia). 

About 100 scientists from 15
countries came to Hanty-Mansiysk.
The choice of Hanty-Mansiysk was
based on the extremely fast exten-
sive economic development
observed in the Hanty-Mansiysk
Autonomous District, including its
scientific and educational potential,
as well as the commitment of the
District government and personally
of the Governor A.V. Fillipenko in
the organization of such scientific
actions. 

The scope of the Symposium
covered such topics as light exotic
nuclei—their production and proper-
ties, superheavy elements—synthe-

sis and properties, rare processes
and decays, radioactive ion beams—
production and scientific programs,
experimental facilities, and new
projects. In addition to these topics,
on the request of the hosts, we added
to the symposium scope issues, con-
nected to the applications of the
methods of fundamental nuclear sci-
ence to in interdisciplinary fields of
science and technology—in medi-
cine, ecology, information, and
geology. 

Many interesting results have
lately been obtained in studies of the
interaction of loosely bound light
nuclei, such as 6He, 8He, 6Li, 11Li,
and so on. Here, sub-barrier fusion,
as well as enhancement of transfer
reaction cross-sections below the
Coulomb barrier has been revealed.
The attempt to explain these phe-

nomena were presented in the theo-
retical talks. At this session, the first
experimental results on the interac-
tion of 8He with a deuterium target
and the search for a 7H resonance
were also reported. These experi-
ments have been performed at FLNR
(JINR) and the new interesting
results have demonstrated that reac-
tions with weakly bound nuclei will
allow getting new information on
the limits of nuclear stability in the
region of the lightest elements.
These problems were discussed also
at another session, where the results
on the search for the tetraneutron, 6H
and 7H have been carried out at other
scientific centers: the physicists
from GANIL (France) reported on
the discovery of 7H and the tetra-
neutron using beams of 8He and
14Be, respectively. 

2
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development of radiation therapy
at heavy ion beams in Japan. Inter-
esting were the communications on
the use of track membranes, manu-
factured at FLNR for medical
appliances and radio-biological
investigations in JINR. The spe-
cialists from the Hanty-Mansiysk
University presented scientific
investigations in ecology. Alto-
gether this session inspired great
interest in the local scientists who
are concerned with the ecological
situation in their District, which is
one of the basic regions delivering
oil to Russia and abroad. The
achievements of the scientists from

Dubna were demonstrated at the
exhibition of products made in
Dubna and by the Firm “ASPECT”
in the field of monitoring, nano-
technologies, and medicine. The
effect of these contacts was soon
seen. Already in August, the gov-
ernor of the Hanty-Mansiysk
Autonomous District A.V. Fil-
lipenko visited Dubna and at
FLNR he discussed specific issues
of collaboration in design and con-
structing setups for the needs of
the investigations that are
carried out in the District, includ-
ing the construction of a compact
accelerator. 

The informal contacts at the site of
the unique Siberian nature and the
modern architecture of Hanty-Man-
siysk made it possible to have a suc-
cessful meeting and achieve the main
aim facing the participants—the carry-
ing out of joint investigations in this
important field of nuclear physics—
the physics of exotic nuclei. 

VICE-CHAIRMAN OF THE ORGANIZING

COMMITTEE

EXON-2006

YU. E. PENIONZHKEVICH

RUMIANA KALPAKCHIEVA

Dubna
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G. N. Flerov Prize 

The Joint Institute for Nuclear
Research (JINR) announces the G. N.
Flerov prize for outstanding research in
nuclear physics. The contest is for indi-
vidual participants only. The prize,
established in 1992 in memory of the
eminent physicist Georgy Nikolaevich
Flerov (1913–1991), is awarded for con-
tributions in the fields of nuclear physics
related to Flerov’s interests. 

The prize will be awarded in
March 2007, the year of the fiftieth
anniversary of the Flerov Laboratory

of Nuclear Reactions (FLNR). Entries
for the 2007 prize (including CV, an
abstract of research, enclosing copies
of major contributions) should be sent
to the Directorate of the FLNR before
February 1, 2007 to Dr. Andrey G.
Popeko, Scientific Secretary of Fle-
rov Laboratory of Nuclear Reactions,
Joliot Curie str., 6, 141980, Dubna,
Moscow Region, Russia E-mail:
popeko@jinr.ru. 

Flerov’s main interests were con-
nected with the experimental heavy

ion physics including the synthesis of
heavy and exotic nuclei using ion
beams of stable and radioactive iso-
topes, studies of nuclear reactions,
acceleration technology, and applied
research. 

