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EDITORS NOTE 
 
 
This Report is a result of the Polish 

Nuclear Physics Network (PNPN) action having 
as objective the mapping study of the basic and 
applied research in this domain in Poland. In the 
often employed slang it constitutes one of the 
“deliverables” of the EWON (East-West Outreach) 
Network, operating within the I3- (Integrated 
Infrastructure Initiative) EURONS, one of the 
Nuclear Physics projects in the Six  Framework 
Programme (FP6). However, although prepared 
within the nuclear structure EURONS framework, 
this mapping study also reports on the activities 
in the hadron physics in Poland (organized in the 
FP6 within a second Nuclear Physics project I3-
Hadron Physics) as well as in Nuclear Theory and 
Applications of Nuclear Physics. The Report  
contains references to activities and published 
papers from the last ten years: 1996 – 2006. In 
some cases also slightly older data are included, if 
necessary, for the completeness of the reported 
subjects. 
   The Report is organized as follows. After the 
information on Polish Nuclear Physics Network 
(a part of the EWON Network), a few overview 
papers describe the main domains of the PNPN 
scientific activity. The contents of these papers 
were previously presented during the NuPECC 
meeting, held in Kraków June 9, 2006. 
   A number (89) of more detailed contributions 
(together with appropriate references) emanating 
from various research groups follows the review 

articles. Some of the contributions provide concise 
summaries of wide research activities. Other 
authors preferred to report separately or 
individually on narrower topics. Most  of the 
presented activities were conducted within the 
international collaborations. However, the 
adopted policy was that only Polish researchers 
are indicated as authors of the contributions, 
whereas the international collaborations are 
reflected by (all) authors of cited publications. 
    The Polish Nuclear Physics Long-Range Plan 
prepared recently by the Nuclear Physics 
Committee of the National Atomic Energy 
Agency articulates an outlook to the future in 
Section 5. Indices of contributing institutions and 
authors are provided in Sections 5 and 6.  A list of 
addresses and other practical information on units 
belonging to PNPN is provided in Section 8. 
Finally, two lists (institution and alphabetical 
order) of Polish nuclear physicists,  including PhD 
students, with their affiliation and e-mail address 
close this Report. 
   The Editorial Committee wish to thank all 
authors of review articles and contributed 
communications for their effort and collaboration. 
Help of Mrs. Iwona Tomaszewska in the editorial 
tasks is highly appreciated. The edition of this 
Report was supported by the grant no. 115/E-
343/SPB/MSN/PO3/DWM724/2003/2005 from 
the Ministry of Sciences and Higher Education 
and by the EWON networking funds. 

 
 
 

Editors 
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 Jan. 2001 (prepared 1998)

NuPECC information to ESF (PESC) 

POLISH NUCLEAR PHYSICS NETWORK 
 

Jerzy Jastrzębski 
Heavy Ion Laboratory, Warsaw University, Warszawa 

 

In 2001-2002 the European nuclear 
physics community was involved in preparation 
of two large proposals with the intention to 
submit them for financing within the Six 
Framework Programme (FP6) as so called 
Integrated Infrastructure Initiatives (I3). The first 
of these proposals was prepared by FINUPHY 
(“Frontiers in Nuclear Physics”) – an organization 
composed of European Large Scale Facility (LFS) 
heads and representatives of LSF user 
community. The submitted I3 – EURONS was 
mainly directed toward the nuclear structure 
research. In parallel a less formal group of 
physicists involved in research in hadron physics 
submitted a second nuclear physics I3 proposal, 
named I3 – Hadron Physics. The activities of both 
groups were supported by NuPECC – an Expert 
Committee of the European Science Foundation. 
Both I3 proposals were accepted by EC. 
  During the preparatory phase of 
EURONS the contribution of Polish groups to the 
European nuclear physics landscape was clearly 
recognized by both NuPECC and FINUPHY  
(cf. Fig. 1). It was suggested that Poland can enter 
to EURONS as a whole, forming one of the 
networks of this I3. 
  In June 2002 the representatives of 
thirteen Polish nuclear physics units (see Sect. 8 
for the list) decided to create Polish Nuclear 
Physics Network (PNPN) and to contact Czech 
Republic, Hungary and Slovakia with a 
suggestion to establish a larger network of nuclear 
physics laboratories in these countries and in 
Poland. In spring 2003 North-East European 
Network (NEEN) was established. Its planned 
networking activities, their objectives and 
expected outcomes were  submitted to EURONS 
Coordinator. 

During the same period the nuclear 
physics laboratories from Bulgaria, Croatia, 
Greece, Romania, Serbia and Turkey formed 
South-East European Network (SEEN) and also 
applied for EURONS support. Eventually, 
following the EURONS advice, the merge of 
NEEN and SEEN was decided by representatives 
of both networks and, in 2004, a common network 
EWON (East – West Outreach) was included in 
the EURONS initiative. 
  Table I summarizes the participation of 
Polish teams in the 6FP nuclear physics activities. 

The indicated EU financial contribution to EWON 
includes only the support of NEEN, whereas 
SEEN, for practical reasons, is financed separately.

Fig. 1. The European human potential in nuclear physics. Infor-
mation collected by NuPECC  in  1998. 
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The nuclear physics activity in Poland  can be 
conveniently divided into a few subgroups: 

- experimental nuclear physics using local 
facilities; 

- experimental nuclear physics using 
external facilities; 

- theoretical nuclear physics; 
- applications of nuclear physics to other 

domains of science; 
- medical applications. 

Table I 
 
Most of these activities are presented in this 

report, at least partly, in the form of review 
articles and short communications. Some 
supplementary information is given below. 
   Table II lists the main nuclear experimental 
facilities in Poland. With the exception of 30MW 
nuclear reactor (see www.cyf.gov.pl/reaktor.html 
and sect. 3.4) all other facilities are operated by 
PNPN units. 

Table II  
 
The Warsaw University Heavy Ion Cyclotron (see 
Fig. 2) is the largest of them. It is operated by 
Heavy Ion Laboratory (Fig. 3), a user facility with 
around 100 national and foreign users per year. 
The isochronous Kmax=160 cyclotron delivers 

around 3000 h  of heavy ion beams yearly ranging 
from B to Ar with energies between 2 and 
10MeV/nucleon. The current research program 
comprises nuclear physics, atomic physics, 
material sciences, solid state physics, biology, 
particle detectors development and testing. 

Fig. 2. The Kmax=160 heavy ion cyclotron of the Warsaw University. 

Fig. 3. Heavy Ion Laboratory building, the Kmax=160 cyclotron and 
its beam lines layout and the preliminary project of the PET 
Radiopharmaceuticals Production Centre. 
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Polish NP participation In FP6 
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The Heavy Ion Laboratory is currently in its 
transformation phase to become the Warsaw 
University accelerator centre, operating two 
cyclotrons. The second commercial proton-

deuteron cyclotron (Ep = 16.5 MeV) will soon be 
installed in the Laboratory building for the 
production of- and research on the 
radiopharmaceuticals for the Positron Emission 
Tomography (PET). Production of long–lived 
radiopharmaceuticals for other medical and life – 
science applications is also foreseen.  

The second K=60, AIC-144 cyclotron 
accelerates light particles. It is operated by the 
Institute of Nuclear Physics (INP), Polish 
Academy of Science in Kraków (Fig. 4). Presently 
it is mainly used for medical isotope production. 
In its new experimental hall (see Fig. 5) the eye 
melanoma proton radiotherapy stand is in 
preparatory phase and will be operational in 2008. 
It is worth noting, that the AIC-144 is an 
intermediate solution, which will be followed by 
the installation in Kraków of a K=240 proton 
cyclotron for material science research and proton 
radiotherapy (see also sect. 3.4 and 5). 

Another experimental set-up in INP is the 
3.0 MV electrostatic generator with micro-beam 
facility. It is currently used for such 
interdisciplinary research as investigation of cells 
behavior under single ion hit (SIH), microparticle 
elemental analysis, rock dating etc. 

Fig. 6 and Fig. 7 presents two other low 
energy accelerators, Warsaw 3 MeV van de Graaff 
and Świerk 30MeV proton cyclotron, respectively. 
Both these facilities are used for material science 
and solid state research. 

 

Fig. 4. AIC-144, K=60 light particles cyclotron operating at Institute 
of Nuclear Physics in Kraków. 

Mk1 level
Mk2 vertical

Bending 
magnet M3

Beam chatter

Old experimental hallNew experimental hall

Melanoma proton
 radiotheraphy hall

Part of the 
AIC144 cyclotron vault

Chamber of the 
AIC144 cyclotron

Bending 
magnet M1

Bending 
magnet M2

Quadrupole
 lens

Quadrupo lelens

Stand for izotopes 
production

Stand for 
experimental works

Stand 
for tumors 
therapy by means 
of neutron beams

Fig. 5. The scheme of the transport of the Kraków cyclotron beams. 



12 

The fundamental research experiments 
performed using the Warsaw Cyclotron constitute 
only a small part of the experimental nuclear 
physics activity of Polish groups. Table III lists the 
nuclear facilities which were used during last ten 
years by individual researchers or working teams 
world-wide.  

More information is given in sect. 4 and is 
summarized in sect. 5. 
  The special place in the Polish nuclear 
physics landscape occupies the theoretical 
physics. Not limited by severe financial  
restrictions which affects local experimental 
facilities, the flourishing of this domain is 
especially evident in the nuclear structure theory. 
The participation of Polish theoretical physicists 
in the European ECT* activities, American 

summer schools, long range planning 
preparation, visiting professor positions, various 
international reports redaction are a few 
examples. 

Table III 
 
The organization and activities of the 

Polish Nuclear Physics Network can be found at 
the PNPN web page: www.slcj.uw.edu.pl/pnpn.

 
 
 

Fig. 6. Warsaw 3 MV Van de Graaf accelerator. 

Fig. 7. Świerk near Warsaw, A. Sołtan Institute of Nuclear 
Sciences – 30 MeV proton  cyclotron. 

Main Large Scale Facilities used by Polish
experimental teams
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CaenGANIL
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JuelichCOSY
GeneveCERN
ArgonneATLAS
GroningenAGOR

VillingenSINQ
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JuelichCOSY
GeneveCERN
ArgonneATLAS
GroningenAGOR

Villigen 



13 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

OVERVIEW PAPERS 
 



14 

 
 



15 

EXPERIMENTAL LOW ENERGY NUCLEAR PHYSICS 
IN POLAND 

 
Bogdan Fornal 

H. Niewodniczański Institute of Nuclear Physics PAN, Kraków 
 

 
Early days of nuclear science in Poland, as 

well as its later history, owe a lot to Maria 
Skłodowska-Curie - one of the greatest scientists 
of the 20’th century.  Born in Warsaw, at age of 25 
emigrated to Paris, studied physics and 
mathematic at Sorbonne and, while working on 
her PhD thesis, discovered Polonium and 
Radium. She then performed pioneering studies 
of those radioactive elements. She was the first to 
use the term “radioactivity” and she was the first 
to realize that radioactivity is a phenomenon 
related to the deep interior of the atom 

There is no doubt that Maria’s fame 
influenced the development of nuclear physics in 
Poland. Already in the 30’s we had two centers 
for studies of radioactivity: the Warsaw 
University, equipped with the cascade generator 
that could deliver ions accelerated to energies of 
hundreds kiloelectronovolts, and the Stefan 
Batory University in Vilno where advanced 
investigations of radioactivity, using the Ra 
source, were conducted. 

After the World War II the nuclear science 
in Poland was brought back to life by two great 
scientists: Andrzej Sołtan in Warsaw and Henryk 
Niewodniczański in Kraków. They begun the 
process of restoration of research activity in the 
field of nuclear physics already in the 40’s.  By the 
beginning of the 50’s there was a 1 MV accelerator 
working in Warsaw; in Kraków instead the home 
built cyclotron U-48 started the operation. 

In 1955 the National Institute for Nuclear 
Research was created. Poland purchased from the 
Soviet Union two large devices: the nuclear 
reactor EWA and the U-120 cyclotron. They were 
installed in the newly built institutes in Świerk-
Warszawa and in Kraków, respectively. The era 
of intense studies in the experimental nuclear 
physics began. 

Present location of the research 
institutions, in which low energy experimental 
nuclear physics is an active field, was determined 
to a large extent by history. Warsaw, together 
with nearby Świerk, and Kraków are the biggest 
centers. The Warsaw center includes Nuclear 
Physics Division (ZFJA), Nuclear Spectroscopy 
Division (ZSJ UW), Heavy Ion Laboratory (SLCJ 
UW) of the Warsaw University as well as A. 
Sołtan Institute for Nuclear Studies (IPJ) located 

in Świerk and partly in Warsaw. In Kraków low 
energy Nuclear Physics groups work at the 
Henryk Niewodniczański Institute of Nuclear 
Physics of Polish Academy of Sciences (IFJ PAN) 
and at the Institute of Physics of the Jagiellonian 
University (IF UJ).  

There are also very active groups at the 
Institute of Physics of the University of Silesia in 
Katowice, at the Institute of Physics of the 
University of Łódź and at the Maria Curie-
Skłodowska University in Lublin. 

The research activity of Polish nuclear 
physicists follows the main lines of inquiry of 
today’s nuclear physics research. We study 
structure of exotic nuclei, nuclei under extreme 
conditions, new symmetries in nuclei, nucleon-
nucleon forces, superheavy nuclei, dynamics of 
nucleus-nucleus collisions, double beta-decay and 
neutron decay with the focus on time reversal 
conservation. Many experiments are carried out in 
the frame of international collaborations at 
various nuclear physics facilities around the 
world. Very important part of research is also 
being done at our home facility – at the cyclotron 
in SLCJ UW. 

Most of the international collaboration 
started already in the 60’s, 70’s and 80’s. The list 
of scientific activities performed by each of these 
collaborations is very long. Let us only mention 
some major projects, in chronological order, that  
have been pursued recently with the lead of 
Polish physicists and delivered interesting results.  
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A successful 
study on the decay of 
proton drip-line 
nuclei was completed 
by the group of 
Polish physicists 
from the Nuclear 
Spectroscopy  
Division UW. This 
group, working in 
frame of a 
collaboration at GSI 
Darmstadt, observed for the first time two proton 
ground state radioactivity. It was done for the 
decay of 45Fe ground state into 43Cr, in which the 
emission of a single proton is energetically 
forbidden and the 2p emission is an alternative to 
the β-decay.  

 
 

Fruitful investigations on the structure of 
previously inaccessible neutron-rich nuclei have 
been performed by the Kraków group from the 
Institute of Nuclear Physics PAN. This team 
developed a new technique for spectroscopic 
studies of neutron-rich species that relies on using 
deep-inelastic reactions and highly efficient 
gamma-ray detector arrays – the group is widely 
recognized as one of the leaders in gamma-ray 
spectroscopy in the hard-to-reach regions of the 
nuclear chart. The Kraków physicists, working in 
close collaboration with the American colleagues, 
proved the existence of a new neutron magic 
number at N=32 in neutron-rich nuclei. This was 
done in a series of experiments performed at 
Argonne National Laboratory which identified 
the yrast structure of the 52-56Ti isotopes.  

Important results concerning the neutron 
density distribution in nuclei were obtained by 
the research group from the Heavy Ion 
Laboratory in Warsaw, who proposed an 
experimental procedure allowing for studies of 

nuclear periphery with antiprotons. In the 
experiments that were done at CERN, the Warsaw 
physicists showed that the neutron density 
distribution is rather of a halo type and not of a 
skin-type. The method, supplemented later by the 
in-beam antiprotonic X-rays studies, provided 
another interesting outcome: the systematics of 
the differences between the neutron and proton 
distribution radii as a function of the asymmetry 
parameter (N-Z)/A. 

Successful studies of hot and rotating 
nuclei were carried out by the group from the 
Institute of Nuclear Physics PAN, who is one of 
the world leaders in studying the giant dipole 
resonance (GDR) at high excitation energy and 
high spin. This group, working with the 
colleagues from Milan, used gamma rays from the 
decay of GDR in fast rotating compound 46Ti 
nucleus to trace the shape evolution at high spin. 
They showed for the first time evidence for the 
Jacobi shape transition, i.e. the drastic shape 

change from oblate to prolate occurring in a 
nucleus at high rotational velocity. Moreover, in 
the course of investigations they observed also the 
Coriolis splitting of the GDR strength, and it is 
again the first finding of such an effect.  
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Very important part of the involvement of 
Polish physicists in the international 
collaborations regards detector constructions. For 
example, physicists from the Institute of Nuclear 
Physics PAN, in 
cooperation with 
the colleagues 
from HMI Berlin, 
built the Recoil 
Filter Detector 
(RFD). The 
application of RFD 
as an ancillary 
detector for 
EUROBALL made 
feasible X-ray 
spectroscopic 
studies of fast 
recoiling nuclei in 
the light mass 
region, where 
deformed and 
highly deformed 
bands have been observed, as well as of heavy 
nuclei produced in fusion-evaporation reactions 
with a very low cross section.  

A large amount of crucial experimental 
information on hot and fast rotating nuclei has 
been provided by the HECTOR detector array 
constructed in the frame of collaboration between 
the Institute of Nuclear Physics PAN and INFN, 
Milano. The instrument consists of 8 large BaF2 
crystals and a multiplicity filter composed of 38 
smaller BaF2 crystals. HECTOR is primarily 
designed for measurements of high energy 
gamma rays   (5<Eγ<30 MeV). 

 
A 4π charged-particle multiplicity filter, 

based on epitaxial Si detectors, was designed and 

constructed at the Heavy Ion Laboratory in 
Warsaw. It may be used as an ancillary detector 
for large gamma-ray arrays to study the excited 
states in nuclei close to the proton drip line.   

Gas detector construction and associated 
electronics development has been successfully 
pursued by the group from the Institute of 
Physics of the Jagiellonian University. The list of 
manufactured detectors includes: gas detector 
generating signal which is the convolution of the 
Bragg curve and a given partition function, multi-
anode gas detector and ionization chamber. 
Recently, the group committed itself to the 

construction of a gaseous detector which will use 
inter alia gas scintillation. The detector will be 
installed at the detection system for superheavy 
nuclei at GANIL. 

Physicists from the Warsaw University, 
who made the first observation of two proton 
ground state radioactivity, are presently 
developing a novel type of ionization chamber to 
obtain 3-dimensional topology of the two protons 
emitted from the 45Fe ground state. The 
apparatus, called Optical Time Projection 
Chamber (OTPC), will consist of several parallel 
wire-mesh electrodes inside a gaseous medium 
which forms the conversion region and the 
multistage charge amplification structure. 
Selected gas mixture will provide a strong 
emission of UV photons during avalanche 
process. These photons will be converted into 

          target
 chamber

foil

electrode
scint.
PMT

RFD 

HECTOR 
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visible light and a CCD camera will record a 2-D 
image of the decay process. Drift time of primary 
ionization charge towards the amplification stage 
will provide the third coordinate.  

Recently, the research team from the 
Institute of Nuclear Physics PAN, who specializes 
in the studies of GDR in hot nuclei at high spins, 
proposed to develop and build a novel gamma 
calorimeter, which simultaneously measure the 
high energy gamma rays (3-40 MeV) from the 
GDR gamma decay as well as the multiplicity, 
sum energy and low energy gamma-ray spectra. 
Such a device will partly consist of the existing 
European detectors, but a significant part of it will 
be constructed from the new detectors. To design 
such a novel gamma-ray calorimeter it is 
necessary to investigate possibilities which are 
offered by recent advances in scintillator 
technology. The project is lead by the Kraków 
physicists and gathers researchers from more 
than 10 European countries.  
 Last two decades showed that many 
projects in the low energy nuclear physics have to 
be pursued within large international 
collaborations. Polish research teams contribute to 
all major international collaborations that have 
been created in Europe in that field. For example 
Poland is one of the eleven partners in the 
Advanced Gamma Tracking Array (AGATA) 
project, where our responsibility mainly regards 
the  development of the AGATA ancillary 
detectors interface (AGAVA) analysis of AGATA 
performance in connection to ancillary detectors 
and data analysis. Polish institutions contribute 
significantly to the Rare ISotope INvestigation 
(RISING) at GSI that gathers 16 countries - our 
commitment relies on the contribution to the 
running cost in amount of 7%. Poland and six 
other countries are involved in the ION Catcher 
collaboration which is aimed at developing 
techniques of the effective slowing-down, 
stopping in a gas cell and extraction of radioactive 
ions. In this case Polish participants are 
responsible for development of a helium 
thermalization  gas cell  and optimization of an 
ion extraction at WIGISOL. CHIMERA is another 
large project that involves 7 countries with the 
Polish participation – it is oriented towards 
studies of the isospin effects and one-body vs. 
two-body dissipation mechanism in nucleus-
nucleus collisions. Many Polish research groups 
are looking forward to take part in the 
construction and experiments at the planned 
radioactive beam facility SPIRAL2 at GANIL 
(France) – the letters of intent are being prepared 
which will be followed by signing the 
memorandum of understanding and later the 
consortium agreement. Also a few laboratories 

are interested in contributing to the Facility for 
Low Antiproton Ion Research (FLAIR) at GSI 
(Germany) that is a part of the FAIR project. 

The community of nuclear physicists in 
Poland, in spite of being so much involved in the 
international collaborations, a large part of its 
scientific activity devotes to research at the heavy 
ion cyclotron located at Heavy Ion Laboratory 
UW. The cyclotron is a K=160 heavy-ion machine 
in operation since 1994. It provides beams ranging 
from boron to argon with energies from 2 to 10 
MeV/amu and intensities up to a few hundreds 
pnA. The beam-on-target time has recently 
reached about 3000 hours/year. Permanent set-
ups installed on the beam lines include: JANOSIK 
– multidetector system consisting of a large 
NaI(Tl) crystal with passive and active shields 
and 32-element multiplicity filter, CUDAC – PIN-
diode array particle detection system, WIGISOL – 
Scandinavian type on-line separator, OSIRIS II – a 
crystal ball consisting of 12 compton-shielded 
HPGe detectors, charged particle 4π mutiplicity 
filter (Si-ball), 50-element BGO γ multiplicity filter 
and sectored HPGe polarimeter, SYRENA - a 
large universal scattering chamber and ICARE - 
recently installed multidetector system for light 
charged particle spectroscopy.  

In the last months a new initiative has 
been proposed at Heavy Ion Laboratory of UW 
aimed at creating a collaboration of various Polish 
groups specialized in the studies of 
electromagnetic transition probabilities in nuclei. 
The idea is to combine the two methods: Coulomb 
excitation method and Doppler Shift Attenuation 
and Recoil Distance technique. To this end, a 
proposal is being prepared to build a new 
multidectetcor system EAGLE consisting of  Ge 
Compton suppressed spectrometers, BaF2 
detectors as a multiplicity filter, COULEX 
chamber with  PIN silicon detectors, Si inner ball 
for proton and alpha multiplicity, and a few Ge 
polarimeters. The new instrument will be largely 
based on the existing equipment from OSIRIS and 
CUDAC. 

The research at the cyclotron has proven 
to be successful in several domains. Outstanding 
results came from the investigations of shape 
coexistence in nuclei, from Giant Dipole 
Resonance studies, from fusion barrier 
distributions experiments. Very valuable results 
were also delivered by investigations of high-spin 
state structures (the confirmation of chirality), 
light nuclei reaction processes and the 
mechanisms of “hot” nuclei decay. Out of the 
series of achievements a few were selected for 
more extended presentation. 

Recent theoretical and experimental works 
attracted attention to a phenomenon of chirality in 
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nuclear spectroscopy. In nuclei in which the total 
spin is built out of mutually perpendicular spins 
of a valence proton, of a valence neutron and of 
the even core, one can expect the presence of two 
identical partner collective bands associated with 
the left-handed and right handed orientation of 
those spins. In a real system, such symmetry will 
be broken, although the bands should retain very 
similar properties in terms of energies, parities 
and electromagnetic probabilities. In an 
experiment with the OSIRIS array performed at 
the heavy ion cyclotron, physicists from the 
Nuclear Physics Division of the Warsaw 
University determined the transition probabilities 
in the two partner bands in 128Cs, and showed 
that they were by far the best candidates for chiral 
bands in nuclei. It is a first demonstration of such 
a phenomenon in nuclear structure. 

 

 
Exciting results are coming from the 

works of the Warsaw Coulex group from Heavy 
Ion Laboratory. This group has recently been 
engaged in the study of structural changes of the 
lowest 0+ excitations in Mo isotopes. By using  
CUDAC particle detector system they performed 
a series of Coulomb excitation measurements and 
succeeded in determining the quadrupole 
moments of the 0+ g.s. and of the second 0+ state 
in 96Mo and 98Mo. In 96Mo the ground state was 
found to be significantly deformed, whereas the 
second 0+ state exhibits spherical properties. In 
98Mo both 0+ excitations are deformed. Similar 
situation occurs in 100Mo, again both low lying 0+ 

states show pronounced deformation and the this 
deformation quickly increases as compared to 
98Mo. 

 

 
In a series of experiments performed for 

various projectile-target combinations, statistical 
decay of GDR, built on highly excited states in 
self-conjugate nuclei, was studied by researchers 
from the Warsaw University with the objective of 
establishing the isospin mixing. The JANOSIK 
detection system was employed. The team proved 
that the isospin mixing probability in conjugate 
nuclei at high excitation and at similar 
temperature increases with atomic number Z. The 
dependence was confirmed for atomic numbers 
ranging from 16 to 30. 

The Coulomb barrier height “felt” by the 
reaction partners approaching each other varies. It 
can be characterized by a distribution which 
depends on the structure of the colliding nuclei. 
The collaboration lead by physicists from Nuclear 
Spectroscopy Division UW studied the reactions 
induced by a 20Ne beam on Sn and Ni targets. 
While a fair agreement between calculated and 
measured distributions was observed for the Ni 
target, a significant discrepancy was noticed when 
Sn target was used. A hypothesis has been put 
forward that in case of Sn the distribution is 
smoothed out by the neutron transfer channels – 
these channels cannot be neglected for the Sn 
target, whereas they are not important for the Ni 
targets 

Physicists, with the main participants 
from the A. Sołtan Institute for Nuclear Studies, 
performed the investigation of the reactions 
induced by the 10B, 11B, 12C, 14N and 18O ions from 
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the heavy ion cyclotron up to an energy  
of 5-10 MeV/A on the 6,7Li, 9Be, 12,13,14C targets. 
The experimentally obtained angular 
distributions of the reaction products were 
analyzed by means of the coupled-reaction-
channels method. The parameters describing the 
structure of the nuclei and mechanisms of nuclear 
reactions as well as nucleus-nucleus interactions 
were deduced. One of the spectacular outcomes 
was the determination of the quadrupole 
deformation parameter to the 7.012 MeV (2+) 
excited state in 14C. 

One has to admit that the experimental 
low energy nuclear physics in Poland is a very 
active field of research. We have groups that carry 
out various studies in the frontiers of the area in 
collaboration with most of the major laboratories 
in the world. We have a good experimental 
potential at home. We are involved in many large 
international collaborations and we have plans to 
develop new instrumentation at our labs. 

However, we have to continue making efforts to 
attract young people. We can do it by advertising 
attractiveness of the low energy nuclear science. 
This attractiveness arises from both the close 
perspective for reaching very exotic neutron-rich 
nuclei that may reveal unexpected phenomena, 
and from the fact that our field, in spite of the 
complexity of experiments and the most advanced 
technologies and techniques used, it is still an area 
in which one person is able to follow the whole 
project from the beginning to the very end.  

While planning our research, our 
involvement in collaborations, or preparing the 
future projects, we cannot forget that the success 
in scientific studies relies first of all on the 
appropriate attitude of the researcher towards 
research. It was nicely expressed by Maria 
Skłodowska-Curie: “A scientist in his laboratory is 
not a mere technician: he is also a child 
confronting natural phenomena that impress him 
as though they were fairy tales”. 
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HADRON PHYSICS IN POLAND 
 

P. Salabura 
M. Smoluchowski Institute of Physics, Jagiellonian University, Kraków 

 
In this report I would like to present, from 

my point of view, main activities and 
achievements in hadron physics of Polish groups 
over last 10 -15 years. I will also shortly discuss 
plans and perspectives for the nearest future.  

The basic aim of the hadron physics is to 
understand the structure of hadrons and their 
interactions as well in elementary interactions as 
in complex heavy ion collisions in the energy 
regime where quark and hadronic degrees of 
freedom interleave. The underlying theory is 
quantum chromodynamics (QCD), which is 
commonly accepted as the fundamental theory of 
the strong interaction. This theory is well 
understood on the short distance scales (0-1 fm) 
which are probed, e.g., in reactions at high 
momentum transfer (Q2 >1 GeV2) where the basic 
quark-gluon interactions are weak and 
perturbation theory is applicable. At high energy 
densities quarks and gluons are predicted to move 
freely without coalescing into hadrons. High 
energy strong interaction processes can thus be 
described quantitatively and analytically by 
perturbative QCD. This energy regime is 
experimentally explored by means of high energy 
e+e- annihilation, lepton–nucleon scattering or 
proton-proton reactions at CERN, DESY, Fermilab 
or RHIC.  

As the energy scale drops non-
perturbative processes like confinement and chiral 
symmetry breaking set in. In this domain a quite 
different realization of QCD is observed, namely 
bound states classified according to their quark 
content as baryons, like protons and neutrons, and 
mesons like the pion. At sufficiently low energies, 
it is safe to regard these physically observed 
particles as the relevant degrees of freedom, and 
use them in the description of hadron interactions. 
Here, the application of effective field theories, 
accounting for the symmetries of QCD, is a very 
promising step in this direction with a high 
scientific potential. Nevertheless, theoretical 
predictions are necessarily model-dependent, and 
progress in this field has been, and will continue 
to be, driven by experiment for the near future. 
Indeed, looking into available experimental data 
one can quickly realize that 20 years after first 
pioneering experiments performed in 60 and 70'ies 
at CERN, Berkeley or Dubna new generation of 
hadron machines and dedicated detectors started 
to provide numerous and precise data exactly for 
this purpose.  

Polish groups took active part in this 
second generation experiments with broad 
research programs which can be grouped into 
three interconnected topics:  
• Interaction and structure of hadrons 
• Hadron properties in nuclear matter 
• Properties of hadronic matter under extreme 

conditions 
Precise spectroscopy of hadronic states, 

investigation of their properties (as decay modes) 
in vacuum and the strong interaction of hadrons 
in two or three-body final states is the main 
subject of the first topic. In particular precise 
measurements of hadron production cross sections 
(total and differential) in p-p, d-p reactions near 
kinematic threshold provided valuable results 
from which many still awaits theoretical 
explanation. So far, most of these activities 
concentrated on hadrons build from light (u,d,s) 
quarks and used proton or deuterium beams 
provided by SATURNE, CELSIUS or COSY 
machines.  With the future PANDA detector at 
FAIR these investigations will be extended on the 
charm sector by means of proton-antiproton 
annihilation reactions.    