ANDREY POPEKO

Dubna

Lise Meitner Prize for Nuclear Science 2006 

The European Physical Society
awarded through its Nuclear Physics
Board the Lise Meitner Prize for
Nuclear Science 2006 to Professor
David Brink (Emeritus Fellow, Balliol
College, University of Oxford, UK)
and Professor Heinz-Jürgen Kluge
(Gesellschaft für Schwerionenfors-
chung, Darmstadt, Germany). Medals,
diplomas, and cheques, sponsored by
CANBERRA, France, were presented
to the two Laureates at a special cere-
mony at the Seventh International
Conference on Radioactive Nuclear
Beams (RNB7) in Cortina d’Ampezzo,
Italy, on July 7, 2006. 

David Brink is honored for his
many contributions to the theory of
nuclear structure and nuclear reac-
tions that have helped to shape
Nuclear Physics over several
decades. He is one of a select band
of theorists whose work over more
than forty years has deeply influ-
enced the field. His seminal work
with D. Vautherin in 1969–1971 on
a theory of nuclear masses using

effective interactions of the Skyrme
type in a mean field approach

proved particularly successful and
established the ground rules for

Lise Meitner Prize Ceremony 
from left to right: Ron Johnson, David Brink, Heinz-Jürgen Kluge, Hartwig
Freiesleben
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thousands of papers in nuclear the-
ory. This work introduced density
functional methods into nuclear
many-body theory and has been
cited over 1150 times, including 30
in 2003. His methods are currently
being used by theorists all over the
world in the new field of exotic
nuclei. 

Brink’s 1972 work on transfer
reactions between heavy ions is also
heavily cited by both theorists and
experimentalists. Based on semi-
classical ideas, this work provided a
useful, simple way of understanding
and predicting important selection
rules for transfer reactions. 

Brink’s ideas and insights have
also helped to clarify a variety of other
phenomena including nuclear giant
resonances, clustering in nuclei and
quantum mechanical and semi-classi-
cal theories of heavy-ion scattering.
With C. V. Sukumar and others he
showed how the Feynman Path Inte-
gral approach to quantum effects
could be applied successfully to
nuclear reactions. 

Brink’s work reflects his remark-
able intuition, his clarity and ability to
simplify the description of compli-
cated phenomena by identifying the
most appropriate approximations. He
has had a large number of students and
collaborators from all over the world.
For all of them he has been a source of
scientific and human inspiration and
admiration. His commitment to the
value of truth and his unselfish atti-
tude to sharing knowledge have made
him an outstanding figure in nuclear
physics and one still very active at the
frontline of research. 

Heinz-Jürgen Kluge has enriched
our knowledge of the masses, sizes,
shapes, and spins of nuclei through a
number of decisive, sophisticated, and
brilliant experiments combining tech-
niques of atomic and nuclear physics.
He is honored for his key contribu-
tions to these developments. 

As a young post-doctoral
researcher in the early 1970s he set up
an optical pumping experiment on a
chain of neutron-deficient mercury
isotopes at ISOLDE, CERN, and mea-
sured their spins, moments, and
charge radii. Recently, backed by the
huge progress in laser techniques and
isotope production, he initiated a
heroic experiment to measure the tiny
shifts in the atomic spectra of Li-iso-
topes produced by the different
nuclear volumes of the isotopes. The
same technique was used successfully
to measure the size of the very exotic
halo nucleus 11Li, so-called because of
the way some of its neutrons are dis-
tributed far outside the protons. His
application of laser spectroscopic
trace analysis to the study of environ-
mental 90Sr after the Chernobyl disas-
ter earned him the prestigious
Helmholtz award in 1990. 

Kluge’s development of the ISOL-
trap for the precision mass measure-
ment of nuclear masses is well known.
His exploitation of this method has led
to the readjustment of the nuclear
mass scale over large regions of the
nuclear chart far from stability, and
his precise determination of beta
decay properties led to fundamental
tests of weak interaction theory. This
method is now applied worldwide,
often by Kluge’s pupils, or with their

support. As head of the relevant GSI-
group he has also pushed the compli-
mentary Schottky mass measure-
ments in the storage ring ESR. 

Heinz-Jürgen Kluge’s experimen-
tal ideas and achievements have had
an invaluable impact on the art of
experimental atomic and nuclear
physics, and his results for nuclear
ground state properties have provided
a reliable and indispensable corner-
stone for nuclear theory. He has
inspired at least 55 Ph.D. students
with his physics skill and enthusiasm,
many of whom are active in science
and academia. 

HARTWIG FREIESLEBEN

Technische Universität Dresden
Chairman, Nuclear Physics Board

HONOREE

1
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CALL for Nominations for the IBA-Europhysics Prize 
2007 for Applied Nuclear Science and Nuclear Methods 
in Medicine 

The Nuclear Physics Board of the
EPS invites nominations for the year
2007 for the IBA-Europhysics prize.
The award will be made to one or sev-
eral individuals for outstanding contri-
butions to Applied Nuclear Science
and specially Nuclear Methods and
Nuclear Researches in Medicine. 