The strong interactions experienced by 
hadrons in a compressed nuclear medium (e.g. 
created in course of heavy ion collisions) can 
modify the basic hadron properties as masses, life 
times (widths) because of increased temperature 
and/or density. Such changes have been predicted 
by various theoretical models and are often 
discussed in connection to spontaneous chiral 
symmetry breakdown, a phenomenon of 
fundamental importance for our understanding of 
QCD and nature of hadron mass generation. 
Experimental studies are on-going and mainly 
concentrate on kaon and vector meson properties 
probed in heavy ion and proton induced reactions. 
Obtained results demonstrate sizable effects which 
have stimulated large theoretical interest and 
provided motivation for upcoming new 
experiments facilities as FAIR at GSI, with 
PANDA and CBM detectors or J-PARC in Japan.  

     Hadronic matter can be compressed 
and heated by means of heavy ion collisions. At 
low energies phase transition from liquid to 
hadron gas has been established by studying 
fragmentation processes. At even higher energies, 
available at SPS and RHIC, a new form of the 
nuclear matter, Quark Gluon Plasma has been 
sought. At highest available on the earth energies 
of LHC this new state of the nuclear matter will be 
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investigated by means of ALICE and also ATLAS 
detectors.  However, detailed knowledge of the 
nuclear matter phase diagram is still far from 
being complete and needs more detailed 
investigations, as for example planned at lower 
energy by second generation experiments as CBM 
at FAIR or Na49 at SPS.      

Table 1 shows contribution of Polish 
experimental groups to the three topics discussed 
above. Middle column presents main 
collaborations, experimental and accelerator 
facilities where the projects are performed. Only 
experiments with a significant contribution from 
the Polish groups have been selected.  One should 
emphasize that in all listed cases dedicated 
detector systems were developed, constructed and 
installed to large extend by the Polish groups. 
Furthermore, contribution to physics analysis 
resulted in many important results. Similar 
situation is expected for the future projects which 
are presented by italic.   

In the next three chapters I will shortly 
present selected scientific highlights obtained so 
far and will discuss perspectives for the upcoming 
experiments 

  
INTERACTIONS AND STRUCTURE OF 
HADRONS 
 The interaction of hadrons is caused by 
the strong color forces acting between constituent 
quarks and gluons.  At low energies, regime of 
non-perturbative QCD, the interaction is 
commonly described by meson exchange but it is 
also often discussed in context of the underlying 
quark-gluon structure. Here the most difficult is 
the study of the low energy interactions between 
the flavour-neutral mesons like η, η΄, ω, φ and 
nucleons and between the nucleons and e.g. 
hyperons, as for example Σ. The short life time of 
these particles makes impossible direct scattering 
experiments and allows to investigate final state 
interactions. Hence, the experiments are based on 
the production of a meson or a hyperon in the 
nucleon-nucleon collisions close to the kinematical 
threshold (exclusive reactions) or in the kinematics 
regions where the outgoing particles possess small 
relative velocities and remain in the distance of 
few femtometers, long enough to experience the 
strong interaction. The strength of the interaction 
between particles depends on their relative 
momenta. Therefore, the mutual interaction 
among the outgoing particles manifests itself in 
the modification of the distributions of differential 
cross sections as well as in the magnitude and 
energy dependence of the total reaction rate 
[1,2,3].   
  

Physics Experiments Polish 
Groups1 

Interactions and 
structure of 
hadrons 

COSY:  
COSY11,GEM, PISA, 

WASA@COSY 
SATURN: DISTO 
CELSIUS: WASA 
GSI : PANDA 

JU, US 
JU, ,INS, US  
JU 
INS,UW 
JU, INS,US 

Hadron properties 
in nuclear matter 

GSI: 
KAOS,FOPI,HADES  JU, UW 

Properties of 
hadronic matter 
under extreme 
conditions 

GSI/SIS:FOPI,  CBM 
 
CERN/SPS: Na49(+) 
RHIC: PHOBOS, 
BRAMS  
LHC: ALICE, ATLAS 

UW, UW, JU, US, 
INS 
UW, IPSA, INP  
INP, JU 
INP, WIT 

Table 1. Contribution of Polish groups to second generation 
experiments. 

 
From the experimental point of view, 

measurement of the energy dependence of the 
total cross section for the production of mesons or 
hyperons close to the kinematical threshold is 
rather challenging. This is because  the studied 
cross sections are by orders of magnitude smaller 
as  compared to the total yield of the nucleon-
nucleon reactions, and also because they vary by a 
few orders of magnitude in a few MeV range of 
the excess energy. This is visualized in Figure 1 
(top) on example of the total cross sections for the 
η and η΄ meson production in proton-proton 
collisions conducted during the last decade at the 
CELSIUS, COSY and SATURNE laboratories [4]. 
Comparing the data to the arbitrarily normalized 
phase space integrals (dashed lines) reveals that 
the interaction among involved hadrons enhances 
the total cross section by more than an order of 
magnitude for low excess energies. In the case of 
the η΄ meson the data are described very well 
assuming that the square of the proton-proton 
scattering amplitude exclusively determines the 
phase space population. This indicates that the 
proton-η΄ interaction is too small to manifest itself 
in the excitation function within the achieved 
statistical accuracy.  In contrary in the case of the η 
meson the interaction between outgoing nucleons 
is not sufficient to describe the shape of the 
excitation function.  This is even more obvious 
when one looks into distribution of the pp→ ppη 
events in the Dalitz representation, shown in 
Figure 1 (bottom), at an excess energy of 
Q=15.5 MeV. In this figure one recognizes a steep 

                                                 
1 INP - Institute of Nuclear Physics (Kraków),  
   IPSA - Institute of Physics Świetokrzyska Academy 
(Kielce),    
   INS -  Institute of Nuclear Studies (Warszawa), 
   JU - Jagiellonian University  (Kraków),  
   WIT -  Warsaw Institue of Technology (Warszawa)  
   US  - University of Silesia (Katowice),  
   UW- Warsaw University (Warszawa )   
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growth of the population density at the region 
where the protons have small relative momenta 
(black area) and the rather homogenous 
distribution outside this area.  However, when 
taking the proton-proton finite state interaction 
into account a gradual decrease of the abundance 
is expected towards the large values of the proton-
proton invariant masses in contrast to the 
experimental data. Such discrepancy between the 
empirical distributions and predictions based on 
the assumption that the phase space abundance is 
due to the proton-proton interaction only, 
indicates that the observed enhancement is due to 
the proton-η interaction.  

The precise data on  η and  η΄ mesons 
production in proton-proton collisions collected 
over last years allowed to settle the general 
features of the production processes and revealed 
the sensitivity of discussed observables to the 
proton-meson interaction. A quantitative 
derivation of the proton-η and proton-η΄ 
interaction requires, however, a development of 
the sophisticated theoretical approach based on 
the three-body formalism including the complex 
meson-baryon hadronic potential. The observed 
large difference in the total cross sections between 
the η and  η΄ meson production shows that these 
mesons are created via different mechanisms, 
since comparable coupling constants are expected 
for both of them at least in the SU(3)-flavour limit.  
The different production mechanisms reflect 
differences in the structure of these mesons.  Due 
to the large momentum transfer needed for the 
production at threshold the reaction occurs at the 
distances of about 0.3 fm. This might suggests that 
the quark-gluon degrees of freedom play a 
significant role in the production dynamics. In 
particular, the η΄ meson can be efficiently created 
from the glue excited in the interaction region and 
a subsequent hadronization of gluons to the η΄ 
meson via its gluonic or flavour-singlet quark 
component [5]. The creation through the colour-
singlet object is isospin independent and hence 
should lead to the same production amplitudes for 
the pp→ ppη΄ and pn → pnη΄ reactions. At the 
CELSIUS laboratory it was determined that the η 
meson is by more than an order of magnitude 
enhanced if the total isospin of colliding nucleons 
is equal to zero (pn). Corresponding investigations 
of the isospin dependence for the η΄meson 
production are presently conducted at COSY.  

Another example of the experiments 
sensitive to the quark degrees of freedom are 
studies of the flavour symmtery breaking 
processes. The isospin symmetry breaking via π0- 
η mixing in pd→3Heπ+/π0 reactions close to the η 
production threshold was studied by the GEM 
collaboration [6].  In the lowest order chiral 

perturbation theory the π0- η mixing angle 
depends on the u,d quark mass difference which 
breaks isospin symmetry [7]. Study of the isospin 
symmetry breaking in the η' decays (i.e via π+π-π0) 
is also one of the main parts of the WASA 
programme at COSY which is just coming into 
operation [8]. In this experiment also the flavour 
conserving η→π+π- e+e- decays will be studied to 
test CP symmetry conservation where Standard 
Model predictions are very small.  

The production cross section ratio of the φ/ω 
mesons in NN reactions have been proposed as a 
sensitive observable for strangeness content of the 
nucleon. In the SU(3) flavour nonet the φ meson 
consists almost entirely of strange and the ω 
meson of light quarks. As a results φ meson 
production is expected to be suppressed relative to 
the ω in NN reactions (OZI rules).  Interesting 
results on φ/ω cross section ratio in NN reactions 
have been obtained by ANKE at COSY and DISTO 
at SATURNE. Significant (~7-10) enhancement 
over the OZI rule predictions have been 
established in the p-p and p-n reactions close the 
production threshold [9,10]. It may indicate 
important, not yet understood, role of the 
strangeness in the nucleon which was proposed 
some time ago in order to explain large φ/ω 
enhancement measured in proton-antiproton 
annihilation at rest. 

Hadron spectroscopy will be extended on 
charmed mesons with the PANDA detector at 
future FAIR facility. Antiproton beams of 
momentum 1.4-15 GeV/c from High Energy 
Storage Ring will be used to study structure of 
hadrons up to masses of 5.5 GeV/c2 [11]. In 
particular charmed mesons consisting of light 
(u,d) and heavy (c) quarks are ideally suited for 
studies of basic QCD properties like confinement 
and chiral symmtery breaking and its role in the 
hadron mass generation.  

 
HADRON PROPERTIES IN NUCLEAR 
MATTER 

It is commonly accepted that only a small 
part of the nucleon mass is furnished by the rest 
mass of it constituents. Indeed, taking an average 
current mass of the u,d quarks of 10 MeV/c2 one 
arrives to conclusion that ~97% of the nucleon 
mass is dynamically created by the strong 
interaction. The main mechanism responsible for 
this spectacular phenomenon is related to the 
spontaneous chiral symmtery breaking, a basic 
feature of the vacuum structure of QCD, signaled 
by appearance of quark and gluon condensates. 
Formation of the condensates is a non-pertubative 
QCD phenomenon and its studies are very 
difficult and possible only via lattice QCD or 
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models based on effective field theories. As an 
example of such calculations [12] Figure 2 shows 
light quark constituent mass as a function of four 
momentum transfer, which can be related to 
distance probed for example by photon in 
electron-nucleon scattering experiment. As one 
can see at distance of ~ 1 fm quark mass obtains its 
constituent mass of ~350 MeV/c2.  

QCD inspired models predict decrease of 
the quark condensate in a function of temperature 

and/or baryon density of the nuclear matter. 
Although the quark and gluon condensates are not 
an experimental observable QCD sum rules relate 
their expectation values to the integral over hadronic 
spectral functions and therefore open a possibility 
(though not direct) to study their behavior in the 
nuclear matter. Brown and Rho suggested scaling 
low which relates dropping of the quark condensate 
with hadron masses as a function of the nuclear 
density. This suggestion has triggered widespread 
theoretical [13] and experimental activities with 
spectacular results. Enhanced low mass (M < 1 
AGeV/c2) dilepton (e+e- and µ+µ-) pair production in 
nucleus-nucleus collisions at the CERN Super-
Proton-Synchrotron (SPS)  were reported by CERES 
[14] and NA60 collaborations [15]. These findings 
have been successfully explained by theoretical 
models assuming substantial broadening of the in-
medium ρ-meson spectral function. At lower beam 
energies of 1-2 AGeV similar enhancements were 
measured by the DLS and HADES at GSI [16], but, 
in contrast to the SPS energies, they are still lacking 
full theoretical explanation. Figure 3 shows 
dielectron invariant mass distribution measured by 
HADES in C+C collisions at 2 AGeV together with 

expected contributions from hadron decays at 
chemical freeze-out (line A).  A strong enhancement 
(shown in the bottom figure) over these sources is 
seen for the invariant masses M>0.15 GeV/c2 (π0 
mass). It can only partially be explained by 
additional dielectron decays from short lived 
resonances (∆ and ρ) populated in the early collision 
phase (dashed line B) assuming vacuum spectral 
functions. This observation suggests significant in-
medium effects due to collision dynamics and/or in-
medium spectral function modification. Follow-up 
experiments with heavy collision systems (from 
Ar+KCl to Au+Au) will provide in next 2-3 years 
more information on the nature of the enhancement. 
Furthermore, precise measurements of the ω and ρ 
meson spectral functions in nucleus will be 

Figure 1: Top: Total cross section as a function of the excess energy 
Q for the reactions pp→ppη (squares) and pp→ppη΄ (circles). The 
dotted lines indicate a 3-body  phase space integral normalized 
arbitrarily. The solid lines show the phase space distribution with 
inclusion of the proton-proton final state interaction. The result of 
calculations taking into account additionally the interaction 
between the η meson and the proton is presented by the red dotted 
line Bottom: Dalitz plot distribution for the pp→ppη reaction 
determined at the excess energy of Q = 15.5 MeV. It  shows 
enhancement due to strong pp final state interactions (black) and 
due to  p-η interactions [4] 

Figure 2. Mass of light quark as function of four momentum transfer
obtained from lattice QCD. 

 LQCD  [Bowman et. al ‘02] 

  Instanton model 

1 fm r
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measured by HADES collaboration and will provide 
complementary data on in-medium spectral 
function at T=0 and normal nuclear matter density.  

Studies of charged Kaon production in 
heavy ion collisions at beam energies close to 
production threshold in NN reactions provide 
another, though not direct, possibility to study in-
medium hadron properties. Multi-step processes of 
the type NN→NNπ  Nπ→KY (Y denotes hyperon) 
are driving production reactions and are confined to 
a high density phase of a fireball. Consequently, 
K+/K- production ratio appears very sensitive to in-
medium potential of kaons which is predicted to be 
slightly repulsive for K+ and attractive for K-. This 
feature leads to the lowering of K- production 
threshold in nuclear matter and to the increase of the 
K-/K+ ratio over the value known from NN 
reactions.   

This phenomenon was for the first time 
measured by the KAOS collaboration [17] and 
confirmed by independent measurement by the 
FOPI experiment at GSI [18].  Moreover, Kaon 
production at this energy also appears very sensitive 
to nuclear matter compressibility and is related to 
the nuclear matter Equation Of State (EOS). In 

particular excitation function of the K+ production in 
Au+Au collisions when compared to the measured 
for lighter C+C system allows to discriminate 
between two distinct EOS: soft and hard, favoring 
the first one as shown in the bottom part of [19]. 
Further measurements of in-medium kaon 
properties are planned with the upgraded FOPI 
detector with the main aim to measure flow of K- 
mesons in heavy ion collisions to pin down details 
of the in-medium kaon potential.  

Kaon production will also be continued 
with new Compressed Barionic Matter (CBM) 
experiment at FAIR at higher beam energies 
(8-40 AGeV) [20]. Main emphasis in studies of 
hadron properties in nuclear matter, however, will 
be placed on D and J/ψ mesons, for a first time in 
the same experiment. Production of D± mesons, 
which consist of light (u,d) quarks and heavy c 
quark, is predicted to exhibit in-medium mass 
splitting of the order of 50 MeV/c2 and hence can 
be probed experimentally. In-medium properties 
of charmed mesons and charmonium states will 
also be probed at normal nuclear matter by 
antiproton-nucleus collisions by the PANDA 
experiment at High Energy Storage Ring at future 
FAIR.  

 

NUCLEAR MATTER UNDER EXTREME 
CONDITIONS 

Heavy ion collisions give unique 
opportunity to investigate nuclear matter under 
extreme temperatures and/or densities in earth-
bound laboratories. The main goal is to search for 
and explore nuclear matter phase transition from 
hadron gas to Quark Gluon Plasma (QGP), a state 
of nuclear matter which existed ~1√s after the Big 
Bang. Nuclear matter phase diagram is shown in 
Figure 4  (top) together with exploration regions 
covered by SIS/ Bevelac (√s<2.7 AGeV), AGS 
(√s=4.5 AGeV), SPS (√s=17 AGeV),  RHIC 
(√s=200 AGeV) and upcoming LHC 
(√s=5500 AGeV).  The chemical freeze-out, a stage 
where hot nuclear matter which is undergoing fast 
expansion after primary compression phase 
reaches its final hadronic composition, is indicated 
by solid line with points derived from measured 
particle ratios. The line also corresponds to 
roughly constant energy of 1 GeV/hadron which 
is close to the critical energy of first order 
transition to QGP obtained by lattice QCD 
calculations (shown by shaded area).  This energy 
density can be compared to the energy obtained in 
the most energetic HI collisions reached so far at 
RHIC and estimated  to be in the order of 5 
GeV/fm3, assuming 1fm/c medium formation 
time[21,22], therefore clearly above the critical 
value [23].  The central question which arises is 

Figure 3. Top: Invariant e+e- mass distribution measured in 
C+C collisions at 2 AGeV by HADES collaboration 
compared to contributions expected from decays of: (i) long 
lived hadrons after chemical freeze-out (coctail A) and (ii)  
short lived resonances (ρ,∆) (coctail B). Bottom: Ratio of data 
and coctail A,  and coctail A and B (dashed line). The latter 
shows contribution from ρ,∆ decays inside fireball. 
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what are then the properties of the nuclear matter 
in such extreme conditions? Have we established a 
new form of nuclear matter in our laboratories?  

First striking feature observed by the 
BRAHMS collaboration at RHIC is that the net 
proton rapidity distributions around central 
region (ycm~0) are significantly smaller, as 
compared to AGS and SPS, what indicated larger 
matter transparency (see Figure 4  and note that  
beam rapidity at the RHIC top energy is around 
5.4). BRAHMS estimated the average rapidity loss 
to be equal 2.0±0.4. This value is significantly 
lower than predicted by the empirical linear 
scaling from lower AGS and SPS energies [24]. 
Nevertheless, the absolute energy loss increases 
appreciably from SPS to RHIC reaching the value 

of about 72 GeV per participanting nucleon [25]. 
Furthermore, at mid-rapidity the anti-proton to 
proton ratio is on the level of 0.75 which indicates 
that there is still a significant contribution from 
participant baryons over the entire rapidity range 
[26]. On the other hand, the anti-particle to particle 
ratios for mesons, that dominate the produced 
matter, are consistent with unity.   

The above observations clearly show that 
studies of high energy nucleus-nucleus collisions 
have moved to a qualitatively new physics 
domain characterized by a high degree of reaction 
transparency leading to the formation of a near 
baryon free central region with approximate 
balance between matter and anti-matter. 

Figure 5. Top: K-/K+ ratio in Ni+Ni collisions as function of 
normalized rapidity in nucleus-nucleus C M frame: y0= (y/Ycm-1) 
compared to model predictions with (solid line) and without 
(dashed line) in-medium kaon mass modification: -K+  mass  
increase, K-  mass decrease. Bottom: Ratio of K+ multiplicity in 
Au+Au and C+C collisions as function of beam energy compared 
to predictions based on soft (red) and hard(blue) nuclear matter 
equation of state. 

Figure 4. Top: Nuclear matter phase diagram (temperature vs 
baryonic chemicl potential). Solid line indicates temperature of 
chemical freeze-out determined from particle ratios measured in heavy 
ion collisions at various accelerators indicated in upper panel). Shaded 
area presents predicted phase border between hadronic and Quark 
Gluon Plasma and critical point (E). Bottom:  Net proton (proton-
antiproton) rapidity distributions measured at top AGS, SPS and 
RHIC energies. Beam rapidities are indicated by dotted lines.
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Several observables have been proposed 
for RHIC and SPS energies as possible signals for 
the formation of QGP. One of the most important 
ones is a jet suppression quenching seen directly 
as a suppression of high transverse momentum 
hadrons (p⊥ > 2 GeV/c) produced in HI collisions 
as compared to nucleon-nucleon reactions. This 
effect can be quantified by the nuclear 
modification factor RAA [27]. It is displayed in 
Figure 4  for 2 pseudo-rapidity regions (η) and 
various centrality selections (central and semi-
peripheral) for the BRAHMS data. The apparent 
high p⊥ suppression in central collisions has been 
interpreted as a consequence of bremsstrahlung 
losses of high p⊥  partons traversing deconfined 
medium created in HI collisions. According to 
QCD colored objects may lose energy by radiating 
gluons as bremsstrahlung [28]. Due to the color 
charge of the gluons, the energy loss is 
proportional to the square of the length of color 
medium traversed. Such a mechanism would 
strongly degrade the energy of leading partons 
resulting in a reduced transverse momentum of 
leading particles in the jets and the effect is 
expected to increase with increasing collision 
energy, system size and centrality, as observed in 
the experiments [29]. 

Unique feature of the BRAHMS and 
PHOBOS spectrometers are a large acceptance at 
forward η regions accompanied by excellent 
particle identification. Surprisingly large RAA 
suppression at forward η region is observed both 
for Au+Au and d+Au colliding systems (see also 
Figure 6). For Au+Au this observation led to a 
suggestion that suppressing medium extends also 
in the longitudinal direction, however, for d+Au 
the suppression has been attributed to the initial 
conditions of the colliding Au nucleus, in 
particular, to the possible existence of the Color 
Glass Condensate (CGC)- another new form of 
nuclear matter  [30].  

 Anisotropy of emitted hadrons with 
respect to the reaction plane (flow) is an important 
observable which characterizes the gradient of 
pressure build in the reaction zone at early stage 
of the collision.  Figure 6 shows anisotropies 
measured for 200 AGeV central Au+Au collisions 
obtained by the PHOBOS collaboration [31]. Solid 
line shows result of hydrodynamical calculation 
which assumes ideal fluid nature (no viscosity) of 
the matter and which for first time reproduces 
anisotropy strength measured at RHIC energies. 
This surprising result indicates that in contrast to 
former predictions nuclear matter created in these 
collisions is not consistent with a model of weakly 
interacting gas of partons but rather strongly 
interacting fluid.   

 

 
Further measurements are certainly 

necessary to understand nature of the matter 
created in these collisions. The programme will be 
continued at upcoming LHC by the dedicated 
heavy ion experiment ALICE and also ATLAS, 
which was designed to study pp interactions. At 
LHC energy densities will increase to 15-40 
GeV/fm3 and estimated life time of the QGP will 
be in the order of 5-10 fm (by the volume size of 
the fireball at the freeze-out of 2000 fm3 !).  

 At lower energies (30-40 AGeV) upgrade 
of the Na49 experiment is planned to search for 
the onset of the deconfinment and critical point of 
the nuclear matter. The indications of the first one 
has been proposed by the Na49 experiment as the 
explanation for the pronounced peak in 
kaon/pion ratio observed in HI collisions, but not 
in pp, at SPS energies [32].  
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Figure 6. Top: Nuclear modification factor (RAA) in function of 
transverse momentum for 2 pseudo-rapidity bins and reaction classes 
(central and semi-peripheral) measured by BRAHMS in 200 AGeV 
Au+Au collisions. Lower row shows ratio of RAA central to semi-
peripheral collsions. Bottom: Eliptic flow (ν2 ) for same collisions 
measured by PHOBOS  
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The goal of this short overview is to present a 
snapshot of Polish scientists’ activity in theory of 
nuclear structure, nuclear astrophysics, and 
nuclear reactions. In short, this domain of physics 
will be below called nuclear*. The time span I am 
going to cover is limited to exactly five years, 
between 2001 and 2005. 

The definition of boundaries of this domain of 
physics is, as always, a difficult task. There are 
certainly numerous connections, by which this 
branch of science extends towards atomic or 
condensed matter physics on one side, and 
towards particle and high energy physics on the 
other. For the sake of adopting a precise and well 
defined methodology, I am going to look at 
publications that appeared in specific journals or 
specific sections of these journals. The selection I 
have made is supposed to cover the mainstream 
scientific journals, in which papers in this domain 
of physics are published, although the complete 
list would certainly be longer and probably more 
desirable. 

By this token, the numbers of reported papers 
undoubtedly constitute a lower limit; the total 
number of papers is significantly higher. 
Nevertheless, by looking at lists of authors of 
these papers, I was able to identify Polish 
physicists who actively contribute to the scientific 
research in this domain of physics. 

The analysis presented below is based on publications that 
appeared in: 

• European Physical Journal A 
• Nuclear Physics A 
• Physical Review Letters, section Nuclear 

Structure, page numbers xx25xx. 
• Physical Review C, sections Nucleon-

Nucleon Interaction, Few-Body Systems 
(S=0), Nuclear Structure (S=3), Nuclear 
Reactions (S=6), Nuclear Astrophysics 
(S=8), page numbers xxxSxx. 

• Physics Letters B 
An automated search of electronic databases, 

performed for the above five journals and 
sections, revealed 838 papers with co-affiliations 
from Poland. In case of Physics Letters B, papers 
are not divided into sections, which excludes a 
possibility of simple identification of whether 
they belong to the class of nuclear* physics. 
Therefore 327 papers published in this journal 

were manually scanned, and 24 of them were 
attributed to nuclear* physics. 

Moreover, in case of European Physical 
Journal A, only the information on the affiliation 
of the so-called corresponding author is available 
in electronic databases, which strongly limits the 
number of papers from Poland found in this 
journal. 
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Fig. 1. Numbers of papers from Poland published in theoretical 

and experimental nuclear* physics in five major journals. 
 
All in all, during 2001-2005, 535 papers have 

been published, both in theory and experiment. 
Within the above methodology, results of searches 
are presented in Fig 1, where numbers of papers 
are shown as functions of the publication year. 
Numbers in ovals and horizontal bars indicate the 
average numbers of papers per year. The first 
striking observation, which is revealed by the 
present analysis, is a great stability in time of 
contribution of Polish physicists to this domain of 
physics, with at least 100 papers per year. 

Similarly, Fig. 2 shows the percent fractions of 
papers coming from Poland, as compared to the 
total numbers of papers published2. It turns out 
that about every 20th paper published world-wide 
was coauthored by a scientist from Poland. It is 
particularly gratifying to see that about every 10th 
paper published in Physical Review Letters was 
coauthored by a Polish author. 
                                                 
2 For Physics Letters B, percentage of all papers from 
Poland (not only nuclear*) is shown in the Figure. 
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Fig. 2. Percent fractions of papers published with Polish co-

affiliations in theoretical and experi-mental nuclear* physics in five 
major journals. 

 
In order to put the above numbers in 

perspective, the analogous analysis, within the 
same methodology, was repeated for papers 
originating from France, the country, which by all 
means can be considered a scientific superpower 
in the research worldwide. Fig. 3 presents the 
distributions of papers with Polish (535) and 
French (1016) co-affiliations, published in the five 
major journals. 
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Fig. 3. Numbers of papers published with Polish and French co-

affiliations in theoretical and experi-mental nuclear* physics in five 
major journals. 

 
Although due to restrictions of the adopted 

methodology both total numbers of papers are 
probably strongly underestimated, nonetheless 
their relative values illustrate important strength 
of the Polish community in the domain of 
nuclear* physics. It is important to add at this 
point that the scientific collaboration between 
Poland and France is particularly strong, and 
hence a great deal of scientific papers are 
coauthored by Polish and French scientists, thus 
counting towards figures of merit of both 
countries.  

The next step of the analysis requires 
identifying papers that can be qualified as 
theoretical. This could not have been done 
otherwise but by scanning all the 535 papers one 
by one, and taking decisions in each of the 
individual cases. The task was not easy, because 
very many papers result from close and fruitful 

collaborations between theorists and experimen-
talists. With all the reservations such a 
qualification may carry, 158 theoretical papers 
were selected for further analysis. 
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Fig. 4. Distributions of authors (upper left), junior authors 

(upper right), papers (lower left), and output (lower right) among 
eight Polish scientific institutions in nuclear* theory. 

 
As shown in Fig, 4, among authors of the 

above set of papers, I could identify 63 Polish 
theorists affiliated with 8 scientific institutions. It 
is very important to see that 34 of them, i.e. more 
than a half, are young scientists (prior to their 
D.Sc. degree). At this point, the largest 
uncertainty comes from the fact that it is often 
difficult to label a given author as a ‘theorist’ or 
‘experimentalist’. And again, the numbers shown 
in the Figure certainly do not exhaust the entire 
list of Polish nuclear* theorists. However, those 
who have published during five years at least one 
paper in one of the five journals considered, 
probably belong to the class of the most active 
ones. 

Distribution of papers among the 8 
institutions shows that 4 of them provide the 
majority of  publications. It is interesting to see 
that the sum of numbers of publications in this 
distribution is equal to 160. This means that 
papers are coauthored by researchers working at 
different institutions. This seems to be a typical 
situation in Polish science, where very intense 
collaborations exist between Polish and foreign 
physicists, but very few inside Poland. 
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Another important observation is revealed by 
the output index shown in Fig. 4. The output 
index is constructed by adding numbers of papers 
of each author affiliated with a given institution. 
Therefore, it illustrates the degree of internal 
collaboration and strength of research groups at 
various institutions. It turns out that, on average, 
between 1.2 and 3 authors working at the same 
institution cosign scientific papers in this domain 
of physics. 

Within the analyzed set of publications, six 
authors have published ten or more papers. It 
turns out that these six authors provide more than 
one half of the output index defined above. This 
allows to identify three most active research 
groups in nuclear* theory in Poland. Since their 
research is in more details described in other parts 
of the Report, here I only give a very brief account 
of their activity, and cite their flagship publi-
cations and results. 

The group of K. Rusek (Sołtan Institute for 
Nuclear Studies) with collaborators has published 
in years 2001–2005 over 20 papers in the domain 
of nucleus-nucleus reactions, especially those 
involving exotic species. Their very interesting 
result concerns the dipole polarizability of 6He [1], 
where the reduction of the 6He+208Pb elastic 
scattering cross section at forward angles was 
shown to be caused by long-range dipole 
Coulomb polarizability of the projectile. 

The group of H. Witała, J. Golak, and  
R. Skibiński (M. Smoluchowski Institute of 
Physics, Jagiellonian University) with  

collaborators has published in years 2001–2005 
over 35 papers in the domain of structure and 
reactions of few-body systems. Their pioneering 
study of the polarization transfer in d(p,p)d and 
d(p,d)p reactions [2], performed with modern 
nuclear forces, including the NNLO interactions 
obtained within the chiral perturbation theory, 
reveals important role of three-body interactions. 

The group of J. Dobaczewski, W. Nazarewicz, 
and W. Satuła (Institute of Theoretical Physics, 
Warsaw University) with collaborators has 
published in years 2001–2005 over 30 papers in 
the domain of nuclear structure studied with 
energy-density-functional methods. In their study 
of deformation effects in nuclei near the neutron 
drip line [3] they point out new possible shape-
coexistence effects that may extend nuclear 
binding due to the hindrance of neutron emission 
between states having different deformations. 

In summary, a brief inspection of Polish 
contribution to theoretical studies in nuclear* 
physics (nuclear structure, nuclear astrophysics 
and nuclear reactions) shows the strength and 
importance of this domain of research in Poland. 
This research is carried out in 4 leading scientific 
institutions, involves more than 60 physicists, and 
brings over 30 publications in major journals per 
year. In spite of a weak collaboration between 
Polish institutions, strong and dynamic groups 
carry out world-class research on several subjects 
that are internationally recognized as Polish 
trademarks.
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NUCLEAR PHYSICS IN POLAND – APPLICATIONS AND 
INTERDISCIPLINARY RESEARCH 
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The general public frequently associates 
nuclear physics with the development of nuclear 
weapons or with the Chernobyl nuclear power 
plant reactor accident. Less recognized are the 
numerous beneficial applications of nuclear 
physics and techniques which serve mankind in 
technology, health care and environmental 
protection. In this short review, medical and 
radiation protection aspects of applied nuclear 
research in Poland, mainly based on accelerators, 
will be outlined. 

 
Table I. The statistical data on the number of employees, scientists, 
Ph.D. students and annual budget of some Polish institutions 
involved in applied nuclear research.  The acronyms of the 
institutions are explained in the text. 

 Employees Scientists Ph.D. 
students 

Annual 
budget 

(M€) 
ICHTJ 270 84 21 4.5 

IFJ 
PAN 450 200 55 7.0 

ŚLCJ 60 18 3 1.1 
 

Historically, Warszawa and Kraków were 
the first Polish centers where systematic research 
in nuclear physics began at the beginning of the 
50-ties of last century. The current list is much 
longer and includes universities and technical 
schools in Katowice, Lublin, Łódź, Poznań, 
Wrocław and several other Polish cities.  The scale 
of these activities should be viewed from the 
perspective of the budget available to universities 

and research institutes.  As can be seen from data 
shown in Table 1, the average budget of three 
major Polish institutes involved in nuclear 
research in 2004 ranged between 15 and  
24 kEuro/year/ per employee. This is clearly 
inadequate, being at least an order of magnitude 
below that available at most of scientific 
institutions in developed European countries. 

The Heavy Ion Laboratory (Polish 
acronym SLCJ) of the Warsaw University is a 
“User Facility” which operates an isochronous 
Kmax=160 cyclotron which delivers heavy ion 
beams ranging from B to Ar with energies 
between 2 and 10 MeV/nucleon.  In 2008 a second 
commercial proton – deuteron cyclotron (Ep = 
16.5 MeV) will be installed there for production 
and research on radiopharmaceuticals for Positron 
Emission Tomography (PET) – see Fig. 1.  
Production of long – lived radiopharmaceuticals 
for other medical and life – science applications is 
also foreseen. The SLCJ coordinates the work of 
the Warsaw Consortium for PET Collaboration (cf. 
Fig. 2), aimed at delivering fluorodeoxyglucose 
(FDG) for many clinics in Warsaw, using this new 
cyclotron. At present, some 20 institutions in 
Warsaw region expressed their interest in 
receiving PET isotopes for diagnostics and 
research. This could improve the critically 
underdeveloped nuclear medicine facilities, where 
only a few hundred PET procedures per year are 
performed to serve the 38 million population of 
Poland.   

Fig. 1. The preliminary layout of the new proton/deuteron cyclotron and chemistry units in Heavy Ion Laboratory of the Warsaw 
University. 

CHEMISTRY
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A. Sołtan Institute of Nuclear Studies in 
Warsaw – Świerk (Polish acronym IPJ) is a state 
owned Laboratory, which carries out basic 
research on subatomic physics, i.e. elementary 
particle and nuclear physics, hot plasma physics 
and related fields. IPJ is well known as the 
developer and producer of specialized equipment 
for various applications in medicine and 

environmental radiation protection.  The 
Establishment for Nuclear Equipment (Polish 
acronym ZdAJ) is IPJ’s production unit which has 
designed and is manufacturing linear electron 
accelerators for clinical radiotherapy (delivering 
photon and electron beams up to 15 MeV), for 
industrial radiography and for food preservation.  

22 radiotherapy units have been installed in Polish 
clinics in the last 10 years and 8 units were 
exported.  An interesting development of IPJ is a 
miniature X-ray irradiator, called the “X-ray 
needle”, which can be used for local tumor 
irradiation Fig.3. 

The advantage of the system, as compared 
to radioactive sources, is that radiation dose is 
delivered locally, dose rate and beam energy can 
be optimized, and that the source can be “turned 
off”, so it is safe for the personnel. Another unique 
experimental setup available at the IPJ is the JET 
counter, developed at IPJ to investigate the track 
structure of ionizing radiation. Data provided by 
the JET counter, is essential in understanding the 
action of radiation at the molecular level. Single 
ionization events produced by charged particles 
passing through the tissue-equivalent gas 
expanding at a pressure of 10-20 Torr, can be 
detected  and used to reconstruct the track 
structure in microscopic volumes representing the 
DNA scale. 

The Institute of Nuclear Energy (Polish 
acronym IEA) at Świerk-Otwock operates the 
MARIA research nuclear reactor, the only one in 
Poland.  This 30 MW unit is used to produce 
radioisotopes, applied in studies of radiation 
modification of materials and in research using 
neutron beams with a maximum fluence rate of 
4 1014 n cm-2s-1.  One of the planned applications of 
this reactor in the field of medicine is Boron 
Neutron Capture Therapy, BNCT.  Feasibility 
studies, performed a few years ago by a 
consortium of several Polish institutions, have 
demonstrated that a BNCT facility could be 
constructed at the MARIA reactor. A neutron 
beam delivery system has been proposed, basing 
on results of Monte Carlo modeling of radiation 
transport (Fig.4). Construction of the BNCT 
facility is to begin in 2008, supported by Structural 

Fig. 3. The prototype of X-ray needle, developed at the Andrzej 
A. Sołtan Institute of Nuclear Studies in Warsaw – Świerk. 

Fig. 4. The schematic view of the plans of the neutron beam 
delivery system for BNCT facility at the MARIA reactor at 
IEA Świerk.  The construction of the facility starts in 2008. 

Fig. 2. Distribution of the Warsaw Consortium for PET 
Collaboration on the city map. 
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Funds of the European Union foreseen for Poland 
in 2007-2013. Another interesting application is 
neutron radiography, developed mainly for 
materials science.  Thermal neutrons are scattered 
very effectively by ordinary liquids, which opens 
the way to study at greater detail the migration of 
liquids in many inorganic porous materials by 
means of neutron radiography. Propagation of 
water in bricks used for housing construction has 
been investigated by exploring the difference 
between neutron scattering cross sections.   

The Henryk Niewodniczański Institute of 
Nuclear Physics (Polish acronym IFJ) with 
450 employees and 70 Ph.D. students is the largest 
institute of the Polish Academy of Science. Several 
accelerators at IFJ are applied in projects related to 
medicine and protection of the environment. The 
AIC-144 isochronous cyclotron, in-house designed 
and built, is the only accelerator in Poland able to 
accelerate a beam of protons to energies of about 
60 MeV. This cyclotron was used to produce a 
palette of radioisotopes and since 2006 it is being 
adapted to develop the first Polish facility for 
proton radiotherapy of eye cancer. The facility will 
be completed in 2007 (see Fig.5) and after 
commissioning in 2008, the first patients will be 
treated. The Kraków Proton Microprobe, based on 
a Van der Graaff unit which accelerates protons to 
an energy of up to 3 MeV, is an important tool in 
life sciences and biomedical applications.  Survival 
of mammalian cells after a controlled number of 
proton “hits” has been studied to gain more 
information on the “by-stander effect” in 
radiobiology. Another major installation at the IFJ 
is the Dual Beam Ion Implanter where complex 
biocompatible coating layers with excellent 
adhesion and low internal stresses can be created, 
e.g. for use in medical implants.  The radiation 
hazard in space has been studied on board of the 
International Space Station within the ESA 
Matroshka project.  Over 3000 thermoluminescent 
detectors, developed and produced at the IFJ, were 
installed in a humanoid phantom and exposed in 
open space to investigate space radiation doses to 
various human organs.  

The Institute of Nuclear Chemistry and 
Technology (ICHTJ), established in Warsaw-Żerań 
in 1983, is involved in research in the field of 
radiation chemistry and technology, application of 
nuclear methods in material engineering and 
process engineering, design and production of 
instruments based on nuclear and radioanalytical 
techniques, and in environmental research A 
considerable achievement of the ICHTJ was the 
successful installation of an industrial electron 
beam to treat gaseous effluents of the Pomorzany 

Electric Power Station (EPS) near  Szczecin, one of 
the first such industrial installations in Europe. 
The process involves fast oxidation of SO2 and 
NOx, acid formation and gaseous ammonia 
neutralization of acids to a solid aerosol form 
which is collected on-site at the EPS and later used 
as a high-quality fertilizer in agriculture.  The 
ICHTJ also produces a number of specialized 
instruments for use in industry, medicine and 
environmental protection. The dose-rate activity 

gauge MAD-2000 measures the dose rate and 
activity of 106Ru and 125I brachytherapy applicators 
for eye cancer radiotherapy (Fig. 6). The 
AMIZ2000 airborne monitor gauge is designed to 
measure airborne dust concentration. These 
instruments can work either as individual dust 
pollution monitors or be interconnected within a 

Fig. 5. Elements of the eye  proton therapy installation  for eye 
irradiation at the Institute of Nuclear Physics, Kraków. 

Fig. 6. The dose-rate activity gauge MAD-2000 for measure-
ments of the dose rate and activity of 106Ru and 125I 
brachytherapy applicators for eye cancer radiotherapy, developed 
at ICHTJ. 
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monitoring network. The RGR-40 mining 
radiometer is an explosion proof gauge for rapid 
measurements of the concentration of radon decay 
products in coal or metal ore mines, or in chemical 
raw material mines. Radiometers produced at 
ICHTJ are widely used in Polish coal mines to 
monitor radon gas concentration. 

Poland joined the European Union on May 
1st, 2004.  This historical event not only provided 
Polish scientists with the opportunity to 
participate in European Framework Programs but 
also gave Poland access to massive EU Structural 
Funds. Of about 60 billion Euro (€) foreseen for 
Poland in 2007-2013, 1.2 billion € will be spent in 
reconstructing our scientific infrastructure. This 
stream of money is probably the largest support 
for research facilities in the recent history of 
Poland.  In September 2006 several major scientific 
institutions based in Katowice, Kielce, Kraków and 
Warszawa singed an agreement to form the 
National Consortium of Hadron Radiotherapy, 
NCRH. The goal of this consortium is to 
consolidate national research in the field of ion 
radiotherapy and to build a facility to provide this 
type of treatment for Polish patients. 

The NCRH project will be performed in 
two stages. In the first stage (Fig. 7), the IFJ 
Kraków cyclotron facility will be upgraded with a  

235-250 MeV proton cyclotron, eye therapy room 
and possibly a radiotherapy gantry. In 
cooperation with the Kraków Centre of Oncology 
and the Department of Ophthalmology and 
Ophthalmic Oncology of the Jagiellonian 
University, a few hundred cancer patients per 
year will be treated.  The proton beam will be also 
used for research purposes in the field of nuclear 
physics, radiobiology and material engineering.  
In the second stage of the NCRH project, a 
dedicated clinical ion radiotherapy center will be 
built in Warszawa. The centre will be equipped 
with an accelerator, producing 250 MeV protons 
and 400 MeV/amu carbon ions, two proton 
gantries and a therapy room with a horizontal 
carbon ion beam. 1500 new cancer patients per 
year, directed from all over the Poland, will be 
treated in this facility.   

Despite severe budgetary constraints over 
the last decades, nuclear physicists in Poland have 
managed to significantly contribute to progress in 
applied physics and interdisciplinary research. 
Poland’s membership in the European Union and 
availability of EU structural funds in the years 
2007-2013 offer new perspectives of radically 
modernizing and upgrading her national research 
infrastructure. 

  

Fig. 7. The schematic view of the proton radiotherapy facility  planned in frame of National Centre of Hadron Radiotherapy, phase I  at IFJ PAN 
Kraków. The centre will be operational at the beginning of 2013. 
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 First measurements of neutrinos from the 
Sun in 1964 and from the supernova explosion in 
1987, and recent discoveries of the oscillations of 
atmospheric and solar neutrinos caused that the 
physics of natural neutrinos became the important 
field of studies and that the neutrino astronomy 
was born. It is clear that neutrinos are important 
messengers from stars. Another big but still open 
question concerns the proton decay, predicted by 
Grand Unification Theories aiming at the 
unification of fundamental forces in Nature. 
Achieving significant progress in both studies 
requires huge detectors on the 100 – 1000 ktons 
scale, i.e. by one to two orders of magnitude larger 
than the existing ones [1].  
 At present there is no single infrastructure 
in the world which could host such detectors. The 
LAGUNA project [2] aims at looking for the 
possible localization in Europe, in agreement with 
the ApPEC roadmap. Although studies of the low 
energy neutrinos from astrophysical sources and 
searches for proton decay are of the primary 
interest, the localization should take into account 
the  possibility of neutrino studies with accelerator 
neutrino beams. One of the possible locations of 
the new infrastructure is in Poland.   
 The pre-feasibility study of the localization 
of a big underground laboratory in the Polkowice-
Sieroszowice mine in Poland has been performed 
in the years 2004-2006. The Polkowice-
Sieroszowice mine belongs to the KGHM holding 
of copper mines in west-southern Poland.  The site 
is placed about 80 km from the airport in Wrocław 
and 40 km from the motor way A4 crossing  
southern Poland in the west-east direction (see 
Figure 1). Its distance from CERN is about 950 km.  
 Apart from copper ores the local 
geological structure contains a layer of NaCl, 
which is about 70 meters thick and located at a 
depth of 900-1000 meters below the surface. 
Anhydrite layers, placed directly above and below 
the salt layer, are of comparable thickness. This 
salt has not been yet massively exploited but in the 
Polkowice-Sieroszowice mine a few big salt 

caverns were excavated in the nineties. One of 
them, almost 100 m long, 15 m wide and 15 m 
high, placed at a depth of 950 m below the surface, 
is shown in Figure 2. It is being used for 
measurement purposes. The movements of the 
salt walls have been monitored there since 1997 in 
order to understand better the viscous creep of 
salt at big depths. The temperature in this cavern 
is about 350C and the humidity is about 20%. 

The pre-feasibility study contained two 
elements: measurements of the background due to 
natural radioactivity and initial geo-mechanical 
simulations of the excavation of a huge salt 
cavern. 

Fig.1. Map showing the localization of the Polkowice-
Sieroszowice site (marked with a red star). 

Fig.2. Photo of the existing big salt cavern; inset shows an 
element of the measuring system used for the long term 
monitoring of wall movements due to salt viscous creep. 

1  Contributions: W. Pytel (KGHM Cuprum, Wrocław), K. Urbanczyk, J. Slizowski (Mineral and Energy Economy Research 
Institute PAS, Kraków), J. Dorda, J. Kisiel, A. Konefal (University of Silesia, Katowice), M. Budzanowski, S. Grabowska, K. Kozak, 
J. Mazur, J.W. Mietelski, M. Puchalska, A. Szelc, E. Tomankiewicz, A. Zalewska (H.Niewodniczanski Institute of Nuclear Physics 
PAN, Kraków) 
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The measurements of natural radioactivity 
have been performed mostly in the existing 
chamber.  They consisted of  alpha and gamma 
spectrometric measurements of salt and anhydrite 
samples, long term integrated dose measurements 
with thermo-luminescent detectors and radon 
content measurements of air in the cavern.  The 
results show that the level of natural radioactivity 
in the cavern is very low.  In particular, the U and 
Th contents in salt are at the level of 0.01-0.02 
Bq/kg. Although the content of the radioactive K40 
is higher,  equal to 4±0.9 Bq/kg, this level is also 
much lower than a typical level in other mines.   

The measurements of the dose, integrated 
over eight months and performed with 11 sets of 
thermo-luminescent detectors placed on walls of 
the cavern, gave the very low value of 1.9 nGy per 
hour; for comparison, the dose measured one 
meter under the surface in Kraków is 65 
nGy/hour. The radon content was between 10 
Bq/m3 and 38 Bq/m3. This was due to the 
pumping of external air through the mine 
ventilation system. The measurements of 
anhydrite samples gave the U and Th contents of  
0.8 – 1.3 Bq/kg.  

 The geo-mechanical simulations 
concerned the possibility of excavating a salt 
cavern big  enough to place there the GLACIER 
detector filled with 100 ktons of  Liquid Argon [3].  
Two independent preliminary analyses have been 
performed in the framework of this study.  In both 
analyses a 30 year period of the cavern 
exploitation was simulated. 

The first simulation [4] assumed an 
ellipsoidal shape of the cavern with the lengths of  
half-axes equal to 45.5 m for the horizontal one 
and 24 m for the vertical one and with the centre 
placed 889 m below the surface.  According to the 
preliminary conclusions this cavern should be 
stable and should not destabilize the waterproof 
anhydrite layers. After 30 years of exploitation, a 
horizontal squeezing by up to 1.5 m, due to the salt 

viscous creep, is foreseen. This is illustrated in 
Figure 3. 

The second simulation [5] assumed two 
different cavern geometries (see Fig. 4), seven 
depths under the surface (400, 500, 600, 700, 800, 
900 and 1000 meters) and two different variants of 
the coefficients in the Norton’s creep law 
(corresponding to the extreme conditions of salt). 
Four combinations of the cavern geometry and the 
creep law were considered (for geometry 1,models 
1 and 2; for geometry 2, models 3 and 4). The 
evaluation of salt massive ability to resist the long-
lasting loads is one of least-studied problems in 
the geomechanics of salt deposits. Thus, four 
different criteria, three based on the stress of the 
rock massive, and one based on the combination 
of the stress and strain, were applied in the 
estimates of the long-term stability of caverns.  
 According to preliminary results, the 
cavern stability depends relatively weakly on the 

cavern geometry and on the model of viscous 
creep while the dependence on the cavern depth is 
strong. This is illustrated in Figures 5 and 6 
showing the time dependence at the cavern roof of 
the maximum effective stress and of the maximum 
strain rate.  One can also see that a big 
instantaneous change follows the excavation and 
that after about 15 years the speed of change 
stabilizes.  

Fig. 3. Salt cavern movement, 30 years after mining (from [4]). 

geometry 1 

geometry 2 

Fig. 4. Shapes of the salt caverns in the second geo-mechanical 
analysis [5]. 
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The cavern simulations at different 

depths show that the stable cavern of 
geometry 1 can be constructed down to 700 m 
below the surface. At the depth of 950 m the 
cavern instability cannot be excluded. The 
results of the simulations at 700 m are given in 
Fig.7. The discrepancy between the two geo-
mechanical studies of the cavern stability at 
900-950 m implies that a thorough feasibility 
study should be performed to give a 
conclusive answer. This will be done in the 
framework of the LAGUNA project [5]. One 
should stress the availability of a detailed 
knowledge of the geological structure in the 
Sieroszowice region which makes a selection 
of the place with the best quality of the salt 
rock possible. Future simulations should take 
this into account. Another plan for the near 
future is to adapt the existing cavern to host an 
initial small laboratory. The proposed name 
for this laboratory is SUNLAB (Sieroszowice 
UNderground LABoratory). 

Fig. 5. Time dependence of maximum 
effective stress at the chamber roof for all 
the four models and for depths under the 
surface: 400 and 1000 m (from [5]). 

Fig. 6. Time dependence of maximum 
strain rate at the chamber roof for all the 
four models and  for depths under the 
surface: 400 and 1000 m (from [5]). 

Fig. 7. Distributions of the rock effort coefficient for the chamber 
of geometry 1 at the depth of 700 m after 30 years of its 
exploitation (from [5]). 
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The potential energy of β-stable nuclei was 

calculated within Hartree-Fock procedure with 
the Relativistic Mean Field Theory (RMFT+NL3) , 
the Gogny force (D1S), Skyrme interaction and 
macroscopic-microscopic method with the 
Woods-Saxon and Nilsson single particle 
potentials [1]. 

The proton and neutron radii were calculated 
and their isospin dependence analysed for exotic 
nuclei using RMFT [2,3], D1S [4] and macroscopic-
microscopic method with Woods-Saxon potential 
[5]. The radii of K isomers [6] and neutron halo in 
heavy nuclei with D1S force were also calculated 
[7]. 

In Fig. 1 the shell corrections are presented, 
extracted from the single particle levels of self-
consistent mean fields of Gogny D1S [8,9,10,11] 
and RMFT+NL3 [12,13,14] by the Strutinsky 
method smoothing the energy in the energy space 
(NL3, D1S) or in nucleon number space (NL3N, 
D1SN). The smooth part of potential energy was 
compared to various liquid drop models [15,16]. 
The shell and pairing energies were obtained by 
folding in nucleon number space [17,18]. The 
average pairing energy is also analysed within n-
folding [19] giving double value for scission point 
in fission isomers. 

The new way of evaluating the shell 
corrections [21] by folding in nucleon number 
space conserves the particle number exactly and 
gives similar results as the traditional Strutinsky 
folding in single particle energy space for large 
deformed nuclei, while for spherical isotopes the 
new shell corrections become deeper. This effect is 
connected with the zero point vibrations, which 
should be taken into account [22], but were 
neglected previously ( Nucl. Phys.  A95, 420 
(1967)). The whole macroscopic-microscopic 
method should be modified by the new 
macroscopic – Lublin Strasbourg Drop [23] part, 
Yukawa folded mean field, new shell corrections 
[21] and the n-folded average pairing [18] term. 
All the parameters should be fitted to the actually 
available data. Then the macroscopic-microscopic 
method can compete with selfconsistent models, 
which are much more calculation  time 
consuming. 

 
 
 

 
Fig. 1. The shell corrections of neutrons (left) and protons (right) for 
isotopes (upper panels), isotones (middle panels) and  β-stable nuclei 
(lowest panel). 
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Theoretical estimates of the masses of nuclei 

which are not far from stability agree well with 
the measured data. Nevertheless the progress 
made in experimental nuclear physics over the 
last years, like discovery of superheavy nuclei or 
isotopes close to the proton or neutron drip-lines, 
demands for a more careful checking of the 
theoretical model predictions and may lead to 
some revision of its parameters.  

The recently developped Lublin-Strasbourg 
Drop (LSD) [1] model together with the Moeller 
microscopic corrections  [At. Data Nucl. Data Tab. 
59, 185 (1995)] is very successful in describing 
many features of nuclei. In addition to the 
classical liquid drop model the LSD contains the 
curvature term proportional to the  A^1/3. Its 
parameters were adjusted to the bindings energies 
of presently known 2766 [Isotope chart of M. 
Antony, Strasbourg 2002] with proton and 
neutron numbers larger or equal to 8. The r.m.s. 
deviation of the experimental binding energies 
versus those predicted by the LSD model, equal to 
0.698 MeV, is smaller than the ones given by other 
more elaborated theories like the finite-range 
droplet, the Thomas-Fermi model or old liquid 
drop model of Myers and Swiatecki [Nucl. Phys. 
A601, 141 (1996); Ark. Phys. 36, 343 (1967)].  

The LSD estimates  of binding energies of 
nuclei which are far from the beta stability differ 
significantly from the data predicted by the other 
macroscopic-microscopic or selfconsistent models 
[2-4].   There is a hope that new experiments with 
the radioactive beams will bring suffcient sample 
of data in order to decide which model describes 
better the position of the proton and neutron drip 
lines.  

It turns out that the liquid drop model which 
in addition to the volume, surface and Coulomb 
energies contains just the first order curvature 
term gives not only a very good description of the 
masses but also a rather satisfactory prediction of 
the fission barrier heights. It is worth emphasizing 
that all the parameters of the LSD model were 
fitted to the nuclear masses only and thus the 
correct reproduction of the barrier heights can be 
seen as an additional sign of the intrinsic 
consistency of the model. The mean square 
deviation of the barrier heights from experiment 
is 3.56 MeV, but it decreases to only 0.88 MeV 

when the four lightest nuclei are disregarded i.e. 
when only the nuclei with Z>70 are considered.  

In addition it was found in Ref. [5] that taking 
into account the deformation dependence of the 
congruence energy significantly approaches the 
theoretical LSD-model barrier-heights to the 
experimental data in the case of the light isotopes 
while the fission barriers for heavy nuclei remain 
nearly unchanged and agree well with 
experiment.  

Another important effect which influences the 
fission barrier heights is the assumtion, made in 
all type microscopic-macroscopic calculations, 
that the proton and neutron distributions have the 
same deformations. It was  shown in Ref. [6] on 
basis of  selfconsistent HFB calculations with the 
Gogny force that such an effect can change the 
barrier height estimates even by 1 MeV. A 
generalization of the macroscopic model was 
proposed in Ref. [7], where the term 
corresponding to the response of the system on 
the change of the relative proton to neutron 
deformation was derived using the ETF 
approximation to the HF hamiltonian with the 
Skyrme force.   Similar estimates made in the 
Yukawa folded model were performed in Refs. 
[8,9] where the effect of the proton and neutron 
deformation difference on the fission barrier 
heights was studied.  

Recently developped in Ref. [10] new shell 
correction method obtained by averaging in the 
particle number space (not by smoothing the 
single energies as in the traditional Strutinsky 
prescription) predicts deeper minima for sperical 
nuclei what can also change    the estimates of the 
barrier height of such isotopes. 

 Fig. 1. Comparison of theoretical masses obtained using the LSD 
model  with the  experimental  data for  known isotopes. 
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Experimental facility: Low Energy Antiproton Ring (LEAR) at CERN 
 
 The antiproton-nucleon interaction is very 
strong. Therefore antiprotons interacting with 
atomic nuclei are absorbed and annihilate already 
at the nuclear periphery, where the nucleon 
density is significantly smaller than the central 
nuclear density. For sufficiently slow antiprotons 
the annihilation takes place after the antiprotonic 
atom has been formed. In this case the spatial 
distribution of the antiproton wave function is 
well determined and one can imagine that the 
annihilation “signals” (whatever they are) could 
perhaps be used to test the extent and the 
composition of the nuclear surface. 
 Beginning more than ten years ago we 
have performed an experimental study of the 
medium-heavy antiprotonic atoms using the slow 
antiproton beam from Low Energy Antiproton 
Ring (LEAR) at CERN. The main objective of our 
program was to obtain information on the 
neutron distributions at the nuclear periphery and 
to provide data useful in deducing the antiproton-
nucleus optical potential parameters. 
  Two experimental methods were 
employed. First, using the so called 
“radiochemical method” we have investigated [1-
4] the ratios of peripheral neutron to proton 
densities at distances around 2.5 fm larger than 
the nuclear charge half-density radius [5]. The 
method consisted in measuring the yield of 
radioactive nuclei having one proton or one 
neutron less than the target nucleus, produced 
after antiproton capture, cascade and annihilation 
in the target antiprotonic atom. The experiment 
yielded 19 density ratios (determining the so 
called “halo factors”, see Ref. [1] for definition) 
subsequently  employed to deduced the shape of 
the peripheral neutron distribution. 
 The second method consisted in 
measurements of the antiprotonic atom level 
widths and shifts due to the strong antiproton-
nucleus interaction. These observables are 
sensitive to the interaction potential which 
contains, in its simplest form, a term depending 
on the sum of the neutron and proton densities. 

The level widths and in a number of cases also the 
level shifts were measured for 34 antiprotonic 
atoms (in some cases for different isotopes of the 
same element).  
 The rich harvest of the two employed 
methods, sensitive to the neutron and proton 
density ratio and the sum of these densities has 
allowed to derive a number of systematic 
conclusions on the neutron distributions in nuclei 
[6-10]. Moreover, our data [11-18] were used to 
determine the antiproton-nucleus optical model 
parameters through global fits of p X-rays and 
halo factors with a substantially larger and more 
precise database than employed in previous 
approaches (see Nucl. Phys. A761, 283 (2005) and 
Ref. [10]).  
 Figure 1 presents the deduced neutron-
proton rms radii difference obtained from the 
analysis of the antiprotonic atom data. 

Fig. 1. Difference ∆rnp between the rms radii of the neutron and 
proton distributions as deduced from  the antiprotonic atom X-ray 
data, as a function of δ=(N-Z)/A. 
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The pygmy dipole resonance (PDR) 
manifests itself as a concentration of dipole 
strength near the neutron separation threshold 
below the giant dipole resonance (GDR) domain. It 
is related to structural changes in nuclei with a 
large neutron excess giving rise to a neutron skin. 
According to theoretical calculations, a very 
precise measurement of  the neutron skin 
thickness in heavy doubly magic nuclei like 208Pb 
or 132Sn would help in constraining the neutron 
matter equation of state (Nucl.Phys.A706, (2002) 
85). At present, the neutron matter radius in nuclei 
as a fundamental ground-state property cannot be 
approached experimentally in a straightforward 
way and its extraction from experimental data 
involves a certain model dependence. Existing 
results on the neutron skin thickness are limited to 
stable nuclei. As suggested in Phys.Rev.C 
73(2006)044325, the PDR strength provides insight 
into the skin thickness as both quantities are 
strongly correlated with the symmetry energy. 

Low-lying E1 strength was observed in 
exotic 130,132Sn isotopes in a kinematically complete 
measurement performed at the LAND facility 
based on the relativistic Coulomb excitation in 
inverse kinematics [1]. It was the first attempt of 
dipole strength investigation in unstable neutron-
rich nuclei with such high mass numbers. Previous 
experiments were focused on much lighter 
unstable oxygen [2,3] and carbon isotopes  [4]. 
Dipole strength distributions were deduced from 
the measured energy-differential cross sections 
obtained in an invariant-mass analysis applied to 
decay products and covered excitation energies 
ranging from the one-neutron separation threshold 
up to 25 MeV, including thus the GDR. The dipole 
response emerging below the GDR is 
characterized by exhausting 7(3)% and 4(3)% of 
the Thomas-Reiche-Kuhn sum rule for 130Sn and 
132Sn, respectively. 