The Board would welcome proposals
that represent the breadth and strength of
Applied Nuclear Science and Nuclear
Methods in Medicine in Europe. 

Nominations should be accompa-
nied by a completed nomination form, a

brief curriculum vitae of the nominee(s),
and a list of major publications. Letters
of support from authorities in the field
that outline the importance of the work
would also be helpful. 

Nominations will be treated in
confidence and although they will
be acknowledged there will be no
further communication. Nomina-
tions should be sent to: Selection
Committee IBA Prize: Chairman
Prof. Ch. Leclercq-Willain, Depart-
ment of Theoretical Nuclear Physics—
PNTPM—CP 229, Université Libre

de Bruxelles, Bvd. du Triomphe,
B1050 Bruxelles, Belgium. E-mail:
cwillain@ulb.ac.be 

For nomination form and more
detailed information see the website of
the Nuclear Physics Division, http://
www.kvi.nl/~eps_np and the website
of EPS, www.eps.org (EPS Prizes,
IBA-Europhysics Prize) .

The deadline for the submission of
the proposals is January 15, 2007. 

CHRISTIANE LECLERQ-WILLAIN

Université Libre de Bruxelles
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Obituary 

Ziemowid Sujkowski, a long-time
director of the Institute for Nuclear
Studies, wierk/Warsaw, Poland, died
on July 9, 2006 after an heroic strug-
gle against cancer. 

Born in Warsaw in 1933, he stud-
ied physics at Warsaw University
(1951–1955), obtained his Ph.D. at
Stockholm University (1961) and a
professorship at the Institute of
Nuclear Research in Swierk (1971)
where he spent the rest of his life. 

His interest was in atomic, nuclear,
particle, and astroparticle physics. He
was an expert on the use of radiation and
coincidence methods in those fields. 

Sujkowski played a significant
role in our scientific life. His erudition
was much appreciated when he was
elected to Nuclear Physics Board of
the European Physical Society. 

Sujkowski was an exceptional men-
tor for young scientists. He supervised
21 Ph.D. theses in Poland and abroad.
He served on advisory committees of
many international conferences. In
Poland he was a chairman of the famous
Mazurian Lakes Conferences. 

Ziemek loved all kinds of water
sports: swimming, canoeing, wind-
surfing, and sailing. He liked skiing,
biking, and also hiking. 

We will remember Ziemek for
his many contributions to the
progress of nuclear physics and the
promotion of international collabo-
rations for developing new frontiers
of science. We will remember him
for his works on a wide range of
nuclear, particle, astro-particle, and
atomic physics. Primarily we will
remember him for his personal

contributions to generations of phys-
icists, his honesty, his cheerfulness
and sense of humor, and his ability
to bring out the best in others. 

For Friends and Colleagues from
The Andrzej Soltan Institue

for Nuclear Studies and
Warsaw University

ZIEMOWID SUJKOWSKI

á
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2007 
January 14–21 

Bormio, Italy XLV International
Winter Meeting on Nuclear Physics 

http://lxmi.mi.infn.it/bormio/ 

January 15–19 
Orsay, France AGATA Week 
http://www.agata.org/ 

January 15–19 
ECT* Trento, Italy Workshop on

photoproduction at collider ener-
gies: from RHIC and HERA to
LHC 

http://dde.web.cern.ch/dde/
photoprod_ect07/ 

February 28–March 2 
GSI Darmstadt, Germany

Annual NUSTAR Meeting 

http://www.gsi.de/forschung/kp/
kp2/nustar_e.html 

May 20–24 
Vico Equense, Italy 9th Interna-

tional Spring Seminar On Nuclear
Physics Changing Facets Of
Nuclear Structure 

http://vico07.na.infn.it/ 

May 30–June 2 
RIKEN, Wako-shi, Japan Direct

Reactions with Exotic Beams
DREB2007 

http://rarfaxp.riken.go.jp/
DREB2007/ 

June 3–8 
Tokyo, Japan International Nuclear

Physics Conference INPC 2007 
http://www.inpc2007.jp/ 

June 24–29 
Deauville, France EMIS 2007 
http://emis2007.ganil.fr/ 

July 3–7 
Golden Sand Hoi An, Vietnam

International Symposium on Phys-
ics of Unstable Nuclei (ISPUN07) 

http://www.inst.gov.vn/ispun07 

September 3–7 
Stratford-upon-Avon, England

Clusters ’07 
http://www.iop.org/Conferences/

Forthcoming_Institute_Conf
erences/event_7938. 

September 23–28 
Davos, Switzerland TAN 07 3rd

International Conference on the
Chemistry and Physics of the
Transactinide Elements

http://tan07.web.psi.ch/

More information available under: http://www.nupecc.org/calendar.html