Observed dipole strength in Sn isotopes is 
useful in constraining parameters describing the 
symmetry energy and carries information on the 
neutron skin thickness in 130,132Sn. In order to 
extract this information a series of fully self-
consistent relativistic Hartree-Bogoliubov (RHB) 
plus relativistic quasiparticle random phase 
approximation (RQRPA) calculations of ground- 

state properties and dipole strength distributions 
has been carried out (Phys.Lett.B606(2005)288). A 
set of differently parametrized nucleon-nucleon 
interactions, corresponding to a softer or stiffer 
neutron matter equation of state by varying the a4 
parameter (i.e. the symmetry energy at 
equilibrium density) has been used. In each case 
the parameter set was calibrated to accurately 
reproduce the ground-state properties, like 
binding energies or charge radii, for a standard set 
of stable nuclei. An almost linear correlation 
between the ratio of the non-energy weighted 
strength absorbed by the PDR to that of GDR and 
the neutron skin thickness has been found. By 
comparing the experimental values of this ratio 
with that from the RQRPA, the parameters of the 
symmetry energy were fixed. An average values 
a4=32.0±1.8 MeV and the slope of the symmetry 
energy po=2.2±0.8 MeV/fm3 have been obtained. 
Using this result subsequently the neutron skin 
thicknesses of ∆Rnp(130Sn)=0.23±0.04 and 
∆Rnp(132Sn)=0.24±0.04 fm were derived, following a 
trend established by a measurement in stable Sn 
isotopes (Phys.Rev.Lett. 82(1999) 3216), see Fig.1. 

 
Fig. 1. Evolution of the neutron skin in Sn isotopes. The data for 
stable Sn isotopes (open circles) extracted from Phys.Rev.Lett. 
82(1999) 3216 are compared to our values (filled circles) for unstable 
ones. Theoretical predictions are shown as well. 
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The study of nuclei far from stability is an 
increasingly important part of a nuclear physics 
portfolio [19]. As radioactive beams gradually 
expand the borders of the nuclear landscape, 
theoretical modeling of the nucleus is changing in 
significant ways. The crucial question for the field, 
namely “What binds protons and neutrons into 
stable nuclei and rare isotopes?”, nicely 
underlines this point: indeed, the data on rare 
isotopes with the large neutron-to-proton 
imbalance indicate that there are many gaps in 
our present understanding. 
Short-lived exotic nuclei offer unique tests of 
those aspects of the nuclear theory that depend on 
neutron excess [6]. The major challenge is to 
predict or describe in detail exotic new properties 
of nuclei far from the stability valley, and to 
explain the origins of these properties. New ideas 
and progress in computer technology have 
allowed nuclear theorists to understand bits and 
pieces of nuclear structure quantitatively. 
The new experimental developments inevitably 
require safe and reliable theoretical predictions of 
nuclear properties throughout the whole nuclear 
chart in two main directions: (i) along the isospin 
axis, i.e., going outwards from the beta stability 
line to the neutron and proton drip lines, and (ii) 
towards the uncharted territory of super-heavy 
elements at the limit of mass and charge. The tool 
of choice is the nuclear density functional theory 
(DFT) based on the self-consistent Hartree-Fock-
Bogoliubov (HFB) method. The key component is 
the universal energy density functional, which 
will be able to describe properties of finite nuclei 
as well as extended asymmetric nucleonic matter. 
The development of such a universal functional, 
including dynamical effects and symmetry 
restoration, is one of the main goals of the field. 
By employing various criteria (agreement with 
measured masses, radii, low-lying excited states, 
giant vibrations, rotational properties, and other 
global nuclear characteristics), one aims at 
adjusting the coupling constants of the functional. 
By finding correlations between parameters, one 
hopes to reduce their number and to understand 
physical reasons why different parameterizations 
yield similar results. One may also want to 
expand the parameterizations to cover aspects 
dictated by physics arguments and/or 
motivations coming from the effective field theory 

and QCD. The main challenges in this quest can 
be nicely summarized through five questions: 
 

• What is the form of the nuclear energy 
density functional? 

• What are the constraints on the nuclear 
energy density functional? 

• What is the form of the pairing 
functional? 

• How to account for quantum correlations 
and symmetry-breaking effects? 

• How to optimize computational 
techniques and error analysis? 

 
Due to a concerted effort of many researchers 
working in this domain of physics, numerous 
theoretical tools have already been developed. In 
particular, mean-field description of pairing, 
deformation, and weak-binding effects is now 
possible within the HFB method solved on the 
transformed-harmonic-oscillator basis for axial 
symmetry [9,14,16,20]. This developments set the 
stage for further microscopic studies of drip-line 
nuclei. 

Fig. 1. Two-neutron separation energies S2n calculated within the 
self-consistent HFB theory with the SkP Skyrme interaction, zero-
range pairing force, and approximate particle-number projection 
employing the Lipkin-Nogami method [14]. 
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The objective of this paper is to review studies 

of superhevy nuclei (SHN) done in Poland in a 
wide international cooperation. More precisely, 
we concentrate here on theoretical research of the 
structure and properties of heaviest nuclei. 
Theoretical studies of the problem of synthesis of 
these nuclei are described in separate articles by 
K. Siwek-Wilczyńska and J. Wilczyński, and by R. 
Smolańczuk. Experimental studies are analysed 
by A. Wieloch. One should also mention chemical 
studies of superheavy elements (SHE), done in 
Poland (A. Bilewicz, S. Siekierski, Z. Szeglowski 
and coworkers), not discussed in this issue, which 
importantly contributed to our knowledge on 
SHE and SHN. 

Theoretical studies of SHN in Poland 
started very early, immediately after raising the 
problem of SHN by W.D. Myers and W.J. 
Świątecki in 1966. They started from the 
prediction [1] of the proton and neutron magic 
numbers (Z=114 and N=184) next to the largest 
experimentally known (Z=82 and N=126), done 
commonly with theoreticians from Dubna. Then, 
the investigations were followed by extensive 
studies (e.g., [2-4]) of the properties of spherical 
SHN, situated around the doubly magic nucleus 
298114. They were done in a close cooperation with 
theoreticians of Lund, Los Alamos and Berkeley. 
Rather crude estimations of half-lives of SHN, 
done at that time, were quite optimistic, 
indicating for a chance to find these nuclei in 
nature. This gave a motivation for searching for 
them in nature (cf. e.g., G. Herrmann, Nature 280 
(1979) 543; G.N. Flerov and G.M. Ter-Akopian, 
Rep. Prog. Phys. 46 (1983) 817). 

In the last decade, on which this issue is 
concentrated, main attention was given to 
deformed SHN (DSHN),  predicted to be localized 
around the doubly magic DSHN 270108 [5]. 
Calculations of shell correction [6], masses, α- and 
spontaneous-fission half-lives [7,8] have 
confirmed that the largest shell effects may be 
really expected at the proton, Z=108, and neutron, 
N=162, numbers, and that the half-lives may be 
long enough for observation of nuclei localized 
around the nucleus 270108. The idea of DSHN was 
important for experimental studies as these nuclei 
are situated much closer to nuclei, which were 
experimentally known at that time, than the 
predicted spherical nuclei, and, thus, much easier 
to be synthesized.  

 Besides half-lives, much attention has 
been also given to the analysis of rotational 
properties (e.g., [9]), masses (e.g., [10,11]), α-decay 
energies (e.g., [5,12]), fission-barrier heights (e.g., 
[13-15]), single-particle spectra (e.g., [16-19]), 
shape coexistence in SHN (e.g., [20]). 
Improvements in macro-micro methods have 
been proposed [21,22]. 
 Figure 1 illustrates, as an example, the 
quality of description of measured masses of 
heaviest nuclei obtained within a macro-micro 
approach. 

 
Fig. 1. Difference between calculated, Mth , and measured, Mexp , 
masses of nuclei with proton number Z=94-108 [10]. 
 
 Besides macro-micro, also pure 
microscopic self-consistent methods have been 
used (e.g., [23-25]). A wide comparison between 
results obtained with macro-micro methods and 
self-consistent ones were done in [26]. Many 
details of the theoretical studies of the properties 
of SHN may be found in a recent review [27]. 
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           We were investigating very heavy nuclei 
with atomic numbers Z>103.  Masses (binding 
energies), deformations, fission barriers, 
spontaneous-fission half-lives, as well as alpha-
decay energies and half-lives have been calculated 
[1,2]. The nuclear binding energy  has been 
calculated as a sum of the macroscopic and 
microscopic energies. The Yukawa-plus-
exponential potential has been used as the 
macroscopic energy. The microscopic energy, 
originating from the structure of the single-particle 
energy levels of a nucleus, has been calculated by 
means of the Strutinsky method. Fission barrier 
has been found as binding energy versus position 
on the fission trajectory in the four-dimensional 
deformation space that describes axially and 
reflection symmetric nuclear shapes. The fission 
trajectory and, consequently, the spontaneous-
fission half-live, has been obtained by minimizing 
the action integral that describes penetration of a 
nucleus through a potential-energy barrier. Alpha-
decay half-live has been calculated by using the 
Viola and Seaborg formula with the parameters 
adjusted to heavy even-even nuclei. 
              The half-live systematics for beta-stable 
superheavy nuclei is shown in Fig.1. The alpha-
decay half-lives are indicated by empty symbols 
whereas the spontaneous-fission half-lives by 
filled ones. Half-filled symbols indicate nuclei for 
which both decay modes have been predicted. It is 
clearly seen that the half-lives cover 16 orders of 
magnitude. The obtained half-lives are too small 
to find the superheavy nuclei in nature. They are, 
however, large enough in order to accumulate 
some of the superheavy nuclei if  they were 
synthesized. 

The possibilities of the production in the 
laboratory of spherical superheavy nuclei have 
been investigated theoretically in ref.[3]. The 
fusion reactions with the emission of one neutron 
have been considered. We have proposed a model 
for calculating the cross sections for  these 
reactions. In the model the fusion cross section is 
calculated as a product of the probability of the 
formation of the compound nucleus (an inter-
mediate state of fusion consisted of all nucleons of 
the colliding nuclei) and the probability of the 
emission of a neutron from the compound 

nucleus. The probability of the formation of the 
compound nucleus has been calculated as the 
probability of tunneling through an effective 
fusion barrier with the height dependent on the 
product of  atomic numbers of the colliding nuclei. 
The probability of the emission of a neutron from 
the compound nucleus has been calculated by 
means of the modified statistical model formula. 
The modification takes into account an influence 
of shell effects on this probability. The most 
advantageous fusion cross sections have been 
obtained for some nuclei with atomic numbers 
Z=118-121 that could be synthesized in the 
reactions based on lead and bismuth target nuclei 
[3]. Decay chains for these nuclei with atomic 
numbers Z=118-120 have also been obtained [4,5]. 

 

 
Fig.1.  Calculated logarithm of half-live versus neutron number N for 
beta-stable even-even nuclei with atomic numbers Z=104-116.
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 Synthesis of super-heavy nuclei (of atomic 
numbers well beyond Z=100) focuses attention of 
nuclear physicists since many years. The non-
existing in nature very heavy nuclei can be 
produced only with extremely low cross sections 
by fusing two lighter nuclei. However, the 
dynamics of these fusion reactions is very 
complex. It is essential to be able to predict the 
very small production cross sections and thus to 
choose optimal combinations of the two reacting 
nuclei and the optimal bombarding energies in 
experimental attempts to synthesize new super-
heavy elements.  

To some approximation, one can assume 
that the cross section to form a given super-heavy 
nucleus in its ground state, σ(form.) can be 
factorized in the form [1]: 
 
σ(form.) = σ(capture) · P(fusion) · P(surv.),        (1) 
 
where σ(capture) is the cross section of 
overcoming the interaction barrier (the capture 
cross section), P(fusion) is the probability that the 
combined system will eventually fuse avoiding 
reseparation on the way from the contact 
configuration to the equilibrium shape, and 
P(surv.) is the probability for the compound 
nucleus to decay to the ground state of the final 
residual nucleus via evaporation of light particles 
and γ rays thus surviving fission which is the 
dominating decay mode of very heavy nuclei. 

Our knowledge regarding the physics 
governing each of the mentioned above factors 
was rather limited and each of these factors 
required separate studies. 

Following some early studies of the 
energy thresholds for fusion of very heavy 
systems [2], the existing data on capture cross 
sections were extensively studied [3,4] on 
medium and moderately heavy systems for which 
the overcoming the potential energy barrier 
automatically leads to fusion of the colliding 
nuclei and formation of the compound nucleus. 
All existing data on near-barrier fusion excitation 
functions have been analyzed using a simple 
"diffused-barrier formula" [1,3,4] derived 
assuming the Gaussian shape of the barrier height 

distributions. The obtained mean values of the 
barrier height have been used then for 
determination of the parameters of the empirical 
nucleus-nucleus potential [4]. A reliable 
systematics for determination of the capture cross 
sections [4] was obtained in such a way. 

The fact that fusion cross sections for 
synthesis of super-heavy nuclei may be hindered 
by several orders of magnitude was known since 
many years. The existing theoretical models are 
not yet sufficiently developed to make reliable 
predictions of P(fusion) for a wide range of the 
compound nucleus Z, mass asymmetry of the 
fusing system and excitation energy. In [1,5,6] a 
simple model for calculating P(fusion), based on 
the Smoluchowski diffusion equation was 
proposed. It is assumed that after overcoming the 
Coulomb barrier (the "capture" stage) a rapid 
growth of the neck between the colliding nuclei 
brings the system to the injection point in the 
asymmetric fission valley that extends outside the 
saddle configuration. Starting from the injection 
point, the system may diffuse uphill and 
overcome the saddle due to thermal shape 
fluctuations. A closed formula for the probability 
of this process has been derived [1,5,6] 

Great effort was made to construct and 
test [7-11] a reliable Monte Carlo program for 
calculating survival probabilities for heavy 
compound nuclei for which evaporation channels 
are dominated by fission decay mode.  Shell-effect 
dependent level densities for both evaporation 
and fission channels were used in these 
calculations. Various assumptions regarding 
predictions of the ground state and saddle point 
energies [12] of nuclei in the unexplored region of 
super-heavy nuclei were tested.    
 In the present stage, the "Capture-
Diffusion-Survival" model that is based on the 
factorization scheme of Eq. (1) can successfully 
explain [6] existing data on so called "cold fusion" 
(1n) reactions in which all super-heavy nuclei up 
to Z=113 had been synthesized. Attempts to make 
predictions for both symmetric [13] and 
asymmetric systems (used for synthesis of Z=114-
118 nuclei in hot fusion reactions) are under way.
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One of the most  important question in low 

energy nuclear physics, concerns the limit of 
nuclear stability and the existence, due to the shell 
effects, of stable island of super heavy nuclei 
centered at Z=114 (proton number)  and N=184 
(neutron number). Discoveries announced by 
Dubna group in years 1998-2002, especially 
synthesis of element Z=114 in reaction 
48Ca+242,244Pu, seem to confirm existance of the  
island of stable SHE. 

The main experimental method for the 
production of  new SHE elements are fusion 
reactions of heavy ions at low incident energies.  
Disadvantage  of the method is very low 
production cross section for the SHE, 1 pbarn for 
Z=112 element.     

Our group actively participates in experimantal 
search for the SHE nuclei since year 1999. This 
activity concentrates on two different approaches 
to the subject. The first approach (I) is based on the 
standard, cold fusion (excititation energy of a 
compound nucleus is 10-20 MeV) reaction 
techniques, and experiments are conducted at the 
GANIL facility in the frame of FULIS 
collaboration. Here we use the velocity Wien filter 
LISE3.    The second approach (II) uses a new 
concept to search for super and hyper heavy 
elements  and experiments are accomplished at the 
super conducting cyclotron at the Cyclotron 
Institute of Texas A&M University in collaboration 
with groups from Italy and Texas A&M. One of 
the main tool is a superconducting solenoid 
BIGSOL.  

In the case of the approach (II), in order to 
synthesize elements in the region of Z=116-128, a 
fissile target nuclei such as U or Th are bombarded 
by heavy ions e.g. Au nuclei. The Au nucleus 
induces  the fission of the target nucleus and one 
of the fission fragments is transferred to the 
projectile. As a results a new very heavy nucleus is 
created. If the fission fragment is neutron-rich it 
enhances the creation and survival probability of 
the super heavy nucleus.  

Using method (I) several experiments were 
conducted: 86Kr+208Pb →294118, at the beam energy 
E=5.270 MeV/u, 54Cr+208Pb→262106, E=4.70 and 
4.76 MeV/u, and in the fall of 2003 
58Fe+208Pb→266108, E=4.92, 4.87 and 4.82 MeV/u 

and 76Ge+208Pb→284114, E=4.90 MeV/u. In the first 
mentioned experiment no fusion events were 
observed. In the measurements aimed at synthesis 
of elements 106 (Sg) and 108 (Hs) we have found 
12 and 7 events correspondingly, which confirms 
the production of those nuclei. For the isotope of 
the element Z=108 this gives around 10% of all 
documented events so far. In the reaction with Ge 
beam, attempt to make synthesis of Z=114, we did 
not find any case of the synthesis, only estimate of 
the production cross section for Z=114, σ<0.5 
pbarn, was received. Results of these experiments 
are  presented in papers [1-5].  

In case of method (II)  two experiments were 
conducted.  One  in 2004, when we have studied 
reactions with the following projectiles - targets 
combinations: 172Yb (E=15, 10 and 7.5 MeV/u), 
197Au (E=7.5 MeV/u), 136Xe (E=7.5 MeV/u) and 
84Kr(E=25, 15 and 7.5 MeV/u) on a 232Th target 
and with 238U (E=7.5 MeV/u) projectiles on natTi, 
64Zn, 90Zr and 232Th targets[6]. Analysis of 
experimental data allowed to select some 
conadidates, see figure below, for super heavy 
elements  as well as the most promising reaction 
for the next experiment searching for the SHE. It is 
197Au + 232Th at E=7.5 MeV/u.  In August 2006 this 
reaction was studied. It is important to notice that 
the method gives a hope that the formation cross 
section for the SHE nuclei can be much higher 
here then in the case of fusion reactions.  

 
 
 
 
 
 
 
 
 
 
 

 
Fig. 1. Energy signal from  Bragg detector  as a function of time of 
flight for heavy ion products of the reaction Au+Th. Products are 
selected by the BIGSOL. 
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 In contrast to the neutron-deficient nuclei 
which are easily produced in fusion evaporation 
reactions, the nuclei located at and beyond the 
neutron-rich side of the beta stability valley could 
not be accessed for spectroscopic investigation 
and until recently for most of them only limited 
information from beta-decay studies was 
available. This difficulty severely restricted the 
range for the exploration of nuclear structure 
evolution with the isospin composition of nuclei.  
 We pioneered the spectroscopic study of 
these unknown and hard-to-reach nuclei by 
exploiting deep-inelastic heavy-ion reactions in 
thick target gamma-coincidence experiments. The 
details of the experimental method and 
techniques used in the data analysis were recently 
reviewed [1] along with the summary of many 
spectroscopic results obtained in various regions 
of the nuclides chart. The research program 
included investigation of the reaction mechanism 
details [9,l] that are particularly important for 
spectroscopic application of binary heavy-ion 
reactions. The nuclear structure spectroscopic 
study  was concentrated on the neutron-rich Sn 
and Te isotopes, exotic nuclei in the sdf  “island of 
inversion” region as well as neutron-rich Ni, Cu, 
Fe and Zn isotopes, which included the discovery 
of the N=40 subshell closure in 68Ni isotope. 
Spectacular results demonstrating the power of 
the method was the study of hitherto completely 
inaccessible high-spin state structures in nuclei 
from the doubly magic 208Pb region. 
 In the last decade the investigation was 
focused mainly on neutron-rich nuclei located in 
two regions of shell model nuclei, namely close to 
the doubly magic 48Ca and 208Pb. In nuclei from 
the 208Pb region extensive high-spin level 
structures were established, reaching record I=30 
spin values and including many new isomeric 
states, as e.g. the simple πh11/2 -2 10+ isomer in 
206Hg, which yielded the proton h11/2 hole 
effective charge [7]. In this region the fine tuning 
of shell model input parameters allows to 
improve the theoretical description and confront 
it with experiment up to high-spin and excitation 
energy ranges. The obtained results included also 
interesting phenomena that could not be studied 

earlier e.g. the coupling of  the octupole vibrations 
with various multi-particle configuration states. 
 In the 48Ca region the newly identified 
structures provided experimental input to 
improve and test the shell model description 
which still suffers from rather incomplete 
knowledge of two-body interactions. In these light 
nuclei the evolution of nuclear structure with 
increasing neutron excess displays dramatic 
dynamics involving reordering of single particle 
energies and appearance of  subshell closures. As 
an example, summarizes results confirming the 
existence of the N=32 closure and the absence of a 
similar effect at the N=34 which was anticipated 
in some theoretical calculations. In the most recent 
extension of this research line the PRISMA-
CLARA spectrometer at the INFN LNL Legnaro is 
used to reach even more exotic neutron-rich 
nuclei of the 48Ca region. Within the reported 
period the obtained results were communicated in 
47 publications (14 examples are listed below). 
 

 
 
Fig. 1. Systematics of first 2+ states in neutron-rich Ca, Ti and Cr 
isotopes. 
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W. Męczyński,  M. Ziębliński, K. Zuber,  
H. Niewodniczański Institute of Nuclear Physics PAN, Kraków 

 
The interplay of the shell model and deformed 
structures is more pronounced and easier to study 
in light nuclei  due to relatively low numbers of 
protons and neutrons. Those numbers in the f7/2 
nuclei are not prohibitively large for the new 
generation shell-model calculations, and at the 
same time, are large enough to create substantial 
collectivity. Some time already [1], the presence of 
collective modes of excitations linked with 
intruder states in those nuclei was observed. 
Recently, we have studied in detail the nature of 
high-spin positive parity (intruder) states in the f7/2 
nuclei. Several investigations were performed [2-5] 
applying the 4π γ -ray spectrometer GASP and also 
the Recoil Mass Spectrometer (RMS) at INFN, 
Legnaro. The lifetimes, B(M1) and B(E2) values 
indicated a significant defor-mation of the positive 
parity intruder band in 45Sc. The band is predicted 
by the mean-field approach accounting for cross-
shell p-h excitations. The large scale spherical shell-
model calculations reproduce observed excitation 
energies and transition rates for both spherical and 
deformed structures [4]. New generation of the γ -
ray detecting array such as EUROBALL IV (EB) 
and application of the efficient Recoil Filter 
Detector (RFD) [6] - with its high ability for 
Doppler correction, allowed for further studies of 
the f7/2 nuclei and for reaching very high spin 
states at and  beyond  ‘band terminating states’ 
[7,8], (Fig.1).  The systematics of the observed 
B(E2) and B(M1) probabilities indicate a decrease 
of collectivity when approaching band termination 
in 45Sc (Fig. 2). Detailed investigations of single-
particle and collective bands in several other 
nuclei [9-10], were also performed with the precise 
gamma-recoil coincidence, and measurements of 
DCO ratios and polarization of γ-rays. Moreover, 
the EB+RFD combination allowed for lifetime 
determination of very short lived excited states. In 
42Ca, we observed a non-yrast positive-parity band 
reaching (12+) state at 11405 keV. The 
enhancement of the B(E2) values for the in-band 
E2 transitions confirmed the highly collective 
(deformed) character of the band. It is very likely 
built on the 0+ state at 1837 keV, of the 6p-4h 
configuration which was known both from 
transfer reactions and theory to have strongly 
deformed structure. Moreover, further studies of 

the GDR in the decay of the 46Ti compound 
nucleus have revealed splitting of the GDR into 
two components and a direct feeding of that band 
by the low energy component. This effect is 
interpreted as an evidence for the Jacobi shape 
transition which occurs in the very hot fast 
rotating 46Ti nucleus [12-14]. To further confirm 
high deformation of the 46Ti* nucleus, α-particle 
spectra were investigated with the use of the 
charged-particle multi-detector array ICARE and a 
large volume BGO detector [15,16], applying the 
same reaction as in the previous GDR decay 
studies. The experimental data  give strong 
signatures of very large deformations of the 46Ti 
compound nucleus in the Jacobi transition region 
at the highest-spins 

.

Fig. 1. 

Fig. 2. 
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Experimental facility: OSIRIS II, U200P cyclotron at the Heavy Ion Laboratory 
 
 Chirality phenomenon is well known in 
chemistry and biology from the times of Pasteur 
who discovered that certain molecules exist in 
left- and right- handed forms. Recent theoretical 
and experimental works attracted attention to 
chirality in atomic nuclei. In these works the 
spontaneous breaking of chiral symmetry in the 
body-fixed frame has been predicted. In the 
laboratory reference frame it manifests itself as 
the presence of chiral partner collective bands, 
which should exist if three angular momenta 
vectors – of valence proton, valence neutron and 
of the even-even core – are mutually 
perpendicular forming left- or right- handed 
coordinate frames (Fig. 1). 
 
Recently the candidates for the chiral bands have 
been found in several nuclei, namely in the odd-
odd nuclei from the region of A~ 130 (nuclei in 
the vicinity of 128Cs) and region of A~104 (nuclei 
around 104Rh). In the majority of publications on 
the nuclear chirality only the level schemes are 
presented. Therefore, the lifetime measurements 
of the excited states belonging to the partner 
bands have been undertaken [1-6] since such 
experimental data are very sensitive to nuclear 
structure.  
 
The 132La and 128Cs isotopes have been studied. 
High spin states of 128Cs and 132La nuclei were 
populated in the 122Sn(10B,4n)128Cs and 
122Sn(14N,4n)132La reactions at the beam energy of 
55 and 70 MeV, respectively. The beam was 
provided by the Warsaw U-200P cyclotron placed 
at the Heavy Ion Laboratory (Warsaw University). 
About 108 gamma-gamma coincident events were 
collected in each experiment by the OSIRIS II 
multidetector array consisting of 10 Compton-
suppressed HPGe detectors. The lifetimes of the 
excited levels were determined by the Doppler 
shift attenuation method with the use of the 

procedure and computer code developed by A.A. 
Pasternak [5]. 
 
The lifetime results have shown that the 132La and 
128Cs nuclei, in spite of their similar level schemes, 
have essentially different electromagnetic 
properties [6]. The reduced transition probabilities 
for 132La are not consistent with the symmetry 
requirements imposed by chirality attained in the 
intrinsic system (Phys. Rev. Lett 93, 172502 (2004)) 
The properties of the partner bands of 128Cs 
exhibit the main features expected for chiral 
partner bands. It is the first case of such a good 
agreement of comprehensive experimental data 
with the chiral interpretation. 
 

 
Fig. 1. Three mutually perpendicular angular momenta vectors is 
odd-odd triaxial nucleus forming right-handed and left-handed 
states. 
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Studies of nuclei in the 100Sn region offer 
the possibility to test nuclear models  describing 
properties of nuclei in which protons and 
neutrons occupy identical orbitals near a double 
shell closure. A variety of phenomena are 
predicted to occur in such systems. Nuclei with 
N≈Z are expected to show enhanced neutron-
proton correlations giving rise e.g. to  a new 
pairing mode, high-spin isomers or enhanced 
α-decay  probability. 

An insight into the role of the proton-
neutron interaction and/or core excitation in the 
shell model structure of N=Z nuclei close to 100Sn 
can be gained, e.g.  in studies of decay properties 
of their ground and isomeric states, as well as  by 
γ-ray spectroscopy investigations of excited near-
yrast states populated in heavy ions induced 
fusion-evaporation reactions.  

Beta decay of nuclei in the 100Sn region 
proceeds mainly via the Gamow-Teller (GT) 
transformation of a g9/2 proton into a g7/2 neutron. 
Since the N=Z=50 shell closure occurs far from the 
beta stability line, isotopes in this region have 
relatively large QEC values and the GT strength 
can be investigated and confronted with 
theoretical predictions over a broad range of 
excitation energies. Recently, decays of several 
nuclei in the 100Sn region have been studied using 
the total absorption spectroscopy technique. 
These measurements provided reliable informa-
tion on the GT strength distribution in the decays 
of close neighbours of 100Sn e.g. 100,102In  and 
102,103Sn [1-4]. The same nuclei were also in focus 
of numerous in-beam γ-ray investigations, which 
gradually overcome technical difficulties of 
populating excited states of more and more close 
neighbours of 100Sn. A significant example of such 
studies was first identification of  excited states in 
103Sn, which  lead to the determination of single-
particle energy spacing between neutron g7/2 and 
f5/2 orbitals  (110±40 keV) [5]. 

Slightly more distant neighbours of 100Sn, 
like 99Ag, 101Ag, 106Sb were investigated in-beam, 
up to the highest spin which can be generated by 
the respective valence particle (hole) configura-
tions with the rigid N=Z=50 core [6,7]. 

Investigation of prompt γ-ray radiation emitted 
from excited states of 102In led in turn to the 
identification of states related to the neutron 
excitations across the N=50 shell gap [8].   

Several high-spin isomers are predicted to 
occur in nuclei close to 100Sn as a result of the 
attractive interaction of pg9/2-ng9/2 holes in the 
upper part of the g9/2 sub-shell, which lowers the 
energy of stretched configurations and creates 
spin gaps. Studies of spin-gap isomers 
characterized by very specific configurations 
provide a valuable test of residual interactions 
and truncation schemes in the shell model 
calculations. One of the most spectacular 
discoveries of  the recent years was the observa-
tion of the decay of  94mAg(21+) isomer resulting 
from the stretched coupling of the (g9/2-3)21/2 
proton and neutron configurations. This state 
shows unprecedented variety of disintegration 
modes such as β-decay and delayed proton 
emission, proton decay and even two proton 
emission to the high spin states of the final nuclei 
[9-10]. Another important result is the observation 
of the core-excited E4 isomer in 98Cd, from which 
the size of the 100Sn shell gap of 6.46(15) MeV was 
inferred [11].  

One of  the consequences of the N, Z=50 
shell closure is the occurrence of an island of 
α-emitters in the trans-tin region. Moreover, 
strong binding of nuclei  close to the 100Sn opens a 
possibility of  cluster emission – a very exotic 
decay mode observed so far only in the 208Pb 
region. In the 100Sn region, 114Ba is predicted to be 
the most promising candidate for the observation 
of 12C cluster emission. Measurements of  the 
energies in the 114Ba → 110Xe → 106Te α-decay 
chain provided precise information on the Q-
value for the 12C emission from 114Ba and allowed 
verification of the theoretical models [12]. 
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Numerous experimental and theoretical studies 
were performed in the 80’s providing evidence of 
reflection asymmetric octupole deformation in the 
actinide nuclei around A=225. The octupole 
deformed nuclei exhibit features familiar  to 
molecular physics. One signature of such shape in 
the ground state of even-even nuclei is the 
presence of particularly low K, Jπ =0,1- states, and 
in odd-A nuclei a characteristic feature is the 
existence of a parity-doublet band with levels 
connected by strong electric dipole (E1) 
transitions. In the reflection-symmetric nuclei the 
expectation value of E1 moment, D0, is zero, thus a 
large static E1 moment may arise only in the 
intrinsic frame of reflection asymmetric system. 
Many of these nuclei have been studied at 
ISOLDE/CERN in the beta decay experiments (see 
[1] and references quoted therein) using advanced 
fast timing and  γ-ray techniques. The lifetimes of 
the excited states have been measured using the 
time-delayed  βγγ(t) method. Two-fold γ–
coincidences were recorded in the Tardis 
multidetector array. It represents the first use  of 
these complex techniques at ISOLDE. In particular 
the spectroscopic properties of the transitional 
nuclei 225,227Fr, 227,228,229,231Ra and 229,231Th were 
studied [2-9]. Recent results provide  the first 
information on the absolute values of B(E1) in the 
octupole transitional Fr, Ra and Th nuclei. In the 
theoretical part of this study the quasiparticle-
plus-phonon model (QPPM) with inclusion of the 
Coriolis coupling was introduced to interpret the 
results, and particularly the transition rates, for 
octupole transitional nuclei. The model 
calculations reproduce remarkably well the 
general enhancement (and occasional quenching) 

of the E1 intra-doublet transitions. It was the first 
time that this model had been used for the 
interpretation of the transition rates in the actinide 
region.   
   The presence of pronounced octupole effects in 
the heavy lanthanides region around N=88 and 
Z=56 was predicted by Nazarewicz et al., 
Nucl.Phys.A429(1984) 269. In fact, this region is 
the second one besides the heavy Ra-Th region, 
where these correlations are exceptionally strong, 
although they are somewhat weaker  than in the 
Ra-Th nuclei.  Some of these features were studied 
using γ -ray multidetector arrays such as 
EUROGAM2 or GAMMASPHERE and 
spontaneously fissioning 248Cm and 252Cf sources 
(see review [10]). The experimental data allowed 
to establish the extent of the enhanced octupole 
correlation region, the low-Z and high-Z at 54 and 
63, respectively. The low-N limit has been found at 
N=85, while high-N limit is at present not known 
(see e.g.[11-13]).  
   Systematic studies of octupole collectivity in the 
Ba-Nd region were undertaken by the Warsaw-
Uppsala-Świerk collaboration, and were 
complementary to the investigation of octupole 
collective nuclei in the heavy actinide region. 
Recent advance in research on the odd-A nuclei 
from A=147 and A=149 provide for the first time 
an opportunity to establish structure systematics 
of these nuclei, from the region near the line of 
stability to the most exotic one [14,15].The results 
from the beta decay work obtained recently at 
OSIRIS were crucial in order to correct the level 
scheme proposed in the prompt-fission studies on 
149Ce,  the most exotic A=149 nucleus on which 
there is detailed spectroscopy information.
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 Low-energy multiple Coulomb excitation 
provides a wealth of information on 
electromagnetic structure of atomic nuclei. This 
powerful experimental method allows in 
particular to infer nuclear shapes, which makes it 
ideally suited to investigate the cases of predicted 
shape coexistence. The present renaissance of 
modern Coulex can be associated with evolution 
of accelerator facilities, delivering large variety of 
both stable and radioactive beams as well as with 
development of sophisticated software such as 
Warsaw-Rochester Coulomb excitation least 
square code GOSIA.  
 One of the indications of shape 
coexistence in even-even nuclei is an observation 
of a low-lying 0+ state, which in some rare cases, 
such as 72Ge or 98Mo, can be the first excited state. 
These two nuclei, together with neighboring 
isotopes, were subjects of an extensive Coulomb 
excitation study. The second 0+ excited state in 
72,74,76Ge isotopes, as well as in 96Mo, was found to 
be of spherical shape [1,2], while for 70Ge and 
98Mo both 0+ states were deformed, differing 
either by magnitude of deformation (70Ge, [1]) or 
by triaxiality (98Mo, [3]). A complicated interplay 
of collective and single-particle effects, which is 
characteristic for the nuclei in the transitional 
region, makes a full and consistent explanation of 
observed phenomena a real challange. 
 A series of experiments performed on 
beams of the Warsaw Cyclotron allowed to 
determine the deformation parameters of the two 
gamma bands in 165Ho, differing by the projection 
of K quantum number [4]. Unexpectedly, the 
deformations proved to be different, showing the 
influence of the K spin projection on the internal 
structure of the nucleus.  
 For the radioactive odd-A 231Pa nucleus 
Coulomb excitation studies [5] allowed for 
determination of 78 matrix elements of E1, M1, 
E2, E3, E4 multipolarities. It is the richest set of 
electromagnetic matrix elements ever known for 
an odd-A nucleus. 

 The rich and precise experimental data 
obtained using Coulomb excitation method 
provide a stringent test for theoretical models, 
stimulating the mutual cooperation between 
experimentalists and theorists[8]. Another 
example are the experimental results on even-
even Mo isotopes [2,3] indicated the significance 
of neutron-proton pairing, which was by then 
considered as negligible for N ≠ Z nuclei. 
 Recently new interest in Coulex is drawn 
by availability of radioactive beams allowing to 
perform Coulomb excitation of short-lived 
unstable nuclei. For the neutron-deficient 74,76Kr 
isotopes studied at the SPIRAL facility of GANIL, 
states up to 8+ were excited, and large sets of 
matrix elements, including diagonal ones, were 
determined [6], which provided new arguments 
in the discussion of shape coexistence in this mass 
region. The recent measurement of quadrupole 
moment of the first excited state in 70Se [7]. 
suggested a prolate shape of this nucleus, in 
contrary to the theoretical predictions. 
 

 
Fig1. Quadrupole deformation parameters of Mo and Ge isotopes 
determined using Coulomb excitation method [1,2,3]. 



 

72 

[1] M. Sugawara, Y. Toh, T.Czosnyka, M. Oshima, T. Hayakawa, H. Kusakari, Y. Hatsukawa, J. Katakura,                
N. Shinohara, M. Matsuda, T. Morikawa, A. Seki, F. Sakata, Eur. Phys. J A16, 409 (2003). 

 
[2] K. Wrzosek, M. Zielińska, J. Choiński, T. Czosnyka, Y. Hatsukawa, J. Iwanicki, J. Katakura,                             

M. Kisieliński, M. Koizumi, M. Kowalczyk, H. Kusakari, M. Matsuda, T. Morikawa, P. J. Napiorkowski,              
A. Osa, M. Oshima, L. Reissig, T. Shizuma, J. Srebrny, M. Sugawara, Y. Toh, Y. Utsuno, K. Zając,                     
Int. J. Mod. Phys. E15, 374 (2006). 

 
[3] M. Zielińska, T. Czosnyka, J. Choiński, J. Iwanicki, P. J. Napiorkowski, J. Srebrny, Y. Toh, M. Oshima,        

A. Osa, Y. Utsuno, Y. Hatsukawa, J. Katakura, M. Koizumi, M. Matsuda, T. Shizuma, M. Sugawara,                       
T. Morikawa, H. Kusakari, A. D. Efimov, V. M. Mikhajlov, Nucl. Phys. A712,  3 (2002). 

 
[4] J. Iwanicki, M. Zielińska, T. Czosnyka, J. Choiński, P. J. Napiorkowski, M. Loewe, M. Wurkner,                      

J. Srebrny, Journal of Physics G-Nuclear and Particle Physics Vol 29,  743 (2003). 
 
[5] M. Wurkner, J. de Boer, A. I. Levon, M. Loewe, J. Kvasil, J. Srebrny, P. J. Napiorkowski, J. Iwanicki,               

T. Czosnyka, Nucl. Phys. A725, 3 (2003). 
 
[6] W. Korten, E. Bouchez, E. Clement, A. Chatillon, A. Gorgen, Y. Le Coz, C. Theisen, J. Wilson,                               

J. M. Casandjian, G. de France, G. Sletten, T. Czosnyka, J. Iwanicki, M. Zielińska, C. Andreoiu, P. Butler,           
R. D. Herzberge, D. Jenkins, G. Jones, F. Becker, J. Gerl, W. Catford, C. Timis, Nucl. Phys. A746, 90c (2004). 

 
[7] A. Hurst, P. Butler, D. Jenkins, P. Delahaye, F. Wenander, F. Ames, C. Barton, T. Behrens, A. Burger,                      

J. Cederkall, E. Clement, T. Czosnyka, T. Davinson, G. de Angelis, J. Eberth, A. Ekstrom, S. Franchoo,              
G. Georgiev, A. Gorgen, R.-D. Herzberg, M. Huyse, O. Ivanov, J. Iwanicki, G. Jones, P. Kent, U. Koster,    
T. Kroll, R. Krucken, A. Larsen, M. Nespolo, M. Pantea, E. Paul, M. Petri, H. Scheit, T. Sieber, S. Siem, J. 
Smith, A. Steer, I. Stefanescu, N. Syed, J. Van de Walle, P. Van Duppen, R. Wadsworth, N. Warr, D. 
Weisshaar, M. Zielinska, Phys. Rev. Lett. 98, 072501 (2007). 

 
[8] J. Srebrny, T. Czosnyka, C. Droste, S. G. Rohoziński, L. Próchniak, K. Zając, K. Pomorski, D. Cline,            

C. Y. Wu, A. Backlin, L. Hesselgren, R. M. Diamond, D. Habs, H. J. Korner, F. S. Stephens, C. Baktash,                 
R. P. Kostecki, Nucl. Phys. A766, 25 (2006). 

 
[9] N. Amzal, P. A. Butler, D. Hawcroft, N. J. Hammond, R. D. herzberge, G. D. Jones, C. Scholey,                             

O. Stezowski, T. Czosnyka, J. Iwanicki, P. J. Napiorkowski, R. Julin, H. Mach, J. Cederkall, L. M. Fraile,           
H. O. U. Fynbo, Nucl. Phys. A734, 465 (2004). 

 
[12] F. Becker, A. Petrovici, J. Iwanicki, N. Amzal, W. Korten, K. Hauschild, A. Hurstel, Ch. Theisen, P.A. 

Butler,        R.A. Cunningham, T. Czosnyka, G. de France, J. Gerl, P. Greenlees, K. Helariutta, R.-D. 
Herzberg, P. Jones, R. Julin, S. Juutinen, H. Kankaanpaa, M. Muikku, P. Nieminen, O. Radu, P. Rahkila, 
Ch. Schlegel, Nucl.Phys. A770, 107 (2006). 

 



 

73 

A STUDY OF THE VIOLATION OF K – SELECTION RULES 
 

P. Napiorkowski1, T. Morek2, J. Srebrny1,2, T. Czosnyka1, J.Choiński1, Ch. Droste2, 
J. Iwanicki1, R. Kaczorowski3, M. Kisieliński1,3, M. Kowalczyk1,2, J. Kownacki1, 

P. Olbratowski2, E. Ruchowska3 
1Heavy Ion Laboratory, Warsaw University, Warszawa 

2Institute of Experimental Physics, Warsaw University, Warszawa 
3A. Sołtan Institute for Nuclear Studies, Warszawa 

 
Experimental facility: NBI Tandem accelerator & NORDBALL, Risø, Denmark, 

Tandem Accelerator in Garching, Germany ATLAS & GAMMASPHERE & CHICO,  
Argonne, USA,  Warsaw Cyclotron & OSIRIS II, Warszawa 

 
 The projection K of the total angular 
momentum I on the symmetry axis of a deformed 
nucleus appears to be conserved, as evidenced by 
the existence of ‘‘K isomers,’’ nuclear states that 
are metastable despite the availability of allowed 
decay paths. In axially symmetric nuclei K is 
expected to be a good quantum number, so that 
an electromagnetic (EM) transition must obey the 
selection rule |∆K|≤λ, where λ is the 
multipolarity of the electromagnetic transition. 
However, K-forbidden γ decays are known to be 
merely hindered, rather than truly forbidden. 

 Coulomb excitation of high-K bands has 
been observed, showing an apparent violation of 
the K selection rule, but the mechanism remained 
a mystery. Coriolis mixing or breaking of axial 
symmetry can result in EM transitions, such as 
direct excitation of a high-K isomer band from the 
GSB, that are forbidden between pure-K bands. 
Alternatively, if there is a multi-step path 
available, consisting of successive allowed or low-
forbiddenness transitions, then multiple Coulomb 
excitations can populate high-K bands. 
  The first case, investigated using 
COULEX technique, was a study of K-isomer in 
180Ta. Two types of Coulomb excitation 
experiments were performed to find a fast 
depopulation path from the Kπ=9− extremely long-
lived excited state to Kπ=1+ GSB. Regular in-beam 
studies allowed to identify γ-vibrational bands 
with typical bandhead E2 excitation strengths. A 
complementary measurement using Coulomb 
activation technique was performed with 36S and 
64Ni projectiles and thin Ta targets. The excitation 
functions and the 180Ta recoil angular 
distributions favor a Kπ = 7+ octupole vibration at 
Ex = 1155(40) keV as intermediate state in the 
population of the ground state [1,2,3]. 

Coulomb excitation of 178Hf target with a 
650 MeV 136Xe beam has revealed three distinctly 
different mechanisms to populate the 
Kπ=6+ (T½=77 ns), 16+ (31 yr) and 8+ (4 s) high spin 
states in the 178Hf isomer bands. The bands in 

question were populated in a Coulex 
measurement, although a direct excitation of 
high-K bands is strongly K-forbidden. A rapid 
increase in K-mixing with increasing spin in the 
isomer bands was observed, as well as an onset 
and saturation of K-mixing in low-K bands, 
whereas the mixing was negligible in the high-K 
bands [4,5,6,7]. 
 The decay of the 9.3 ms Kπ=8−  isomer in 
132Ce was investigated by using the 136Xe(16O,4n) 

132Ce reaction. A band mixing mechanism 
involving the ground state and s bands is 
responsible for hindrance factors of E1 transitions 
for N=74 isotones. The newly discovered 
transition to 5γ

+  state can result from a K-mixing 
due to the large degree of nonaxiality [8]. 
 
 

 
 
 
Fig.1. The decay scheme of the Kπ=8−  isomer in 132Ce established on 
beam of Warsaw Cyclotron. The K-forbidden E1 (8-→8+) and E3 (8-

→5+) decays of the isomer were newly found[8]. 
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Experimental facility: EUROGAM II and EUROBALL III 

 

Experimental determination of the spin and 
parity of excited states is crucial for nuclear 
structure study. To determine these quantities in 
the “in-beam” spectroscopy, one should combine 
results of the DCO analysis (giving information 
about spins) with linear polarization of γ-
transitions (giving information about parities). In 
modern multidetector γ-spectrometers (e.g. 
EUROBALL, RISING, EXOGAM) segmented Ge 
detectors are frequently used. In future such 
detectors will be employed in the AGATA and 
GRETA γ-tracking arrays. Such highly segmented 
detectors can work as sensitive Compton 
polarimeters. Nowadays, the large total efficiency 
of arrays allows us to carry out coincidence 
measurements between γ-ray polarimeters and the 
remaining Ge-detectors. 

In the typical situation of nuclei excited 
during a heavy ion reaction, γ-rays are emitted in 
the cascade from an aligned nucleus. In the 
standard procedure aimed at the parity 
determination, the polarization of γ-quantum is 
measured at θ1≈90o (see Fig. 1) in coincidence with 
γ-rays registered in the remaining detectors. 
Often, the final results for the spin and parity 
assignment are not unique. It was the reason that 
we have proposed to measure new additional 
observables, namely: 
1. the correlation between linear polarization of 
one γ-ray quantum and direction of emission of 
another γ-quantum (being in coincidence with the 
former one). This polarizational-directional 
correlation from oriented nuclei is named PDCO. 
Two different modes are considered, namely 
POL-DIR (correlation between polarization of γ1 
and direction of emission of γ2 - see inset in Fig. 1) 
and DIR-POL (correlation between direction of γ1 
and polarization of γ2. 
2. the correlation between linear polarization of γ1  
and polarization of γ2, both γ’s being in the 
cascade. In this case a standard detector located at 
θ2 (Fig. 1) should be replaced by the second 
polarimeter e.g. CLOVER. This polarization-

polarization correlation from oriented nuclei is 
named PPCO. 

A general formula for both types of 
correlations was derived [1,2] and appropriate 
observables were proposed. The formula and a 
computer program (available for request) give an 
opportunity for measuring new observables 
sensitive for γ-multipolarity, spins and parities of 
investigated levels. Some important symmetries, 
[2] very helpful for planning the PDCO or PPCO 
experiments, result from our formula. The 
abilities of the PDCO and PPCO methods were 
checked experimentally [3,4] by using data from 
the EUROGAM II experiments. The general 
formula describes also the cases well known from 
the literature e.g. the standard case when 
polarization of γ1  is measured and information is 
integrated over all the possible emission direction 
of γ2 (“4π integrated PDCO”). 

We suggest the following strategy [4] 
when polarization is measured by means of 
multidetector arrays: use the “4π integrated 
PDCO” method [2,3], but if results turn out to be 
not unique then use the PDCO [3] and PPCO [4] 
methods. The linear polarization sensitivities of 
the CLOVER and CLUSTER detectors following 
from our experiments are given in [3] and [5], 
respectively. 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. Geometry of an in-beam experiment in which polarization and 
direction of γ1 and direction of γ2 are measured. 
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The level density parameter “a”, necessary to 
calculate the single-particle level densities from 
the experimental data, was obtained within the 
selfconsistent models. Using the mean field 
potential obtained by Hartree-type procedure 
with the relativistic mean field theory (NL3) [1-5], 
Skyrme interaction (Skm*) [6] and Yukawa folded 
(YF) [7, 8] potential we have smoothed the single 
particle level schemes with temperature using the 
Strutinsky shell correction method by and folding 
the free energy in energy or nucleon number 
space [9]. The calculation was done for even-even 
spherical nuclei. The level density parameters “a”, 
where fitted to the liquid drop like formula and 
compared to the experimental data:T. von Egidy, 
H. H. Schmidt, A. N. Behkam,  Nucl. Phys. A481, 
189 (1988), J. Töke, W. J, Świątecki,  Nucl. Phys. 
A372, 141 (1981),N. Dilg, W. Schantl, H. Vonach, 
M. Uhl,   Nucl. Phys.  A 217,  269 (1973) in Fig. 1. 
The best agreement was obtained for the YF 
potential with the formula of von Egidy (Egidy). 
The Thomas Fermi estimate  (TF) is larger than all 
other microscopic predictions. The NL3 and Skm* 
results lie near the predictions of Dijg obtained 
within the back shifted Fermi gas model (Dilg). 
The results are displayed for different nuclei 
(upper panel), isotones (second panel) and β-
stable elements (third panel). The number n = A/a 
is presented in the lowest panel. 

The deformation dependence of level density 
parameter “a” was investigated for a few nuclei 
with the Yukawa folded potential and the 
common formula for “a” for spherical and 
deformed nuclei was found in [7]: 
 

),(BAZ)(BA+

+)(BAA=aYF

def/0.001def0.275

def0.0360.92
MeV/1

Coul
132

curv
13

surf
23

−

+

 
where Bsurf(def), Bcurv(def) and BCoul(def) are the 
ratios of surface, curvature and Coulomb energy 
of deformed nucleus to the spherical one. The 
Yukawa folded mean field gives the levels 
densities closest to the experimental data of von 
Egidy while the selfconsistent mean fields provide 
the lower densities of Dilg. 

      
 

Fig. 1. Nuclear levels density parameters as functions of mass number A 
for different isotopes (upper panel), isotones (second panel) and β-stable 
nuclei (third panel). Lowest panel shows n number for β-stable nuclei. 
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THE „QUADRUPOLE PLUS PAIRING” COLLECTIVE MODEL  
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 The lowest-lying excited levels in even-
even nuclei are interpreted as the quadrupole 
excitations of nuclear surface. The description of 
them within the collective model works 
qualitatively excellently. A fair quantitative 
agreement between the model and the 
experimental data can be achieved by fitting 
parameters of the collective Hamiltonian. 
However,   when we have determined the 
Hamiltonian from a microscopic many-body 
theory, we have obtained excitation energies of 
the collective states out of scale when compared 
to the experimental energy spectra (cf. e.g. Nucl. 
Phys. A292, 66 (1977)). Such a disagreement 
between the theory and experiment seems to 
occur independently of the range of nuclei 
investigated, the version of microscopic approach 
and the method of calculation of the collective 
Hamiltonian.  This led us to conclusion that the 
collective space should contain not only the five 
quadrupole degrees of freedom but also the four 
collective pairing variables, namely the proton 
and neutron energy gaps and gauge angles. 
 The collective model which we call “the 
quadrupole plus pairing collective model” is 
formulated in [1,2,3]. It describes, apart from the 
quadrupole excitations, also the proton and the 
neutron pairing vibrations, and the transfer of the 
like nucleon pairs, that is the rotations in the 
proton and neutron gauge spaces.  
  As the lowest excitations have mainly the 
quadrupole character, to describe them we solve  
the model in the Born-Oppenheimer 
approximation [1,4] assuming that the pairing 
vibrations have energies high enough. First, for a 
given deformations β and γ we separate from the 
collective Hamiltonian the proton and the neutron 
pairing Hamiltonians, and find the proton and 
neutron zero-point energies Ep(β,γ), En(β,γ), and 
the most probable energy gaps ∆p(β,γ), ∆n(β,γ). 
This is shown in Fig. 1. Secondly, the effective 
Bohr Hamiltonian for the quadrupole excitations 
is obtained through substituting the pairing 
terms, previously separated in the collective 
Hamiltonian, by the sum of zero-point energies 
and  inserting the most probable  values of energy 

gaps.  Finally, we diagonalize the effective Bohr 
Hamiltonian [1].  
 The collective Hamiltonian has been 
determined from the microscopic many-body 
theory which has treated the nucleus as a system 
of Z protons and N neutrons in the deformed 
Nilsson mean fields interacting via the standard 
pairing forces [1]. The deformation potential has 
been calculated using the microscopic-
macroscopic method. The cranking method has 
been used to calculate the inertial functions [4]. 
The pairing correlations have been treated within 
the BCS approximation and the Generator 
Coordinate Method[1]. No parameter has been 
fitted to data.  

The present approach has been applied to 
the description of the quadrupole collective states 
in nuclei from different regions. A prominent 
example is the 104Ru nucleus, for which rich data 
from COULEX [5] are available. We reproduced 
these data with an unexpected accuracy [3,6]. A 
fairly good agreement of the theory with 
experimental data was achieved for other 
neutron-rich[6,7],  rare-earth [8] and neutron-
deficient nuclei [1]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
Fig. 1. The zero-point pairing vibration in the system of N=74 
neutrons. Blue lines: inertial function B∆∆  and  pairing potential 
Vpair . Red line: the probability distribution P of ∆’s at zero-point 
vibration. Zero-point energy En and the most probable energy gap ∆n 
(the abscissa of maximum of P)  are marked in green. 
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Believed to be spherical after their discovery 

in 1909, then found elongated in the 50s, the 
atomic nuclei are now known to exhibit a variety 
of shapes and symmetries. The interest in the last 
decade went towards phenomena like the 
magnetic and chiral rotations or the tetrahedral 
and octahedral deformations. 

We investigate these effects theoretically by 
using the Skyrme energy density functional. We 
developed one of the first computer codes [1,2] 
which impose no limitations on the symmetry of 
the density, and are thus applicable here. 

The peculiarity of the magnetic rotation is that 
it occurs in nuclei with almost spherical mass 
distribution, which cannot rotate as a quantum 
object. The total spin is generated by the 
individual angular momenta of high-j valence 
particles and holes, which take perpendicular 
directions and then align toward each other like a 
pair of shears. In 142Gd, we performed the first 
Hartree-Fock calculations for magnetic rotation 
[3]. They confirm the important role of the shears 
mechanism, although the collective rotation seems 
to dominate, possibly because the pairing 
correlations were not taken into account. 

In a triaxially deformed nucleus, the high-j 
valence particles and holes align their angular 
momenta with the short and long axes, 
respectively, while the collective rotation takes 
place about the medium axis. Thus, the vectors of 
the particle, hole, and collective spins are 
approximately perpendicular, and can form a left 
or right-handed set. Such a configuration is called 
chiral and gives rise to characteristic pairs of 
rotational bands. 

We argued that the chiral system can be 
modeled by two gyroscopes stiffly attached along 
the short and long axes of a classical rigid body. 
Such a model leads to an important conclusion 
that chiral rotation can occur only above a certain 
critical angular frequency [4]. 

Taking 132La as a sample nucleus, we obtained 
the first self-consistent chiral solutions [5]. The 
results agree surprisingly well with the 
predictions of our classical model. The calculated 
value of the critical frequency lies in half the 
frequency range covered by the experimental 
bands, suggesting that they actually represent a 
transition from non-chiral to chiral rotation. 

Quantum systems are most bound when large 
energy gaps between single-particle levels exist at 
the Fermi surface. Gaps are most likely to appear 
if the levels themselves are strongly degenerate. 
Degeneracy in turn results from conservation of 
symmetries. It has been suggested that the 
symmetries of the regular tetrahedron and 
octahedron, which give four-fold degeneracies, 
may lead to stable shapes like that in Fig. 1. 

Fig. 1. The tetrahedral deformation. 

Indeed, we found tetrahedral Hartree-Fock-
Bogolyubov solutions in Zr, Ba, Sm, Gd, Yb, and 
Th [6,7]. The Skyrme forces differ as to the values 
of excitation energies of the tetrahedral minima, 
sometimes predicting them even as ground states. 
The depths of those minima can be significantly 
reduced by the pairing correlations. We also used 
the Generator-Coordinate Method for the case of 
Zr isotopes [8,9], and found that tetrahedral 
vibrations about the spherical shape are more 
likely than a static deformation. Moreover, such 
vibrations are mixed with those related to the 
pear-like shape. First attempts to consider 
rotations of tetrahedrally deformed nuclei [10] 
showed that regular bands are difficult to develop 
because the moment of inertia is very small and 
multiple level crossings occur. 

On the other hand, we indicated that the 
observed E1 and lacking E2 transitions, as well as 
the alignment properties of some bands in the Gd 
region may result from zero-point quadrupole 
vibrations about the tetrahedral shape [11]. 
Apparently, the role of the tetrahedral symmetry 
still remains a puzzle, which encourages us to 
undertake further efforts. 



 

82 

[1] J. Dobaczewski, J. Dudek, Comp. Phys. Comm. 102, 166 (1997); 102, 183 (1997); 131, 164 (2000). 

[2] J. Dobaczewski, P. Olbratowski, Comp. Phys. Comm. 158, 158 (2004); 167, 214 (2005). 

[3] P. Olbratowski, J. Dobaczewski, J. Dudek, T. Rząca-Urban, Z. Marcinkowska, R.M. Lieder, Acta Phys. 
Pol. B33, 389 (2002). 

[4] P. Olbratowski, J. Dobaczewski, J. Dudek, W. Płóciennik, Phys. Rev. Lett. 93, 052501 (2004). 

[5] P. Olbratowski, J. Dobaczewski, J. Dudek, Phys. Rev. C73, 054308 (2006). 

[6] P. Olbratowski, J. Dobaczewski, P. Powałowski, M. Sadziak, K. Zberecki, Int. J. of Mod. Phys. E15, 333 
(2006). 

[7] J. Dudek, J. Dobaczewski, N. Dubray, A. Góźdź, V. Pangon, N. Schunck, Int. J. Mod. Phys. E16, 516 
(2007). 

[8] K. Zberecki, P. Magierski, P.-H. Heenen, N. Schunck, Phys.Rev. C74, 051302 (2006). 

[9] K. Zberecki, P. Magierski, P.-H. Heenen, N. Schunck, Int. J. Mod. Phys. E16, 533 (2007). 

[10] N. Schunck, P. Olbratowski, J. Dudek, J. Dobaczewski, Int. J. of Mod. Phys. E15, 490 (2006). 

[11] J. Dudek, D. Curien, N. Dubray, J. Dobaczewski, V. Pangon, P. Olbratowski, N. Schunck, Phys. Rev. 
Lett. 97, 072501 (2006).  



 

83 

HIGH SPIN STATES OF STRONGLY DEFORMED CONFIGURATIONS 
IN MEDIUM-MASS NUCLEI 

 
J. Dobaczewski1, W. Nazarewicz1,2,3, W. Satuła1, T.R. Werner1 

1Institute of Theoretical Physics, Warsaw University, Warszawa 
2Oak Ridge National Laboratory, Oak Ridge, USA 

3Department of Physics, University of Tennessee, Knoxville, USA 
 
 
Magic and doubly magic nuclei and their nearby 
neighbors play a special role in our quest for 
understanding nuclear structure. Information 
obtained for these nuclei, both experimental and 
theoretical,  is intensively used for determination 
of single-particle energies needed, e.g., for large-
scale calculations within the shell model; it also 
provides estimates of two-body matrix elements 
of the residual interactions which enter this kind 
of calculations. Properties of these nuclei have 
always been used in procedures of fitting 
parameters in various theoretical models, like, 
e.g., simple independent particle models of 
Nilsson or Woods-Saxon type or more involved 
mean-field approaches like those based on 
Hartree-Fock (HF) or Hartree-Fock-Bogoliubov 
(HFB) equations, Relativistic Mean Field (RMF) 
methods, Monte Carlo shell models, etc. [1,2]. 
The region around doubly magic 56Ni nucleus is 
of particular interest. Nuclei in this region (Fe, Co, 
Ni, Cu, Zn) have intermediate masses which are 
large enough to induce pronounced collective 
phenomena, but still sufficiently small to make 
these nuclei amenable to “low-level” microscopic 
theoretical treatment. Since proton and neutron 
numbers are similar (Z  ≈ N), valence nucleons can 
occupy the same subshells and, as the mass is still 
not too large, their spatial distributions can also 
be very close: this can lead to manifestations of 
T=0 channel of pairing interactions. In addition, 
neutron and proton shell effects can act 
coherently, what results in particularly reach 
pattern of shape coexistence and shape transitions 
— these shapes range from spherical to triaxial 
and superdeformed (with deformation up to β2 ≈ 
0.5) and can be alternatively described by various 
theoretical models: particle-hole excitations 
within shell model, minima in the total Routhian 
surfaces in Strutinsky-Woods-Saxon cranking cal-
culations, special configurations of alpha clusters, 
etc. Peculiarities of this region of nuclei makes it 
particularly well suited for analyzing the 
interplay between T=0 and T=1 channels of the 
pairing interactions; while the T=1 component is 

quickly quenched by high frequency rotation, the 
T=0 component should survive longer [5,8]. 
In our studies we used mainly the Skyrme-
Hartree-Fock (and/or HFB) cranking approach, as 
well as independent particle model of Woods-
Saxon type (with cranking and shell and pairing 
corrections taken into account) [2-8]. In these 
models (as well as in the shell model), high spin 
states of low-isospin nuclei in the A ≈ 60 region 
can be described as multi-particle-multi-hole 
configurations involving f7/2 hole and g9/2 particle 
orbitals (i.e., excitations across N = Z = 28 shell 
gap). Dynamic moments of inertia, alignments, 
branching ratios and other observable quantities 
are highly sensitive to assumed physical scenarios 
and details of models used for interpreting the 
experimental findings; this gives us a possibility 
to “fine tune” our models and to understand 
better the physics behind phenomena observed in 
experiments. 
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Fig. Dynamic moments of inertia, J(2), of the super-deformed band in 
61Zn (a) and its relative alignment with respect to SD bands in 58Cu 
(b). Two different configurations are compared with experimental 
results. From Ref. [5]. 
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SELF-CONSISTENT TREATMENT OF QUADRUPOLE EXCITATIONS  
 

Leszek Próchniak 
Institute of Physics, Maria Curie-Skłodowska University, Lublin 

 
Modern nuclear mean field theories offer 

detailed, uniform description of large range of 
properties of both β-stable and exotic nuclei. Self-
consistent potentials in such models are obtained 
from effective nucleon-nucleon interaction (of 
Skyrme or Gogny type) or from the relativistic 
approach with a nucleon interaction mediated by 
several types of bosons. The interaction in the 
particle-particle channel is approximated by 
various forms of short-range, pairing type force. 
The mean field theory as based on the variational 
principle is aimed at description of a ground state; 
however it can be extended to cover also excited 
states, including collective ones. There are two 
methods used to study large scale collective 
motion, as e.g. connected with changes of nuclear 
deformation, namely the Generating Coordinate 
Method and the Adiabatic Time Dependent HFB 
theory. In case of quadrupole collective 
excitations the collective space is 5 dimensional 
(as it includes rotational and vibrational degrees 
of freedom) so the GCM is hardly applicable and 
the ATDHFB method remains the main 
theoretical tool (see Phys. Rev. C60, 054301 (1999), 
Phys. Rev. C70, 054321 (2004) and [2]). 

Collective variables used in the mean field 
approach are components of the quadrupole mass 
distribution tensor, and hence they have clear, 
model independent meaning. After 
transformation to the principal axis frame they 
can be expressed through Euler angles and 
deformation variables β, γ. The ATDHFB 
expressions for potential energy and mass 
parameters lead in case of quadrupole variables to 
the general collective Bohr Hamiltonian. 
Eigenvalues of the Bohr Hamiltonian are directly 
interpreted as energies of collective states while 
its eigenfunctions allow us to calculate B(E2) 
transition probabilities and values of invariants 
e.g. β2, β3cos3γ which give a synthetic measure of 
a nuclear shape. It is worth to note that presented 
method does not introduce any new additional 
parameters besides the ones defining the 
interaction. 

In the papers [1,2,3] we presented results of 
calculations for several medium heavy nuclei 
(from Mo-Ru and Xe-Ba region) using the model 
with Skyrme interaction. The B(E2) probabilities 
are reproduced very well but energy spectra are 
somewhat stretched. This effect weakly depends 

on the variant of used Skyrme force and the type 
of the pairing interaction (seniority, δ-force or 
surface δ-force). The Relativistic Mean Field 
model was used for some nuclei from the same 
region in [4, 5] leading to conclusions similar to 
mentioned previously. An example of calculated 
potential energy and comparison of theoretical 
and experimental levels for the 104Ru nucleus is 
presented in Fig. 1. The effect of stretching of the 
spectra which is a consequence of too small values 
of the mass parameters can indicate a need for an 
extension of the collective space by including 
pairing degrees of freedom and/or for 
consideration of so called Thouless-Valatin 
corrections, see [4, 5]. The approach presented 
here, based on a sound foundation of the mean 
field theory and employing well defined collective 
variables, is well suited also for interpretation of 
shape coexistence phenomena and for a critical 
discussion of various phenomenological models, 
such as e.g. using recently proposed dynamical 
symmetry E(5) and X(5)  [3,7].  

 

 
 

Fig. 1. Calculated potential energy and comparison of 
theoretical and experimental levels of the 104Ru nucleus (see also 
text).  
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THE ISOSCALAR BOSONS IN NUCLEAR COLLECTIVE EXCITATIONS  
 

K.Zając 
Institute of Physics, Maria Curie-Skłodowska University, Lublin 

 
 
 Proton-neutron pairing forces are hard to 
investigate because of their almost negligible 
influence on nuclear ground-state properties.  But 
the observed [Nucl.Phys.A712(2002)79] features of 
the excited 0+ state of 98Mo (i.e. the lowering of 
excitation energies and the change of nuclear 
shape) suggest the affection of isoscalar pairing 
interaction on the behaviour of some excited N≠Z 
nuclei. Especially in A=98 region the energy 
needed to create a proton-neutron „deuteron-like” 
pair could be found so small that the 
recombination of two-nucleon cluster structure 
could compete with such  collective movements 
as vibrations or even rotations [1]. In order to 
consider such an assumption (or just to point out 
possible origins of observed symmetries) the 
special version of the IBM-4 approximation [J. 
Phys. G14, 869 (1988)] was adopted.  
 The isoscslar–isovector boson scheme can 
be applied to even nuclei which valence protons 
and valence neutrons occupy shell-model levels 
with the same orbital angular momentum. The 
low-lying 0+ and 1+ states of such a nucleus are 
described in terms of a system of N interacting 
bosons of two types [1]: „deuteron-like” isoscalar  
L=0, S=1, T=0 and isovector L=0, S=0, T=1 bosons 
representing nucleon pairs coupled to the same 
angular momentum L,  spin S and isospin T 
values. The analysis [Acta Phys. Pol.B20,815 
(1989)] of possible dynamical symmetries of the 
group chain  U(6) ⊃ SOS(3) ⊗ SOT(3) .allows us  to 
approximate excitation energies  of the boson 
system – and, as follows, of a nucleus – in the 
simple form : 
 E(N,n,S.T)= E0 + ξn + σS(S+1) +τT(T+1),  . 
where n=N, N-1, …,0(1) is the number of isoscalar 
bosons while S=n, n-2, …,0(1) and T=N-n, N-n-2, 
…,1(0)  mean the spin and the isospin of the boson 
system. Free parameters E0, ξ, σ and τ  should be 
fitted separately for each group of isobars.   
 Calculations were done for all neighbours 
of 98Mo that is A=94, A=96, A=98, A=100 nuclei 
with valence nucleons occupying g-levels of the 
shell model (g7/2 and g9/2) [1,2]. The corresponding 
number of bosons changes from N=12 for A=94 to 
N=16 for A=100 isobars and it counts nucleon 
pairs outside the Zc=28, Ac=68 core (the same for 
all considered nuclei). In Fig.1 some exemplary 
results are presented in comparison to 

experimental data [NNDC On-line Data Service]. 
Theoretical values were obtained [1] with ξ=0.37 
MeV, σ=1.433 MeV, τ=0,483 MeV and the scale 
parameter E0=-88.966 MeV.  
 The 0+ and 1+ binding energies of A=96 
and A=100 isobars were reproduced [2] with the 
similar accuracy. Discrepancies are unexpectedly 
small especially if one takes into account the 
absence of rotational and vibrational modes in the 
proposed description. Of course, the scheme 
should be confirmed by further studies on 
properties of interpreted states including β decay 
and Gamow-Teller transitions [3]. But it is quite 
clear that the 0+ and 1+ binding energies of 
considered isotopes follow the scheme which 
comes out of an essential symmetry including the 
proton-neutron interaction. It seems that the 
region of nuclei surrounding 98Mo could be 
promising in investigating the role and features of 
isoscalar pairing forces. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Fig.1.  Comparison between  measured (black) and calculated 0+ and 
1+ binding energies in 98Mo  region. T means the isospin of the 
corresponding boson system, blue lines mark n=0 or 1 while the 
violet ones are for one extra isoscalar boson in the system.  
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QUADRUPOLE EXCITATIONS OF TRANSACTINIDE NUCLEI 
 

K.Pomorski1, L.Próchniak1, S.G.Rohoziński2, J. Srebrny3, K.Zając1 
1Institute of Physics, Maria Curie-Skłodowska University, Lublin 
2Institute of Theoretical Physics, Warsaw University, Warszawa 

3Heavy Ion Laboratory, Warsaw University, Warszawa 
 

 The noticeable progress in spectroscopy of 
transactinide isotopes (especially interesting with  
regard to their nearness to the super-heavy mass 
region) allows us to discuss their collective 
properties in reference to experimental data. 
Because of the axial symmetry some ground-state 
features of transactinides could be interpreted in 
the frame of rotational model. However, the 
proper description of excited states can be only 
achieved when one adds at least the coupling of 
the rotational motion with quadrupole shape 
vibrations. As a suitable approximation we 
adopted the model [1] developed on the basis of 
earlier  ideas [2].  

 Allowing only for the zero-point pairing 
vibrations [1] we obtain the modified quadrupole-
plus-pairing Hamiltonian  

 
   ĤCQP ≈ ĤCQ( β,γ,Ω; ∆pmax ,∆nmax ) = Ĥvib + Ĥrot + Vcoll,  
 
which describes the motion of an even-even 
nucleus in terms of the intrinsic Bohr deformation 
variables β and γ, Euler angles Ω and  the most 
probable values of pairing gap energies for 
protons and neutrons  ∆pmax  and  ∆nmax determined 
for each deformation point. In this way [1] we can 
approximately include into description of 
quadrupole nuclear modes the main effect of 
coupling with the pairing collective degrees of 
freedom.  
 The ĤCQP does not contain any free 
parameters but its form is determined by the 
parameters of adopted single-particle potential 
and the strengths of the pairing interaction. For 
very heavy transuranium nuclei we just 
extrapolate the known [Nucl.PhysA131(1969)]  
Nilsson single-particle potential and we calculate 
inertial functions for a given isotope within 
Strutinsky microscopic - macroscopic method 
with recently obtained [2] LSD parameters. In 
order to solve the problem of pairing vibrations 
and to get the most probable gap values we use 
the estimations of pairing strengths obtained for 
heavy isotopes from the appropriate mass 
formulas [Z. Phys. A332, 259 (1989)].  
 Thus, solving the eigenproblem of ĤCQP  we 
were able to reproduce observed excitation 
energies and E2 transition probabilities for all 
even-even U, Pu, Cm, Fm and No isotopes with 
number of neutrons N=146-156 [3-5]. The detailed 

comparison with known experimental data 
(i.e.[4]) shows that our approach reproduces 
successfully both, low-lying excitation energies 
and electromagnetic transition probabilities. It 
should be noticed that we get a dynamical picture 
– we are able to immanently indicate pure 
rotational modes as well as deviations from the 
axial symmetry.  
 Of course, the description is restricted to 
quadrupole deformations, but obtained results 
confirm that it takes into account the main 
features of collective excitations even in the 
extreme mass region. Thus we expect that some 
predictions provided by our model (see Fig.1) for 
g.s.-bands and γ-bands could be quite reliable 
even if higher multipolarities are not included. 
 
 
 
 
 
 
 
 
 
 
 
 
  
Fig. 1.  Properties of the first 2+ excited state as a function of proton 
Z and neutron N numbers. Above: the contour plot of the energy;  
below:  map of the average triaxial  parameter γ . 
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GIANT DIPOLE RESONANCE AS A PROBE OF SHAPES OF HOT 
ROTATING ATOMIC NUCLEI  

 
A. Maj, M. Kmiecik, K. Mazurek, M. Brekiesz,  J. Styczeń, P. Bednarczyk, J. Grębosz, 

M. Lach, W. Męczyński, M. Ziębliński, K. Zuber 
H. Niewodniczański Institute of Nuclear Physics PAN, Kraków 

 
Experimental facilities: LNL Legnaro (Italy), IRES Strasbourg (France) 

  
During the last decade the field of the giant 

dipole resonance in hot nuclei has progressively 
expanded, due to new exclusive experimental 
techniques [1-3]. Among the structure and reaction 
effects explored with the GDR there are, for 
example, the coupling to low lying states and to 
quadrupole deformation [4-7], damping due to 
collisions and thermal shape fluctuations [8-11], 
fission time scales [12],  entrance channel effects 
and pre-equilibrium giant dipole vibrations [13-
15] and, especially the determination of the 
nuclear shape [16-21]. This paper focuses on the 
latter problem, and more specifically, on the 
search for the Jacobi shape transitions in hot rotating 
46Ti nuclei. The results were achieved in the 
experiments at Large Scale Facilities, such as LNL 
Legnaro and IRES Strasbourg, performed in large  
international collaborations. 

The shape of hot atomic nuclei is predicted, in 
the liquid drop models, to change under stress of 
rotation and the shape evolution pattern depends 
among others on the mass. Heavy nuclei with 
A>160 change their equilibrium shape from 
spherical to oblate, the size of the oblate 
deformation increases with angular momentum 
and at certain value the nucleus undergoes the 
fission process. Lighter nuclei, with A<<160, 
besides this standard evolution, are expected to 
exhibit more exotic behavior – the Jacobi shape 
transition: at certain critical value of spin, an 
abrupt change of shape can be expected, with the 
nucleus following a series of triaxial, more and 
more elongated shapes, and finally by fission (Fig. 
1a).  

The high energy X-rays from the GDR decay 
in 46Ti were measured in the HECTOR array in 
coincidence with known, well-resolved, low-
energy X-ray transitions of 42Ca detected in 
EUROBALL [17]. This gating condition, together 

with the highly selective master trigger condition, 
allowed for enhancement of high energy γ-rays 
coming from nuclei with the highest spins, but 
free from fission and direct reaction 
contaminations. The extracted experimental GDR 
line shape is shown in Fig. 1b, together with the 
theoretical predictions (Fig. 1b,c). As can be seen, 
both the experimental line shape and the 
calculated one for the Jacobi regime agree with 
each other remarkably well. This proves that 
beyond I=26ħ, the hot 46Ti nucleus undergoes a 
Jacobi shape transition and additionally shows the 
importance of Coriolis effects upon the GDR line 
shape. In this context it is worth mentioning that 
very large deformations of 46Ti at high angular 
momentum were also suggested by the spectra of 
emitted ħ-particles measured in the ICARE array 
[18,19]. The low energy, 10 MeV, component of the 
GDR strength function, resulting from the very 
large deformation of the hot compound nucleus, 
was found to feed preferentially the highly-
deformed band in the cold 42Ca evaporation 
residue [19, 21]. This suggests that the very 
deformed shape of the hot compound nucleus, 
resulting from the Jacobi shape transition, persists 
along the entire decay process. 

Experiments of this type will become even 
more attractive with the availability in the near 
future of intense radioactive beams (e.g. SPIRAL2, 
FAIR), with which the very neutron-rich nuclei 
can be produced at extremely high spins, or very 
exotic collective modes will be excited . 

 
Fig. 1.  a) Spin evolution of the equilibrium shape of 46Ti; b) 
Experimental GDR line shape for 46Ti at high angular momentum; c) 
Liquid Drop Model prediction on the GDR line shape for spin region 26-
34η, where Jacobi regime is expected; d) Same as c), but for I=24η, 
where oblate regime is expected. 
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GIANT DIPOLE RESONANCE  AS A PROBE 
OF ISOSPIN MIXING IN HOT NUCLEI 

 
M. Kicińska-Habior1, M. Kisieliński2, O. Kijewska1, M. Kowalczyk1, Z. Trznadel1,  

E. Wójcik1  
1Institute of Experimental Physics, Warsaw University, Warszawa 

2Heavy Ion Laboratory, Warsaw University, Warszawa 
 

Experimental facility: Warsaw Cyclotron at  HIL, and Superconducting Linear Accelerator at the University of 
Washington, Seattle  
 
 Experimental and theoretical studies of 
the Giant Dipole Resonance (GDR) built on highly 
excited states in compound nuclei formed in 
heavy-ion collisions proved already in the 1990-
ties that the γ-decay of the GDR is an important 
tool for learning about the nuclear properties at 
high temperatures and angular momenta [1-3]. 
Thus, shortly after heavy-ion beams started to be 
available from the Warsaw Cyclotron, an 
experimental set-up JANOSIK suitable to measure 
high-energy γ-rays was built at the Heavy Ion 
Laboratory of Warsaw University [4]. Several 
projects were from then performed at HIL but 
some were still done in collaboration with the 
Seattle group at the University of Washington. 
 In all our experiments high-energy γ-rays 
have been measured in the large NaI spectrometer 
positioned at several angles with respect to the 
beam axis. The multiplicity of low-energy γ-rays 
has been measured by using the small multiplicity 
filter. The n-γ discrimination has been achieved by 
the standard time-of-flight technique [4, 5]. 
 Character of the high-energy (Eγ = 10-50 
MeV) γ-ray radiation emitted in heavy-ion 
collisions at projectile energies 3-11 MeV/u 
depends strongly on a projectile energy. At 
projectile energies up to 6 MeV/u the main source 
of high-energy γ-rays is the decay of the GDR 
excited in a compound nucleus formed by 
complete fusion reactions. At such beam energies 
we have performed shape evolution [1-2, 5-6], and 
isospin mixing [7-11] studies in hot nuclei.  One of 
the results was the observation of the Jacobi shape 
transition in the 45Sc nuclei [1, 2] measured in 
Seattle.  

Pure isovector character of the GDR 
provided possibilities to study isospin symmetry 
in hot nuclei. In order to extract the isospin 
mixing probability and investigate its dependence 
on the atomic number Z of highly excited self-
conjugate nuclei, four nuclei: 32S, 36Ar, 44Ti and 
60Zn, with Z increasing from 16 to 30, were 
formed at excitation energies around 50 MeV by 
the entrance channels with the isospin T = 0. The 
reactions populating neighbouring compound 

nuclei: 31P, 37Ar, 45Ti, and 61Zn at similar excitation 
energy, but with the T ≠ 0 were also measured. All 
experiments were performed with the use of the 
beams from the Warsaw Cyclotron. Experimental 
method was based on the rule that the E1 decays 
from T = 0 to T = 0 states are isospin forbidden 
due to the isovector nature of the electric dipole 
radiation. The GDR parameters, Coulomb 
spreading widths, and the isospin mixing 
probabilities and their dependence on the atomic 
number Z were extracted [7-11].  It was shown for 
the first time that the isospin mixing probability 
for highly excited states increases with the Z 
number of the self-conjugate nuclei [11]. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Isospin mixing α2 as deduced from the GDR studies, as a 
function of the atomic number Z. 
 

At projectile energies above 6 MeV/u 
additional sources of γ-rays may occur in the 
heavy-ion collision. Statistical decay of the GDR 
may follow formation of the compound nucleus 
by the complete, as well as incomplete, fusion. 
Also bremsstrahlung emission may take place. In 
order to study these effects the 12C + 24, 26Mg, 12C + 
58,64Ni and 20Ne+12C reactions have been studied 
[5-6,12-15]. It was found that simultaneous 
analysis of γ-ray spectra and angular distributions 
allows to differentiate between statistical decay 
and bremsstrahlung [12-15]. It was also shown 
that the GDR parameters, especially the width, are 
strongly influenced by the presence of incomplete 
fusion in the analysis [15]. 
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Exotic neutron-rich nuclei display unique 
structural phenomena as a consequence of strong 
neutron-proton asymmetry. Large neutron excess 
leads to formation of regions with very diffuse 
neutron densities. Heavy nuclei develop neutron 
skin, an outer coat of neutron-rich matter that 
surrounds the isospin saturated core. 
Modifications of effective nuclear potential, 
evolution of the shell structure and regrouping of 
energy levels can be observed as well, having 
impact on the multipole response of nuclei. 
Theoretical calculations predict appearance of a 
new collective mode in medium and heavy 
neutron-rich nuclei at excitation energies below 
the giant dipole resonance (GDR), near one-
neutron separation threshold. This so-called 
“pygmy” dipole resonance (PDR) is pictured as 
an oscillation of the neutron skin against the 
nuclear core. Experimental evidence for PDR is 
rather scarce. 
 This report presents results from a 
measurement performed at GSI facility, whose 
main aim was investigation of dipole response in 
unstable nuclei around doubly-magic 132Sn, with 
special emphasis placed on the low-energy 
components [1]. The secondary, radioactive beam 
was produced via in-flight fission of a primary 
238U beam at 550 MeV/u. Isotopes with similar 
A/Z ratio, including 129-132Sn and 133,134Sb, were 
selected with the fragment separator FRS, 
identified on an event-by-event basis and 
transported to the experimental area hosting the 
LAND setup (detailed description of the setup can 
be found in [2,3,4]). Projectiles then passed 
through a Pb target where a dominant reaction 
process are electromagnetic dipole excitations to 
states of relatively high excitation energies which 
subsequently decay by neutron and γ-ray 
emission. The excitation energy of projectiles was 
reconstructed in an invariant-mass analysis 
applied to all decay products. Dipole strength 
distributions were obtained from  measured 
energy-differential Coulomb cross sections. 

In order to gain insight into the low-lying 
strength in isotopes of interest, contribution from 
the GDR and associated instrumental effects had 

to be subtracted first. GDR parameterization, 
common for all isotopes, was chosen as a 
Lorentzian distribution with resonance energy 
Eo=15.5 MeV, width Γ=4.75 MeV and photo-
absorption cross section (integrated up to 25 MeV) 
σγ=2150±140 mb MeV, being in good agreement 
with systematics known from photo-absorption 
measurements in stable nuclei. The remaining 
low-lying strength is shown in Fig.1. It appears in 
all isotopes studied. Distributions for isotopes 
with odd-neutron number seem to extend 
towards lower excitation energies. It should be 
noted, however, that the experimental data cover 
excitation energies only above the one-neutron 
separation threshold, which is significantly higher 
in case of even neutron numbers. Strength 
components in 130Sn and 132Sn isotopes exhaust 
7(3)% and 4(3)% of the Thomas-Reiche-Kuhn 
energy-weighted sum rule [1].  Such an amount of 
strength appears too large to be interpreted in 
terms of a single-particle excitation and suggests a 
coherent motion of part of nucleons. The 
experimental findings are rather close to results of 
calculations within the (Q)RPA-phonon-coupling 
(Phys. Lett. B601 (2004) 27) and the relativistic 
RPA approach (Phys. Rev. C67 (2003) 34312). It 
should be noted, however, that any decisive 
conclusion on the collectivity degree of the 
observed low-lying strength cannot be made.

Fig.  1. Low-lying dipole strength distributions obtained for 
unstable Sn and Sb isotopes. 
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K. Czerski 
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Nuclear reactions at very low energies are 
usually of astrophysical interest. The deuteron-
induced reactions on light nuclei are especially 
important for the creation and destruction of 
chemical elements in the early universe in terms of 
the inhomogeneous Big-Bang model. Moreover, 
the primordial abundance of 2H provides very 
sharp limits for the cosmological baryon-to-
photon ratio, strictly related to the baryon density 
of the universe. On the other hand, the nuclear 
reactions on the odd-odd self-conjugated nuclei 
2H, 6Li and 10B reported here possess many 
exceptional features making them interesting for 
fundamental nuclear physics. Since both projectile 
and target nuclei have in the ground state isospin 
T=0, only compound-nucleus states with T=0 can 
be excited. Thus, any isospin impurity of the 
compound states can then be easily studied by 
means of the branching ratio between the neutron 
and proton exit channels [1]. The isospin mixing 
effects were observed in all of the studied systems.  

The investigations performed on 6Li and 
10B nuclei could solve some long-standing 
problems concerning the reaction mechanisms at 
very low deuteron energies. In the case of 6Li it 
was shown that an isospin-mixed subthreshold-
resonance consisting of the 2+ isospin-doublet 
explains the branching ratio between the neutron 
and proton channels for the ground and first 
excited states of the final mirror nuclei 7Li and 7Be 
[1,2] (see Fig.1). It was also pointed out that the 
constructive interference between this resonance 
and the direct reaction amplitude correctly 
describes the experimentally observed angular 
distribution of the 6Li(d,α)4He reaction [3-5]. 

The isospin-mixing mechanism also plays 
an important role in deuteron-induced reactions 
on 10B. Here, it was indicated that only an 
excitation of the giant dipole resonance as a 
doorway-state at projectile energies as low as 300 
keV can explain the experimental data (Fig.2). 
Similarly to 6Li, an isospin impurity of the giant 
dipole resonance and its coherent contribution to 
the reaction amplitude had to be included [5,6]. 
The theoretical calculations could also describe 
observed angular distributions for the 10B(d,p)11B 

reaction to the excited states as well as for the 
10B(d,α)8Be reaction [6,7]. 

At very low projectile energies the 
screening of the nuclear charges by surrounding 
electrons enhances the experimental cross sections. 
This effect, important for astrophysical plasmas, 
could be studied for the mirror reactions 
2H(d,p)3H and 2H(d,n)3He [8]. The neutron-proton 
branching ratio of about 1 observed for gas targets 
results from two 1- isospin mixed states in the 
compound nucleus 4He. For deuteron energies 
smaller than 20 keV, we observed [9] a quenching 
of the neutron channel by about 20 % and 
increasing of anisotropy of the angular 
distribution when the reactions preceded in 
metallic Sr or Li environments. The effect could be 
explained by a partial polarization of deuterons in 
the crystal lattice.  

 
Fig.1. Branching ratio 6Li(d,n1)/6Li(d,p1). The dashed lines represent 
theoretical calculations performed within DWBA. The solid line 
include the resonant reaction amplitude additionally. 

 
Fig..2. S-factor and angular distribution coefficients of the 
10B(d,p0)11B reaction. The dashed lines represent the direct reaction 
component only, the solid lines correspond to the coherent 
superposition of direct and resonant (GDR) components. 
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Oak Ridge, Tennessee, USA. 
 
       Discovery  of proton emitting isomer  53mCo 
(1970) and, about ten years later, ground-state 
proton emitters 151Lu and 147Tm marked the 
beginning of the proton radioactivity studies. 
Today more than forty proton emitting ground- 
and isomeric states are known in over thirty 
proton-emitting nuclei,  many of them discovered 
with a substantial Polish contribution.  
      Simple experimental observables like proton 
energy and a partial half-life confronted with 
theoretical modeling allow us to deduce an 
angular momentum of the emitted proton and the 
component of the wave function active in the 
decay process.  For odd-Z even-N nuclei, an  
observation of the proton emission to the first 
excited 2+ state yields the deformation of the 
tunneled potential as well as unveils more 
components of the wave function of these very 
exotic unbound nuclei. 

We perform our studies at the HRIBF at  Oak 
Ridge, USA. Since 1998, 6 new proton emitting 
states, 150mLu, 151mLu, 144,145Tm, 140Ho, 141mHo 
were found,  and  three (145Tm, 141Ho, 141mHo) 
out of 4 known odd-even proton radioactivities 
exhibiting fine structure in proton emission were  
discovered  there (by Karny  et al.). 

At HRIBF,  fusion-evaporation products are 
mass-over-charge selected  and implanted into the 
Double-sided Silicon Strip Detector where energy 
and time are measured for implanted ion and 
emitted proton. The main experimental 
improvement, which allowed the studies of µs-
emitters, was a development of digital signal 
processing. Spectroscopy with programmable 
digital modules (DGFs) allows us to efficiently 
select and count rare decays, at µs lifetimes and 
nano-barn cross section level. Exotic  144Tm has 
the shortest half-life (T1/2=1.9+1.2-0.5(µs) observed 
to date for proton radioactivity, while  proton 
transition from 141mHo to 2+ state in 140Dy has the 
estimated cross section of 4 nb.  

Figure 1 presents the results on  145Tm 
having  second shortest half-life  observed 
(T1/2=3.1(3) µs) in proton emission. The h11/2 

component coupled to the 0+ core configuration is 
responsible for the proton emission to the 0+ 
ground state, while f7/2⊗0+ component governs 
proton emission to the 2+ state in the transitional 
(β2=0.18) 144Er.  

Our latest discovery of the fine structure in 
proton emission from  141mHo  and 141gsHo 
created a challenge for theoretical models. 
Observed four proton energies, two half-lives, 
two 2+/0+ branching ratios and experimentally 
determined β2 deformation  turned out to be  hard 
to reproduce within one nuclear structure model. 
 

Fig. 1. 145Tm wave function components calculated on the basis of the 
observation of the proton emission to the ground 0+ state as well as to 
the first 2+ excited state. 
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Two-proton (2p) radioactivity is  a process, pre-

dicted already in 1960 for medium-mass, even-Z, 
extremely neutron deficient nuclei, in which two 
protons are ejected simultaneously by a nucleus in 
a ground state. Theoretical predictions identified 
a few nuclides like 45Fe, 48Ni, and 54Zn as the best 
candidates for this new decay mode. For many 
years, however, these systems could not be 
reached experimentally. Only the development of 
methods based on projectile fragmentation and 
in-flight identification of selected reaction pro-
ducts allowed for a breakthrough in this field. 

The road to the discovery of the 2p radio-
activity was opened when 3 atoms of 45Fe were 
identified for the first time at GSI Darmstadt 
among the fragmentation products of relativistic 
58Ni beam [1]. Later, at GANIL Caen, also 48Ni 
was sythesized using the same production 
method with lower beam energy [2], and a step 
towards production of 54Zn was made [3]. In these 
pioneering experiments, however, no information 
on decay properties of 2p candidates could be 
obtained. In order to investigate decays of 
selected and identified ions, detection systems 
based on silicon detectors were developed. Ions of 
interest were implanted into a stack of such de-
tectors where their decays could be recorded [4].  

The first information on the decay of 45Fe has 
been obtained in a GSI experiment using the 
implantation method. Ions of interest, produced 
by the fragmentation of 58Ni beam at 650 MeV/u, 
selected by the FRS separator and indentified in-
flight, were stopped into a stack of 8 silicon 
detectors, each 300 µm thick. A special care has 
been taken to provide sensitivity of the set-up to a 
broad range of lifetime values ranging from 
microseconds to milliseconds [5]. Fast-reset 
preamplifiers, specially developed for this 
purpose, and the data acquisition system based on 
digital electronic modules were used [5].  Decays 

of five ions of 45Fe were recorded [6]. Four of them 
were interpreted as the first evidence of the 2p 
 radioactivity. One event was consistent with the 
β+ decay of 45Fe followed by a beta-delayed high- 
energy proton emission. The 2p decay energy was 
estimated to be 1.1 ± 0.1 MeV and the deduced 
half-life of 45Fe was 6.2

0.12.3 +
−  ms [6].  

Similar results were obtained in a independent 
experiment performed at GANIL, where the 58Ni 
beam at 75 MeV/u and the LISE spectrometer 
were used to produce and separate ions of 45Fe 
which were implanted into a double-sided silicon 
strip detector of 300 µm thickness [7]. Out of 22 
identified events of 45Fe, for eight of them a single 
decay energy of 1.14 ± 0.04 MeV was observed in 
agreement with the 2p decay scenario. The 
branching ratio for the 2p decay channel was 
deduced to be 70% - 80% and the half-life was 
measured to be 4.3

4.17.4 +
− ms [7].  

In both experiments only the total decay energy 
and decay time were recorded, so the 2p decay 
interpretation had to be based on theoretical 
arguments [8,9]. A crutial next step in the study of 
2p radioactivity will be a direct observation of this 
process by recording both proton independently. 
Even more important would be the determination 
of angular and energy correlations between 
protons. Only these observables may shed light 
on the mechanism of the 2p radioactivity [10].  
To achieve this goal, a novel type of a detector – 
the gaseous time projection chamber with optical 
readout is being developed at Institute of 
Experimental Physics, Warsaw University [11]. 
The combination of imaging by means of a digital 
camera with the dift-time profile of ionisation 
electrons will allow the reconstruction of the 
charged particles tracks in three dimensions [12].
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  Many-body nuclear Hamiltonian does not 
describe just one nucleus (N, Z), but all nuclei that 
can exist. In this sense, a nucleus is never isolated 
(closed) but `communicates’ with other systems 
through decays and captures. If the continuum 
space is not considered, this communication is not 
allowed: the system is closed.  

The nuclear shell model (SM) is the 
cornerstone of our understanding of nuclei. SM, 
in its standard realization, assumes than the 
many-nucleon sys-tem is perfectly isolated from 
an external environment of scattering states and 
decay channels. That is, within the standard SM 
the nucleus is viewed as a closed quantum system 
(CQS). However, weakly bound or unbound 
nuclear states obviously cannot be treated in a 
CQS framework. The theoretical description of 
strongly correlated open quantum systems (OQS) 
requires the rigorous treatment of both: many-
body correlations, and the continuum of positive 
energy states and decay channels. Solution of this 
challenging nuclear OQS many-body problem has 
been advanced recently through a new-generation 
continuum SM approaches, including shell model 
embedded in the continuum (SMEC) (Hilbert 
space formulation) and Gamow shell model 
(GSM) (the rigged Hilbert space formulation). 

Properties of unbound states lying above 
the particle (or cluster) threshold directly impact 
the continuum structure. Coupling to the particle 
continuum is also important for weakly bound 
states, such as `halos’. The generic mechanism of 
alignment of bound and unbound near-threshold 
states with the decay channel explains the 
appearance of cluster structures close to their 
cluster decay thresholds. A unified description of 
nuclear structure and nuclear reaction aspects 
became possible only recently in the framework of 
the SMEC [1-3]. The SMEC has been applied for 
the description of spectra and reactions involving 
one particle in the scattering continuum, like the 
(p, p’) reaction, the nucleon radiative capture 
reactions [1-5], the Coulomb dissociation reaction 
[6], or the first forbidden β-decay [7]. Further 
applications of the SMEC with one-particle 
continuum involved the study of binding 
systematics of neutron-rich nuclei in sd shell [8], 
and the statistical aspects of the continuum 
coupling for states in 24Mg [9]. The generalization 

of SMEC to the two-particle continuum allowed 
to formulate a microscopic theory of the two-
proton decay [10-11].  

The GSM [12-15] is the first multi-
configurational SM approach for OQS with no 
restriction on number of particles in the 
continuum. In the roots of GSM lies the Berggren 
one body completeness relation [Nucl. Phys. 
A109, 265 (1968)] that provides mathematical 
foundation for unifying bound and unbound 
states. The fundamental difference between GSM 
and a real-energy SM is that the many-body 
resonant states of the GSM are embedded in the 
background of scattering eigenstates. The 
principal limitation of GSM applications is the 
explosive growth in the number of configurations 
because for each resonant single particle state in 
the Berggren ensemble one should include a large 
set of discrete non-resonant continuum states. All 
these states become new active shells in the many-
body framework of GSM and, because of their 
presence, the dimension of the many-body Fock 
space grows extremely fast. This crucial problem 
for GSM has been solved recently by generalizing 
the density-matrix renormalization group method 
for OQSs [16]. 

The GSM has been applied for the 
description of spectra of weakly-bound or 
unbound nuclei in p and sd shells [12-15]. These 
studies have demonstrated that nucleon-nucleon 
correlations in weakly bound or unbound states, 
as probed by spectroscopic factors, can be 
significantly different from SM predictions (CQS 
description) and may even exhibit a non-
analytical behavior at the particle threshold [17]. 
This phenomenon, resembling a quantum phase 
transition, shares many features of the near-
threshold behavior of scattering cross sections, 
first noted by Wigner [Phys. Rev. 73, 1002 (1948)]. 
The GSM provides first explanation of the Wigner 
cusp phenomenon and multi-channel coupling 
effects in the vicinity of particle emission 
threshold(s) within a microscopic many-body 
approach based on many-fermion interaction. 
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  The 3N system is the first nontrivial case 
to test the nucleonic Hamiltonian. Traditionally it 
is taken in a nonrelativistic form with realistic NN 
forces, which are adjusted to the NN data. We use 
the most modern NN forces AV18, CD Bonn, and 
Nijmegen I and II, which are very well tuned to 
the NN data base up to about 350 MeV. In general 
such  a Hamiltonian gives a quite good 
description for 3N scattering observables and the 
predictions show stability against exchanges of 
modern NN forces [1]. In the calculations with the 
TM three-nucleon force (3NF) we adjust the form 
factor parameter in that force together with each 
of the NN forces to the triton binding energy. 
These Hamiltonians are then used to provide 
estimates for 3NF effects in the 3N continuum. 
  A complete overview of our results and 
their comparison to many data is shown in [2-4]. 
For the total nd cross section up to about En=100 
MeV there is a nice agreement of the pure 2N 
force predictions and the data [5,6]. A discrepancy 
develops at higher energies and calculations 
underestimate the data by about 11% at 300 MeV. 
The effect of the TM 3NF enhances the total nd 
cross section at the higher energies only by  about 
4%. The elastic Nd scattering is quite well 
described with NN forces only at lower energies 
but there develops a strong discrepancy, starting 
at about 30 MeV, in the minimum of angular 
distribution. It is very probably caused by 3NF 
effects, which fill this minimum [7]. This 
expectation is supported by recent precise data 
[8,9] (see Fig.1). The nucleon analyzing power Ay  

in low energy elastic Nd scattering poses a still 
unsolved puzzle [10]. There are, however, still 
doubts whether the 3PJ NN force components, on 
which Ay is extremely sensitive, have been 
constrained sufficiently well by the NN data basis 
[10]. Present day 3N forces have insignificant 
effects at those low energies. If a 3NF would be 
responsible for the low energy Ay puzzle it must 
be of different structure than the TM 3NF. It may 
turn out that 3NF derived in the framework of 
chiral perturbation theory will provide solution to 
that puzzle [11-13].  
  New precise pd polarization data taken at 
higher energies opened recently a new region to 

test the 3N Hamiltonian and the properties of a 
3NF. At those energies large 3NF effects, as given 
by the 2π-exchange TM model, are predicted for 
some observables. For some of them a 
discrepancies between pure NN force predictions 
and data have been found. Adding the 3NF leads 
to a better description of data for deuteron vector 
analyzing power and some spin correlation 
coefficients [14]. However, for the proton 
analyzing power the effects predicted by the TM 
3NF are too large indicating a failure of the TM 
3NF [15]. Also for polarization observables in the 
breakup process at higher energy large 3NF 
effects are predicted in some kinematical 
configurations. Tests of them require a precise 
data basis. Recently a rich data set was provided 
which allows to draw first conclusions on 
importance of 3NF in breakup reaction [16].  
  We started to apply two- and many-
nucleon forces derived in the chiral effective field 
theory approach [17-19]. This will allow to 
analyze 3N continuum reactions with consistent 
nucleonic Hamiltonian a good knowledge and a 
well founded understanding  of which is the 
prerequisite to theoretical analysis of electroweak 
processes with three participating nucleons. 
 

 
Fig.1. The Nd elastic scattering cross section at Ed=270 MeV. The data 
(circles) are from [9]. The curves and bands, described in [9], show 
results of calculations with different dynamical models. 
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RELATIVISTIC EFFECTS IN THREE-NUCLEON CONTINUUM 
 

J.Golak, R. Skibiński, H. Witała 
M. Smoluchowski Institute of Physics, Jagiellonian University, Kraków 

 
     The high precision nucleon-nucleon (NN) 
potentials which describe very well the NN data 
set up to about 350 MeV, like e.g. AV18 and CD 
Bonn form  a very firm basis for a study of three-
nucleon (3N) reactions. With increasing amount of 
precise 3N elastic scattering data it turned out, 
that nonrelativistic description based on pairwise 
forces only is insufficient to explain the data at 
higher energies of the 3N system. Moreover, the 
inclusion of three nucleon forces (3NF) only 
partially removes discrepancy between data and 
theoretical predictions. This can be to some extent 
attributed to missing structures in modern models 
of 3NF’s but relativistic effects may be also 
important.  
To study the latter we introduced [1] the 
Hamiltonian scheme in equal time formulation 
and applied it to elastic nucleon-deuteron (Nd) 
scattering [2-4] as well as to deuteron breakup 
[5,6], taking as a starting point the Lorentz 
boosted NN potential which generates the NN t-
matrix in a moving frame via a modified 
Lippmann-Schwinger equation. The NN potential 
in an arbitrary moving frame is based on the 
interaction in the two-nucleon c.m. system, which 
enters a relativistic NN Schrödinger or Lippmann-
Schwinger equation. We constructed the 
relativistic two nucleon (2N) potential by 
performing an analytical scale transformation of 
momenta, which relates NN potentials in the 
nonrelativistic and relativistic Schrödinger 
equations in such a way, that exactly the same NN 
phase shifts are obtained by both equations. In our 
study [2] we also looked for changes in elastic Nd 
scattering observables when the nonrelativistic 
form of the kinetic energy was replaced by the 
relativistic one and a proper treatment of boost 
effects and Wigner rotations of spin states was 
included. It turned out, that the effects of spin 
rotations in the studied energy range up to 250 
MeV were practically negligible for elastic 
scattering cross sections and analyzing powers. 
The relativistic effects for the elastic scattering  
cross section were significant only at higher 
energies and restricted to the very backward 
angles, where relativity increased the 
nonrelativistic cross section. The decisive role was 
played by the boost effects which reduced the 
transition matrix elements at higher energies and 
led, in spite of the increased elastic scattering 
relativistic phase-space factor as compared to the 

nonrelativistic one, to rather small effects in the 
cross section [3]. 
Investigation of polarized observables in elastic 
Nd scattering shows that existing discrepancies 
between data and nonrelativistic predictions 
based on NN+3NF interactions cannot be 
removed by adding relativistic effects coming 
from kinematics and boost corrections to the 
employed NN ineraction [2,4].   
    For exclusive deuteron breakup at incoming 
nucleon lab. energy 65 MeV and 200 MeV we 
performed [6] a search  for magnitudes and signs 
of relativistic effects on the breakup cross sections 
over the relevant parts of the breakup phase-
space. We found, that depending on the phase-
space region relativity can decrease as well as 
increase the nonrelativistic cross section. The 
magnitude of the   effects rises with the incoming 
nucleon energy. While at 65 MeV the effects are 
rather moderate (up to 20%), at 200 MeV they can 
change the nonrelativistic cross section even by a 
factor of  2. Comparison to existing data (see Fig.1) 
seems to support this finding. At 65 MeV the 
inclusion of relativity can explain some 
discrepancies found in the past between theory 
and data.  
      Summarizing, our formalism allows us to 
estimate relativistic effects on the observables for 
3N processes. Since higher energies seem to be 
more favorable to study properties of 3N forces, 
inclusion of relativistic effects is an important step 
in studies of that force component.   

 
 
Fig.  1. The symbols show experimental five-fold cross section for the 
d(n,np)n reaction at En=200 MeV for configuration given in [6]. The 
solid line is for relativistic predictions and dotted and dashed lines are 
for nonrelativistic ones without and with 3NF, respectively [6] . 
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ELECTRON AND PHOTON SCATTERING ON THREE-NUCLEON 
BOUND STATES 

 
J.Golak, R. Skibiński, H. Witała 

M. Smoluchowski Institute of Physics, Jagiellonian University, Kraków 
 

  The interaction of photons with charged 
particles is relatively weak and can be treated 
perturbatively. This opens the possibility to probe 
the complicated dynamics of the nuclear systems. 
Electron and photon facilities, like the Thomas 
Jefferson National Accelerator Facility (JLab), the 
Mainz Microtron (MAMI) or The High Intensity 
Gamma-Ray Source (HIGS) are used to 
investigate nuclei and nucleons themselves. 
  Few-nucleon studies are a central part in 
the physics program of these facilities because the 
lightest nuclei and reactions with few nucleons 
can be treated rigorously. Especially three-ucleon 
(3N) systems are an excellent test ground for our 
understanding of nuclear forces. Exact 
nonrelativistic calculations are available both for 
the ground states of 3He and 3H (see Phys. Rev. 
C67, 034004 (2003)) and the 3N continuum [1]. In 
the Faddeev framework a few modern high-
precision nucleon-nucleon (NN) realistic 
potentials have been employed. Also calculations 
combining different NN and 3N force models 
have been recently performed [1-4]. Although 
further investigations in the pure 3N system are 
necessary to establish the final form of the 3N 
Hamiltonian, it is mandatory to use already now 
the existing formalism and study electromagnetic 
processes with three nucleons. 
  In electron scattering on 3He which we 
study below the pion production threshold, one 
can fix the spin orientations of the electron and of 
the 3He nucleus in the initial state before the 
reaction takes place, which leads to the so-called 
spin-dependent electron helicity asymmetries. 
These observables are useful for studying the 
neutron structure because the ground state of 
polarized 3He is dominated by a spatially 
symmetric configuration in which the proton 
spins cancel and the spin of the 3He nucleus is 
carried by the unpaired neutron.Thus electron 
scattering on polarized 3He is very similar to 
electron scattering on a polarized neutron. This is 
of great importance because of the lack of free 
neutron targets. Until recently, most data on the 
neutron electromagnetic form factors had been 
deduced from elastic and quasi-elastic electron-
deuteron scattering. Our theoretical contribution 
made it possible to extract equivalent information 
about the magnetic and electric neutron form 
factors through inclusive or semi-inclusive 

electron scattering on 3He [5-7]. We could quite 
independently verify the data on fundamental 
neutron properties.  
  Within our theoretical framework it is 
also possible to ask very detailed questions about 
the properties of light nuclei. We have 
investigated for example nucleon-nucleon 
correlations [8], spin dependent momentum 
distributions [9] and proton polarizations in 
polarized 3He [10]. Our results show that final 
state interactions among the three outgoing 
nucleons, meson exchange currents and three-
nucleon forces play generally an important role 
and that previously used approximations are not 
justified. Similar conclusions can also be drawn 
from our theoretical description of photon 
scattering on 3He and 3H. We have studied the 
total photoabsorption cross sections [11] as well as 
two- and three-body exclusive and semi-exclusive 
disintegration reactions [12-14]. Nucleon-deuteron 
capture, closely related (via time reversal) to two-
body disintegration of 3H has been recently 
studied with potentials derived within the 
framework of chiral effective field theory [15]. 
Detailed information about electron and photon 
scattering on 3He and 3H can be found in our 
recent review paper [16]. 

 

 
Fig. 1. The parallel asymmetry AT’ as a function of the energy 
transfer ω. The data are from [5]. The curves, described in [16], show 
results of calculations with different dynamical models.
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Experimental facility: PSI, Villigen, Switzerland; KVI Groningen, The Netherlands 
 
 Few nucleon systems are fundamental 
laboratories to study nuclear interaction. Among 
them, the systems composed of three nucleons 
(3N) are the simplest non-trivial environment to 
explore details of the nucleon-nucleon (NN) 
interaction models and to study effects of 
additional dynamics, the so-called three nucleon 
force (3NF). The deuteron-proton breakup 
process, with its continuum of the 3N final states, 
provides very rich testing ground for modern 
theoretical predictions, obtained via exact 
solutions of the Faddeev equations. Physical input 
to the predictions are e.g. the realistic NN 
potentials combined with model 3NF, the 2- and 
3-nucleon interactions obtained by an explicit 
treatment of the ∆−isobar excitation within the 
coupled-channel framework or forces obtained 
via Chiral Perturbation Theory methods. 
 Precise measurements of the breakup 
process are experimentally very demanding. 
Usually, like in our early studies performed at PSI 
at 65 MeV proton beam energy, the experiments 
provided data confined to just a few specific 
kinematical configurations. Our new approach to 
the breakup research assumed simultaneous 
measurement over a large part of the phase space 
by using high acceptance position-sensitive 
detection system. Measurements of the 1H(d,pp)n 
reaction were carried out at KVI at 130 MeV beam 
energy. With the use of polarized deuteron beam 
cross sections, vector and tensor analyzing 
powers were measured in a wide range of proton 
angles. Data collected simultaneously for the 
elastic scattering were used for normalization and 
determination of the beam polarization. 
 Cross section values were extracted for 
about 80 kinematical configurations, defined by 
polar angles of the two outgoing protons, θ1,  θ2, 
and their relative azimuthal angle φ12. , and 
presented as functions of the arc-length variable S, 
giving in total over 1700 experimental points. 
These results allowed to conclude on importance 
of the 3NF effects for the breakup reaction – only 
inclusion of this additional dynamics in the 

calculations leads generally to a better description 
of the cross sections (see figure 1, left panel). 
 In the kinematical region of small proton 
polar angles significant discrepancies between the 
measured and predicted cross sections were 
observed. This has been attributed to the fact that 
at a small relative energy of the two protons 
Coulomb interaction plays an important role, 
while the calculations are valid for nd system. 
Only recently Coulomb force was successfully 
included in the coupled-channel calculations. 
Importance of this progress for a correct 
description of the breakup reaction is 
demonstrated in figure 1, right panel. The studies 
on few-nucleon system dynamics are continued 
on both, experimental and theoretical, frontiers. 
 

 
Fig. 1. Breakup cross sections for two kinematical configurations, 
specified in the panels. Left: Data compared to predictions based on 
realistic NN potentials only (blue band) and on the same forces 
combined with a 3NF model (magenta band). Righ: Data compared 
to the coupled channel calculations without (dashed line) and with 
(solid line) Coulomb force. 
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A SEARCH  FOR MAJORANA NEUTRINO  
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Experimental facility: β – Beam  project at CERN 
 

The recent discovery of neutrino 
oscillations implies that there is a non-vanishing 
difference between masses of neutrinos of 
different kind. This means that at least one of the 
neutrinos has a finite rest mass and  thus it is not 
fully  left-handed. The  right helicity component is 
expected to be of the  mν/Eν order.  A related 
challenge is to determine this mass value  and 
here the nuclear physics may be of use.  Another 
challenge comes from the old idea of Majorana  
that neutrino is identical to its charge conjugate.  
This assumption  
requires violation of the lepton number.  As the 
weak currents are predominantly left handed the 
experiments which could detect  Majorana type   
neutrinos are  hindered by small (mν/ Eν)2  factor.  
At present,  the perspective experiment of this 
type  is the  neutrino-less double beta decay, 0νββ.  
Neutrino produced in a nuclear decay of one 
neutron may be absorbed in the decay of another 
neutron. The nucleus thus undergoes the 0νβ-β- 
transformation 
                              −− +++→ eeZAZA )2,(),(                                                           
There have been several attempts at observing the 
0νβ-β-. They resulted in the limiting values of the 
life-times of the potential emitters. These in turn 
can be interpreted in terms of the upper limits of 
mVe. The interpretation requires the knowledge of 
the nuclear matrix elements. It is also model 
dependent, as it requires, e.g., some assumptions 
about the right handed current. Still, even with 
these constraints, the 0νββ decay provides at 
present the most sensitive measure of the electron 
neutrino mass more so than the measurement of 
the end point of the β- spectrum from tritium 
decay .  
 
As an alternative it was  proposed  to study the 
inverse  process [1],  the radiative  neutrino-less 
double electron capture 0ν2ECγ.  The associated 
monoenergetic  photon provides a convenient 
experimental signature.   Other advantages are  
the favourable ratio of the  0ν2ECγ to the  basic   
2ν2 ECγ capture rates as oposed to that of  0νβ-β-  
,2νβ-β-   and, very importantly,  the existence of 
the coincidence trigger  to suppress the random 
background.   These advantages partly offset the 
expected longer lifetimes  of the  0 2ECγ process.  

Chances for this process were calculated and high 
Z atoms are strongly favored.  Several available 
targets offer the capture rates of the order  
of  10-28/year [2,3].   
 
A resonance enhancement of the capture rates is 
predicted at small energy release ∆E  comparable 
to the  2P-1S atomic level difference.   Away from 
the resonance the rates depend only slowly on ∆E 
in strong contrast with the  0νββ decays.  This 
makes studies of decays to excited states in  final 
nuclei feasible,  enhancing  chances of locating the  
resonances.   Candidates for such studies were 
found.   The experimental feasibility is estimated 
and found  highly encouraging [3].  In some cases 
the resonant conditions  may be met to the 
precision of 1 KeV.  Those cases require  very 
precise atomic  mass measurements to be 
performed [4].  These pose also an interesting 
atomic problem  related to the time structure of 
the process and the relaxation time for the final 
two hole atomic states.  In some targets  the 
capture rates rise to 10 -25/year.  All together the 
double neutrino-less electron capture may become  
a viable alternative to the neutrino-less double 
beta decay.  The stage of experimenting is 
expected to be materialized when the possibilities 
of  0νββ process are  exploited and put under 
control.  
 
New experimental facilities  producing fast 
neutrino emitters are planned at CERN – the beta 
beams.  Chances  to produce and detect Majorana 
neutrino were calculated [5].  Such a chance  is of 
the order  (mν/ Eν)2  in the system where the 
emitter is at rest .   It  may be much higher in the 
laboratory  frame  if  the emitter is very fast.  That 
is due to the effect  of helicity flip generated by 
the Lorentz transformation.  It  is  found to be 
very strong for the neutrino  emission in the 
backward direction with respect to the beam. 
Chances  for a real experiment are evaluated  [5,6]  
and the best emitters  are looked after [7].   These  
should be long lived and, if possible, produce 
neutrinos of small  Eν. 
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   The Random Phase Approximation (RPA), since 
its origin in the late fifties and early sixties, has 
become a very powerful tool for studying the 
nuclear structure. In particular, the quasiparticle 
version of the theory (the Quasiparticle Random 
Phase Approximation -- QRPA) has been 
successfully applied to the nuclei far from the 
closed shells, and consequently extended as the 
proton--neutron QRPA (pnQRPA) to the 
description of charge-changing transitions in 
nuclei.  Among those transitions, the double-beta 
decay draws very much attention, since its proper 
description at the nuclear level allows (and is 
necessary) to understand such phenomena as the 
origin and value of the neutrino mass, the 
existence of right-handed gauge bosons and other 
fundamentals of the Standard Model. 
   The main drawback in the formulation of the 
QRPA theory, however, is the violation of the 
Pauli exclusion principle, connected with the 
usage of bosonic commutation relations for the 
QRPA phonon operators, that are in fact collective 
pairs of fermions. To overcome this shortcoming 
of the QRPA framework, the renormalization 
technique has been proposed and extended to 
include proton--neutron pairing. This approach 
has been based on the early works by Rowe, Hara, 
Ikeda, and Schuck and Ethofer in the context of 
RPA and QRPA. The main goal of the method, 
called in the literature the renormalized QRPA 
(RQRPA), is to take into account additional one-
quasiparticle scattering terms in the commutation 
relations by a self-iteration of the QRPA equation. 
   Recently, we have developed and presented an 
extension to the RQRPA formalism [1-13], that 
tries to solve the problem of non-vanishing quasi-
particle content of the ground state that in turn 
introduces some inconsistency between RQRPA 
and the BCS approach. Our method, called the 
self-consistent RQRPA (SRQRPA), is based on the 
reformulation of the BCS equations and further 
reiteration of the BCS+RQRPA calculation 
scheme. This formalism has been successfully 
applied to the two-neutrino double-beta decay of 
medium-heavy nuclei (100<A≤150) [1,4-11, 
14,15,16], as well as to the neutrinoless mode for 

the following emitters: 48Ca, 76Ge, 82Se, 96Zr, 100Mo, 
116Cd, 128Te, 130Te, 150Nd [12-14,16]. 
   The comparison between the QRPA, the 
RQRPA, and the SRQRPA results  shows the main 
features of the extended versions of the theory: 
the inclusion of the ground-state correlations 
beyond QRPA is not only improving the 
agreement between theoretical calculations and 
experimental data but also causes the stabilization 
of the dependence of the two-neutrino decay 
matrix element M2ν

GT as a function of the particle-
particle strength gpp. Moreover, the iteration 
procedure for quasiparticle densities, which 
causes the treating of RQRPA and BCS on the 
same footing, stabilizes the results even further. 
This behaviour can be explained by the 
suppression of ground-state correlations in the 
RQRPA and the SRQRPA methods. As a 
summary, in the Fig. 1 we compare the range of 
results, that can be obtained from all three 
approaches and the available experimental data. 
Our studies show as well, that both QRPA and the 
SRQRPA reproduce the experimental data quite 
nicely for gpp≈1.0, whereas the RQRPA fails and 
needs much higher (and rather unphysical) value 
of this parameter to get close to the experiment. 
This effect is probably due to lack of internal 
consistency in the RQRPA approach. 
 

 
Fig. 1. Range of the Gamow-Teller matrix elements values, 
calculated using three different QRPA approaches (vertical bars) and 
compared with the available experimental data (points with error 
bars). The open symbols show the calculated values for gph=gpp=1.0 
(from Ref. [15]). 
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   Recent experimental evidence of neutrino 
oscillations, thus non-zero mass of these particles, 
gave strong backup for building extensions of the 
Standard Model. One of the most promising 
candidate is the Minimal Supersymmetric 
Standard Model (MSSM) in which all the gauge 
couplings unify at some scale mGUT≈1016 GeV. As 
is well known, extrapolations of data from the 
LEP measurements suggest such behavior. 
However, supersymmetric (SUSY) particles have 
not been observed in experiments, so 
supersymmetry has to be broken in the low-
energy regime. The issue how this breaking is 
realized is the least understood question of the 
theory. The most widely studied version of SUSY 
accidentally conserves the so-called R parity 
defined as R = (-1) 2S+3B+L, where B and L are the 
baryon and lepton numbers, and S is the spin of 
corresponding particle. Considering, however, the 
more general case, in which R parity is broken, 
processes which do violate lepton or baryon 
number are expected -  among them, the sought in 
many experiments neutrinoless mode of the 
double beta decay (0νββ). 
   One of the most popular models discussed in 
literature is the supergravity mediated SUSY 
breaking (SUGRA MSSM models). The soft 
breaking terms are generated in these models at 
mGUT, or even the Planck scale, and then 
transmitted to the low-energy sector by 
gravitational interactions. However, there is a 
problem related to the flavor symmetry, which, 
due to high energies and radiative corrections, is 
permanently broken. It is therefore desirable to 
lower the scale of SUSY breaking. It is achieved in 
the so-called gauge mediated supersymmetry 
breaking (GMSB), which has recently attracted a 
great deal of attention. In GMSB models 
supersymmetry breaking is transmitted to the 
superpartners of quarks, leptons, and gauge 
bosons via the usual SU(3)×SU(2)×U(1) gauge 
interactions and occurs at the scale mSUSY≈105 

GeV, so there is no problem with the flavor 
symmetry. 
   Neither SUSY nor 0νββ decay has been 
observed, but extensive experimental search of 
the latter resulted in lower bounds on the half-life 
of this exotic process for different nuclei. The 
description of 0νββ decay within non-standard 
models involve many uknown parameters, like 
mass scales, masses of new particles, and coupling 
constants of exotic interactions. The experimental 
bounds can be used to formulate constraints on 
these parameters. Such investigation has been 
done in the framework of the MSSM model with 
broken R parity, with SUSY breaking realized 
through the SUGRA [1,2,4,6,11] and GMSB [3,5,8] 
mechanisms. An example of upper bounds on a 
non-standard coupling constant λ'111  is presented 
in Fig. 1. 

 
 
 
Fig. 1. Limits on the coupling constant λ'111 as the function of the 
GMSB scale Λ, coming from experimental lower bounds on the half-
life of 0νββ decay in different nuclei. The corresponding nuclear 
matrix elements have been calculated  using pn-RQRPA method and 
the bag model (from Ref. [8]). 
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Nuclear reactions at sub-barrier energies play 
extremely important role in Nature, being respon-
sible for the very existence of the stars, their evo-
lution and many aspects of the origin of elements. 
One of the most important classes of sub-barrier 
reactions is fusion. It turns out that connection 
between nuclear reaction mechanism and structure 
of the interacting nuclei exists and manifests itself 
in strong enhancement of fusion cross-sections at 
sub-barrier energies. It can be understood as the 
result of couplings between various reaction 
channels: elastic and inelastic scattering, transfer 
reactions, break-up and fusion. Experiments point 
to the presence of the barriers of various heights in 
the same projectile– target system, giving rise to 
the barrier height distributions. 

It was demonstrated that the barrier distribu-
tions could be extracted from the sum of the cross-
sections of all quasielastic reactions (elastic and 
inelastic scattering and the transfer reactions) us-
ing the cyclotron beams [1]. Since 5 years we are 
using this method for studying interaction of 
20,22Ne with various targets (natNi, 90,92Zr, 112,116,118Sn, 
208Pb). 

The 20Ne nucleus was chosen for these studies 
because of its remarkable properties: its β2 and β4 

ground state deformations are enormous, namely 
0.46 and 0.27.  Due to this, calculations performed 
by means of the coupled channels method predict 
in the 20Ne + Sn case the strongly structured 
barrier distribution. However, the experimental 
distribution turned out [2,3] to be completely 
smooth, of the Gaussian-like shape (fig.1, upper 
left panel). Suspicions, that smoothing of the bar-
rier distribution was caused by the strong α parti-
cle transfer and break-up channels (due to the 
strongly clustered 20Ne nucleus) were falsified [4] 
by replacing the projectile by 22Ne. This replace-
ment resulted in considerable (by the factor of 6) 
decreasing of the α transfer probability without, 
however, significant changing of the barrier dis-
tribution (the lower left panel of Fig. 1). 

On the other hand, using the same experimental 
method, the clear structure was observed for the 
20Ne projectile, when the Sn target was replaced by 
the natNi one (right panels) [5]. The structure has 
been observed also for the 90Zr target, while it was 
lacking in the case of 92Zr [6]. 

It seems that the reason of structure 
smoothing, observed in the case of Ne + Sn, 92Zr 
systems, is due to the strong neutron transfer 
channels. This would point to the limits of the 
present version of the Coupled Channels method, 
consisting in assuming that only the collective 
channels have to be taken explicitly into account in 
the calculations. Usually the other reaction chan-
nels, being considered as the “weak” ones, are 
treated by including them into the imaginary 
Optical Model Potential. The hypothesis is pres-
ently undergoing experimental and theoretical 
testing. 
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Fig.1. Comparison of calculated and experimental quasi-elastic barrier 
distributions. The dashed curves were calculated without taking into 
account any couplings. The blue lines show calculated results 
assuming the coupling parameters taken from the literature. 



 

120 

[1] E. Piasecki, M. Kowalczyk, K. Piasecki, Ł. Świderski, J. Srebrny, M. Witecki, F. Carstoiu, W. Czarnacki, 
     K. Rusek, J. Iwanicki, J. Jastrzębski, M. Kisieliński, A. Kordyasz, A. Stolarz, J. Tys, T.Krogulski,   
     N.Rowley, Phys. Rev. C 65, 054611 (2002) 
 
[2] E.Piasecki, Ł. Świderski, M. Witecki, Acta Phys. Pol. 33, 397 (2002)  
 
[3] Ł.Świderski, P. Czosnyka, M. Kowalczyk, E. Piasecki, K. Piasecki, M. Witecki, J. Jastrzębski, A.  
    Kordyasz,  M. Kisieliński, T. Krogulski, N. Rowley, C. Marchetta, A. Pagano, M. Mutterer, W. H.  
    Trzaska, K. Hagino, Int. Journ. of  Modern Phys. E, 13, 315 (2004)  

 
[4] E. Piasecki, Ł.Świderski, P. Czosnyka, M. Kowalczyk, K. Piasecki, M. Witecki, T. Czosnyka,  
     J. Jastrzębski, A. Kordyasz, M. Kisieliński, T Krogulski, M. Mutterer, S. Khlebnikov, W.H. Trzaska,  
     K. Hagino, N.Rowley, Phys. Lett. B 615 (2005) 55 
 
[5] Ł. Świderski, E. Piasecki, P. Czosnyka, T. Krogulski and N. Rowley, Intl. Journ. Mod. Phys. E 14, 341 
     (2005)  
 
[6] E.Piasecki, Ł. Świderski, K.Rusek, M.Kisieliński, J.Jastrzębski, A.Kordyasz, M.Kowalczyk,  
     M.Mutterer, T.Krogulski, K.Piasecki, P.Russotto, A.M.Stefanini, N.Rowley,   
     Intl. Journ. Mod. Phys. 16 (2007) 502 
 



 

121 

NUCLEAR OPTICAL POTENTIAL FROM LIGHT-PARTICLE TRANSFER 
REACTIONS 

 
A.  Budzanowski1 , J. Choiński2, B. Czech1, T. Czosnyka2, L. Głowacka3, S. Kliczewski1, 

K. Rusek4, R. Siudak1, I. Skwirczyńska1 
1H. Niewodniczański Institute of Nuclear Physics PAN, Kraków 

2Heavy Ion Laboratory, Warsaw University, Warszawa 
3Military University of Technology, Warszawa 

4A. Sołtan Institute for Nuclear Studies, Warszawa 
 

Experimental facility: Warsaw Cyclotron 
 
   Interaction of the two colliding nuclei can be 
reduced to the Optical Model (OM) potential, 
which is complex and energy dependent. The 
dependence of this OM potential on energy is  
especially strong in the vicinity of the Coulomb 
barrier. It is related to the fact that in this energy 
region many reactions channels are opened, so the 
absorptive imaginary part of the OM potential, 
responsible for the removal of the scattered nuclei 
from the elastic channel, changes from value 
negligibly smaller than the Coulomb barrier to 
some tens of MeV above it. Like in optics, the 
refraction and absorption are related, and change 
of the imaginary part generates a sudden increase 
of the real part of OM potential at the barrier. 
   All  models of the direct nuclear reactions are 
based on Optical Model. Thus, in order to 
describe different nuclear reactions one has to 
know rather precisely the OM potential for the 
pair of interacting nuclei. This knowledge is 
especially important in modern nuclear physics 
that is oriented for investigations of weakly 
bound, radioactive, nuclei as they have to be  
produced in different nuclear processes.  
    In the recent years we have performed many 
experiments with stable nuclei looking at the 
reactions that lead to exotic nuclei in the exit 
channel. Changing the energy, we could 
investigate the energy dependence of the OM 
potential in this channel [1-3,5,7-8]. An example is 
shown in Fig. 1. The unbound nuclei 8Be were 
produced in the α- and triton-transfer recations 
induced by 11B beam on 12C target. The beam was 
delivered by Warsaw Cyclotron and the reaction 
products were measured by charged particles 
telescopes consisting of gas-filled ionization 
counters and silicon detectors, mounted in the 
scattering chamber “Syrena”. The data were 
analysed by means of coupled-reaction-channel 
model, with the OM potential in the entrance 11Be 
+ 12C  channel adopted from our previous studies. 
The values of 8Be+15N OM potential, extracted 
from the analysis,  are compared with the 
potential for 8Be+13C found by us previously 
(Fig.1 ).  

   We have also studied the effect of coupling 
between different nuclear processes. In particular 
we have investigated excitation of 14C to a few 
low-lying states and its effect on 11B + 14C elastic 
scattering as well as single-particle and collective 
nature of those excited states [4,6]. One of the 
interesting findings was the large radius of the 
wave function of the 1-, 6.094 MeV excited state, 
suggesting its neutron- halo nature. 
 

 
 
Fig. 1. Energy dependence of the OM potential parameters for the 
8Be+13C (open triangles and dashed curves) and for 8Be+15N (filled 
circles and solid curves), ref. [7].  
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     Physics of weakly bound nuclei shows how 
strongly nuclear reactions are related with nuclear 
structure studies. A small energy separation 
between the ground state and the unbound states 
from the continuum makes the couplings between 
them very probable. Thus, even such a simple 
process like elastic scattering can be strongly 
affected by virtual excitations of a weakly bound 
nucleus to its resonant and nonresonant unbound 
states.  
    From the experiments with polarized and 
unpolarized 6,7Li beams we have learnt that the 
properties of these weakly bound nuclei, like 
deformation of the ground state,  energy of the 
breakup threshold or the structure of the bound 
and unbound states, have an influence on induced 
nuclear reactions [1-7,14-16,22]. These properties 
can be also directly related to some of the 
observables, like the analysing powers of different 
rank. 
   Presently, one can profit from the experience 
gained with stable beams, studing the properties 
of exotic radioactive nuclei by means of nuclear 
reactions. For example, the dipole polarizability of  
neutron-rich helium isotope, 6He (dipole 
couplings between the ground state and the states 
from the continuum) can by studied by means of 
elastic scattering of this nucleus from a heavy 
target [8-11,13,19,21]. At energies close to the 
Coulomb barrier the dipole couplings generate a 
long range absorption that suppresses the 
Coulomb rainbow in the elastic scattering angular 
distribution (Fig. 1).  
   From the comparison of the model calculations 
with experimental data one can also draw some  
conclusions about the cluster structure of 6He. The 
calculations presented in Fig. 1 by the solid blue 
curves were performed assuming a simple two-
body dineutron (α+2n) model of this nucleus. 
Good agreement of the calculated curves and 
experimental data suggests that the most relevant 
internal degree of freedom is the coordinate 
between the alpha particle and the centre of mass 
of the two neutrons. The dineutron model takes 
into account explicitly the excitation of this degree 
of freedom that occurs during the collision of 6He 
with the target nucleus. This aspect of the internal 
structure of 6He seems sufficient to obtain 
satisfactory description of the elastic scattering 
data. 

   Our studies have also shown that apart of the 
couplings with the continuum,  neutron transfer 
reactions play an important role in the interaction 
of exotic, neutron-rich nuclei [17,20].  It was 
shown that the large fission yield observed for 
6He + 238U below the Coulomb barrier is due to 
two-neutron transfer reaction rather than fusion 
of these nuclei [18]. A large number of alpha-
particles detected at backward scattering angles 
for 6He + 208Pb could also be attributed to the two-
neutron transfer reaction to unbound states of the 
final nucleus. 

 
Fig. 1. Effect of couplings to the  α+2n continuum on the 6He + 
197Au elastic scattering at the three energies, in the vicinity of the 
Coulomb barrier. The dashed curves show optical model calculations 
(no couplings) while the solid blue curves the results of coupled-
channel calculations with these couplings included[21]. 
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During last years we performed some 
experimental study of neutron-induced reactions 
as well as theoretical calculations of neutron 
resonance parameters of interest to basic nuclear 
physics, nuclear astrophysics and nuclear 
technology applications.  
 The main goal of our study the (n, α) reactions 
was the essential improvement in determination 
of rates for reactions involving alpha particles 
inside the stars. The first measurements of the 
147Sm (n, α) and 143Nd (n, α) cross section in wide 
neutron energy interval, to better define the 
α + nucleus optical potential, were carried out at 
ORELA neutron spectrometer in Oak Ridge [1 - 3]. 
For resonance neutrons the Q-values for (n, α) 
reactions are such that the relative energy 
between the α particle and residual nucleus are in 
the astrophysically interesting range, so no 
extrapolation is necessary. To match different 
optical potential in statistical model of nuclear 
reactions and to compare calculated cross sections 
with obtained experimentally one can define 
optimal potential. Its value permit to calculate 
with better accuracy reaction rates for the 
reactions involving alpha particles such as (γ, α) 
and (α, p), important in p-process nucleosynthesis. 
 Two of us as the members of n_TOF 
Collaboration participated in experiments 
performed in CERN. The n_TOF spallation 
neutron source is based on proton beam of the 
CERN-PS. The collaboration has successfully 
collected some of the world wide best 
measurements of neutron capture and fission 
cross sections of actinides, long lived fission 
fragments and other isotopes relevant for nuclear 
technology and/or nuclear astrophysics [4 - 7]. 
For example, the result obtained for <σ151Sm(n, 
γ)> is much larger than previous estimates, all 
based on model calculations. The firm estimate of 
capture rate for the first time based on an 
experimental value allowed to reach two 
important conclusions with respect to the s-
process nucleosynthesis in this mass region: a) the 
classical model, based on a phenomenological 
study of the s-process fails to produce consistent 
results of branching at 151Sm and 147Pm, b) the p-
process contribution to the production of 152Gd 
can amount up to 30 % of the solar-system 
observed abundance [4]. 

 The effect of parity violation in lead was 
measured on pulse neutron source IBR-2 in JINR, 
Dubna by means of multidetector COCOS device. 
This effect can be explained by presence of a 
strong negative p-resonance near the thermal 
point (below the neutron threshold). Energy 
dependence of the 204Pb(n,γ) and 207Pb(n,γ)  
reaction cross section was observed by means of 
the registration of gamma-quanta, which came 
from the decay of the excited states of a 
compound nucleus. The deviation in the “1/v 
law” led to the conclusion that, in vicinity of the 
neutron binding energy, there is a strong p-wave 
resonance in 207Pb isotope (the negative neutron 
resonance) [8]. 

Several computational works devoted to 
the subject of level density of s-wave neutron 
resonances were done basing on semi-classical 
description. The problem was considered in three 
different ways. The systematics of the 
experimental and calculated neutron resonance 
level density has been presented as the function of 
neutron number N for more than 220 nuclei. 
Comparison of the calculated results obtained 
under consideration the energy gap near Fermi 
level is in good agreement with experimental data 
[9-11]. 

We have participated in the international 
collaboration with researchers from FLNP JINR, 
Dubna, Peking University and Tsinghua 
University, Beijing, China. This joint research 
group has carried out the study of 39K(n,α)36Cl, 
40Ca(n,α)37Ar, 64Zn(n,α)61Ni reactions at 4.0 ÷ 7.0 
MeV neutron energy region [12] using grided 
ionization chamber (GIC). Because of multiple 
benefits of such detector i.e. simple construction, 
high efficiency, a good energy resolution and 
angular information of particles ejected 
simultaneously, good energy resolution, radiation 
stability in neutron field, GIC overcame the 
limitations of the semiconductor telescope 
detector [13]. 
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Although fusion and fission are elementary 

nuclear processes, even after many years of 
development of the nuclear science our ability to 
predict fusion probabilities or fission half-lives is 
not very impressive. This results from two 
important reasons: complicated interactions and 
difficulties in solving many-body problems. The 
mean-field method of the Hartree-Fock type with 
effective, density dependent interactions is 
probably the most advanced approach to the 
description of fusion and fission. The interest in 
these processes is stimulated by the efforts and 
successes in the creation of superheavy elements. 

In our studies we concentrate on two topics: 
(i) calculations of fusion and fission barriers and 
(ii) the instanton approach to finding fission half-
lives. 

The proper calculation of fission or fusion 
barriers requires a correct energy evaluation for 
nuclear shapes with constriction. It seems that the 
existing calculations overestimate energies of 
nuclear configurations close to scission by 
including a spurious contribution of kinetic 
energy of the fragments’ relative motion. When 
this spurious energy is eliminated, one can obtain 
fission barriers in relatively light A=70-100 
systems much closer to the experimental values 
than in the standard calculations [1]. 

The same correction is important for fusion 
barriers, but, in contrast to the fission studies,  it 
was usually included. The calculations of 

adiabatic fusion barriers [2,3] show that, perhaps, 
one needs to refine the correction and remove a 
proper fraction of the relative kinetic energy, 
depending on whether the fragments are more or 
less divided. The same calculations show that the 
static fusion barriers obtained with the Skyrme 
forces SkM* and Sly6 quite well agree with the 
experimental fusion barriers for relatively light 
systems. For the heavier systems, the barriers are 
slightly underestimated. Beside the barriers, the 
second  ingredient in typical calculations of 
fission half-lives [4] is the mass tensor, necessary 
for the evaluation of WKB-like action. None of 
these is well defined and they introduce the 
arbitrariness to the theory. On the other hand, the 
time-dependent Hartree-Fock equations in 
imaginary time have solutions that provide the 
optimal fission paths without additional 
assumptions. One only has to find these solutions, 
called instantons. 

Nuclear fission problem leads to instantons 
with many single particle wave functions and 
specific orthogonality relations that must be 
fulfilled [5]. We are working on the practical 
reformulation of the problem in terms of the 
functional minimization. For simpler systems, 
described by the one wave function, like a Bose-
Einstein  condensate, such variational solutions 
may be obtained [6]. The work towards obtaining 
solutions that give the fission half-lives of heavy 
nuclei is in progress. 
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As has been illustrated many times in all 

fields of science, with an improved understanding 
of microworld come applications that benefit 
society. Fusion and fission are excellent examples. 
Our description of these fundamental nuclear 
processes is still very schematic, yet, nuclear 
fission powers reactors that produce energy for 
the nation, and fusion, which is responsible for 
energy production in stars, has the promise to 
provide a clean alternative source of energy. Our 
group carries out a programmatic study of the 
fission process in nuclei, based on self-consistent 
density functional theory (DFT). We attack the 
problem of spontaneous fission using modern 
theoretical methods and state-of-the-art 
computational tools. 

 Fission is a fundamental many-body 
phenomenon that possess the ultimate challenge 
for theory. Microscopically, this phenomenon can 
be viewed as a many-body tunneling. Studies of 
fission barriers are important for, e.g., the 
determination of the stability of the heaviest 
nuclei and for understanding of nucleosynthesis 
in stars. A number of theoretical calculations of 
fission barriers of the heavy nuclei have been 
carried out. These include calculations based on 
the microscopic-macroscopic method and the self-
consistent approach with the Gogny and Skyrme 
forces, and relativistic mean-field model.   

Our calculations have been performed 
within the self-consistent constrained Skyrme-
Hartree-Fock+BCS (SHF+BCS) framework. We 
have used the code HFODD [1, 2] that solves self-
consistent HF equations by using the Cartesian 
harmonic oscillator finite basis. This code makes it 
possible to break all self-consistent symmetries of 
the nuclear mean field at the same time, including 
the axial and reflection symmetry.  

In Refs. [3-5] the Skyrme energy density 
functional with the SLy4 parameterization has 
been applied to study static fission barriers of 
even-even SHE with 100 ≤ Z ≤ 110 and even-even 
spherical isotones with N = 184. The effects of 
reflection-asymmetric and triaxial degrees of 
freedom on the fission barriers have been 
discussed. The sensitivity of static fission barriers 

in N = 184 isotones to the choice of paring 
interaction has been studied in Ref. [6]. In the 
particle-particle channel of SHF+BCS model we 
have applied the seniority paring force and three 
variants of δ-interaction (DI, DDDI, or MIX). The 
collective inertia tensor and zero-point 
quadrupole energy correction have been 
calculated in Ref. [7]. 
 A phenomenon of bimodal fission has 
been studied in Ref. [8]. Figure below displays the 
predicted static fission paths of 258Fm along a 
mass quadrupole moment Q20. Beyond the region 
of the first fission barrier, at Q20 ≈ 150 b, a 
reflection-asymmetric path corresponding to 
elongated fragments (aEF) branches away from 
the symmetric valley. At Q20 ≈ 225 b, a reflection-
symmetric path splits into two branches: one 
corresponding to a division into nearly spherical 
fragments (sCF) and the second corresponding to 
elongated fragments (sEF).  The sCF and sEF 
paths can be associated with the higher- and 
lower-TKE modes of the bimodal fission, 
respectively. Moreover, the less favorable aEF 
path may yield a small asymmetric contribution 
to the mass distribution of events with lower 
TKEs. 
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 Nuclear reactions in dense astrophysical 
plasmas preceding at low energies, far below the 
Coulomb barrier are very sensitive to the 
electronic properties of the medium. The electrons 
surrounding the reacting nuclei shield the 
Coulomb barrier leading to an increase of the 
tunneling probability and a characteristic 
exponential-like enhancement of reaction cross 
sections for lowering energies. The electron 
screening effect is especially important for 
strongly coupled plasmas where the kinetic 
energy of constituents is smaller than the mean 
Coulomb repulsion energy. In such a case nuclear 
reaction rates can be increased by many orders of 
magnitude, which is probably realized in White 
and Brown Dwarfs or Giant Planets. 

In terrestrial laboratories, the effect of the 
enhanced electron screening was observed for the 
first time [1] in the 2H(d,p)3H and 2H(d,n)3He 
reactions taking place in deuterized metallic 
targets that are good models for strongly coupled 
plasmas. The experimentally determined 
reduction of the Coulomb barrier by means of the 
screening energy Ue (see Fig.1) was found to be 
dependent of the target material and reaches 
values of about 300 eV for heavier metals (Fig.2), 
by a factor of ten larger than for gas targets and 
insulating materials. From the theoretical point of 
view, a charge point impurity embedded in a 
metallic environment leads to a polarization of 
surrounding degenerate valence and bound 
electrons causing a cut off of screened Coulomb 
field at a characteristic distance of the inverse of 
the Fermi wave number. The theoretical 
calculations [2-4] based on the self-consistent 
dielectric function theory can qualitatively explain 
the target material dependence of the screening 
energies, however, the absolute theoretical values 
are underestimated by a factor of two. The reason 
for this discrepancy is still unknown. Careful 
experimental and theoretical studies of the effect 
[5-7] could exclude any other significant 
contributions resulting from the solid-state 
phenomenology. The first measurement of the 
screening effect performed under ultra-high 

vacuum conditions [8] pointed even to much 
larger experimental screening energies. 

Recently, some new experiments have 
been carried out to investigate the influence of 
electronic dynamics on channeling conditions [9] 
and stopping power values [10] in a hot dense 
plasma. Hereby, ion tracks produced in metals by 
swift heavy ions have been applied.  
 Since the Coulomb interaction also plays 
an important role in beta and alpha radioactive 
decays, the enhanced electron screening observed 
for the deuteron fusion reactions might modify 
corresponding transition probabilities in different 
metallic environments. Unfortunately, theoretical 
calculations and first experiments suggest that the 
effects are rather small [11-13].  

 
Fig.1. Experimental yield for the 2H(d,p)3H reaction in the Ta 
environment normalized to the cross section for bare nuclei. The 
exponential-like increase for lowering energies is due to electron 
screening. Theoretical curves correspond to different screening 
energies and a channeling contribution.  
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Fig.2. Experimental screening energies and theoretical values 
obtained within the improved dielectric function theory. 
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One of the main purpose of the study 

heavy ion reactions is to explore the properties of 
nuclear matter at various densities and 
temperatures. During nuclear reactions at 
intermediate energies  it is expected that the 
composite system of projectile and target nuclei is 
compressed and excited in the early stage of the 
reactions, and than the hot-dense nuclear system 
expand and breaks up by multifragmetatins 
process.  Additionally, the light particle emissions 
occurs during such violent  collisions and  carries 
essential information on the early dynamics and 
on the degree of equilibrium at each stage of the 
reactions.   

The various reactions systems were 
experimentally studied by using the K-500 
superconducting cyclotron facility at Texas A&M 
University and NIMROD (Neutron Ion 
Multidetector for Reactions Oriented Dynamics) 
detections system [1].  NIMROD is 4π detector 
which consists of a charge particle array inside a 
4π neutron calorimeter. The charge particle 
detector  array of NIMROD includes 166 
individual CsI detectors arranged in 12 rings, each 
forward ring included two “super-telescopes” 
composed of two Si detectors and seven Si-CsI 
telescopes to identity intermediate mass fragments 
(IMF).  

A detailed analysis of the central collision 
events revealed that multifragmentation with cold 
fragment emission is a common feature predicted 
for all reactions studied reactions. A possible 
multifragmentation scenario is presented; after the 
preequilibrium emission ceases in the composite 

system, cold light fragments are formed in a hotter 
gas of nucleons and stay cold until the composite 
system underdoes multifragmentation [1]. 
The kinetic-energy variation of emitted light 
clusters has been employed as a clock to explore 
the time evolution of the temperature for 
thermalizing composite systems produced in the 
measured reactions systems. For each system 
investigated, the double-isotope ratio temperature 
curve exhibits a high maximum apparent 
temperature, which value increase with increasing 
projectile energy and decrease with increasing 
target mass [2-4]. 

Experimental analyses of moderate 
temperature nuclear gases reveal a large degree of 
alpha particle clustering at low densities.  For 
these gases, temperature and density dependent 
symmetry energy coefficients have been derived 
from isoscaling analyses [5]. 

Fig. 1. NIMROD - Three dimensional schematic plot. 
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Analysis of isotopic characteristics of 
products for the inclusive data measured in heavy 
ion collisions at intermediate energies is one of the 
most interesting jobs in the study of the nuclei 
under extreme conditions of density and 
temperature.  

The aim is to explore the behavior of the 
basic properties of the nuclear matter equation of 
state (EOS) New international collaboration 
CHIMERA-REVERSE-ISOSPIN was established at 
INFN-LSN Catania in 1997. The CHIMERA 
(Charged Heavy Ion Mass and Energy Resolving 
Array) 4π detector was build for heavy ion studies 
in the intermediate regime. 

The CHIMERA device is made of 1192 
individual two-step telescopes arranged in 
cylindrical geometry around the beam axis in 35 
rings.  The detector is divide in the two parts: 
“forward part” covering the angular range (1o-
30o) and consist 688 telescopes arranged in 18 
rings, “sphere” with 504 telescopes covering the 
angular range 30o-170o. The Fig. 1 shows an 
schematic view of the detector. Each single 
telescope is composed of silicon (300um) planer 
detector followed by a CsI scintillator with 
thickens ranging from 3cm to 12cm. depending on 
the detection angle. Three different identifications 

techniques are simultaneously used: πE-E for 
charge identifications of heavy ion, the πE-TOF 
(Time of Flight) for velocity measurements and 
PSD (Pulse Shape Discrimination) method for 
identifications of light charge particles  stopped in 
the CsI. 

At LNS Catania two campaigns  were 
performed with the CHIMERA detector: 
REVERSE year 2000 and REVERSE /ISOSPIN year 
2003.  The scientific program of the campaigns  
followed three different studied: isospin degree of 
freedom, cluster production and dynamical fission 
[1-14]. 
 

 
 
Fig. 1. The CHIMERA detector.
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The Grenoble–Kraków–Lyon Cooperation 
was devoted to some problems of the mechanism 
of the intermediate energy heavy ion reactions 
including their statistical (thermodynamic) 
properties.  The 40Ca + 40Ca,197Au reactions were 
studied using the Grenoble AMPHORA 4π 
detector additionally equipped in two rings of 30 
gas ionization chambers constructed in  Kraków 
[1].  Measurements were done at Elab = 35 
MeV/nucleon.   

The idea of our research was to study 
possible departures from the binary reaction 
scenario demonstrated in multiplicities of different 
charge (mass) particles, their energy and angular 
distributions [14].   

Multiplicity as well as event shape filters 
were used to distinguish nearly central from 
peripheral collisions. For a significant portion of 
events, in coincidence with projectile-like and with 
target-like fragments, the intermediate mass 
fragments, IMF’s, were observed with velocities 
close to zero in the CM reference frame.  Such 
intermediate velocity source could be seen in the 
simple BNV calculations, but not in the modified 
by us binary reaction Cole model. [2-7] 

For both 40Ca + 40Ca,197Au reactions the shape 
of the velocity distributions of charged particles 
projected on the beam direction could be explained 
if emissions from the hot projectile-like and target-
like fragments were supplemented by an emission 
from an intermediate velocity source, IVS, located 
between them. Such conclusion was also suggested 
by a Monte Carlo code describing a heavy-ion 
collision as a two step process [10].  Some of the 
nucleons which are identified as participants in the 
first step are transferred in the second step to these 
final states, which correspond on average to the 
maximum value of entropy.  The model allows for 
competition between mean-field effects and 
nucleon-nucleon interactions in the overlap zone of 
the interacting nuclei. 

The creation of the hot Ca-like fragments 
was investigated in both 40Ca + 40Ca,197Au 
reactions.  Here the primary projectile-like 

fragment was reconstructed and its properties 
(mass, charge, excitation energy, and angular 
distribution) determined.  Both primary and 
secondary distributions were compared with the 
predictions of the mentioned above Monte Carlo 
code. The data and analysis suggest a thermalized 
source picture of the decay of the projectile-like 
fragment.   [8-10,12] 

 It was found that in the investigated 
reactions the yield of particles emitted from the IVS 
decreases with the increasing value of the particle 
Z.  Most of these are light particles. In the more 
peripheral collisions deuterons, tritons, and to 
lesser extend helium 3 particles are preferentially 
emitted from the IVS.   [9,11]     

 As continuation of the above program the 
58Ni + 197Au and 107Ag + 58Ni, 52 MeV/nucleon,  
reactions are investigated in cooperation with LPC 
and GANIL, Caen.  Analysis of data is 
concentrated on the reconstruction of the 
projectile-like fragment and in particular on the 
spin production process.  For this purpose 
influence of  the fragment-fragment interaction 
potential in the Monte Carlo code has been 
investigated in a separate paper [13].  This 
modified version of the code has been successfully 
used in the PhD thesis of Mrs A.Buta and in papers 
prepared for publication.     

 
Fig. Velocity distributions (LAB) for the 40Ca+197Au system 
projected on a direction parallel to the beam; black dots: 
experimental data. Model predictions for IVS, PLF, and TLF 
sources: red, blue, and green lines, respectively. Black line: total 
emission. 
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The properties of the hot and dense zone formed 
in (central) nucleus-nucleus collisions can be best 
studied with the probes which do not suffer from 
strong final state interactions. Bremsstrahlung 
photons can provide relatively undistorted insight 
into the physical conditions of the hot zone, but 
their usage is restricted  at low energies (below 
~20A MeV) by dramatically low production cross 
section, and at higher energies (above 100A MeV), 
by photons stemming from electromagnetic 
decays of produced hadrons like π0 and η mesons. 
The total spectrum of photons (Fig. 1) consists of 
the low energy part (below ~10 MeV) originating 
from statistical decays of excited fragments,  
photons from the deexcitation of the Giant Dipole 
Resonance (around 15 to 20 MeV) and hard 
photons (above 30 MeV). Hard photons come 
predominantly from the bremsstrahlung process 
in proton-neutron interactions and they can 
witness the early phase of the collision. Studies of 
the photon spectra were done for nucleus-nucleus 
collisions in the energy range from 40A to 100A 
MeV using the TAPS spectrometer. TAPS consists 
of approx. 400 BaF2 scintillator modules, which 
can be arranged in various experiment-specific 
configurations. Excellent time resolution and 
pulse-shape analysis allows for unambiguous 
photon identification and spectroscopy.  
 
Detailed analysis of the shape of the photon 
energy spectrum above the region influenced by 
the Giant Dipole resonance revealed the presence 
of a second,  softer, component. According to the 
transport model calculations,  these photons are 
emitted at a later stage of the collision, when the 
excited zone approaches the thermal 
equilibration. The extracted source temperature 
agrees quite well with the caloric curve. Also, the 
thermalization time can be evaluated. 
 
At the high-end of the spectrum, even the fully 
constructive superposition of the Fermi motion 
with the beam momentum does not allow to 
explain the origin of most energetic photons. 
According to the transport model, photons above 
the Fermi-motion related kinematical limit (190 
MeV for 60A MeV beam) are predominantly 
produced by a two-step process: a pion produced 
in nucleon-nucleon interaction subsequently 

undergoes photoabsorption on another nucleon, 
what releases also the pion rest mass and creates 
photons of extreme energies. 
 
The measurements realized for 180A MeV Ar+Ca 
system showed a significant enhancement of the 
hard photon cross section with respect to the 
extrapolations based on lower energy data. 
 
The second-order quantum interference effect, 
known as Hanbury-Brown and Twiss (HBT) effect 
or intensity interferometry, allows to extract the 
source size on the basis of the analysis of two-
body correlation function. Pairs of brems-
strahlung photons (E>25 MeV) have been 
measured. While the initial experiments of limited 
statistics indicated the oscillatory character of the 
correlation function (suggesting secondary 
recompression of the nuclear matter during the 
collision),  higher statistics data show a flat 
correlation function. This shape can be 
understood only as a peculiar interference 
between photons from first-chance collisions and 
photons from target or projectile-like fragments. 
Only in the case of central collisions (selected via 
charged particles multiplicity) the indications for 
the standard HBT effect can be found. 
 
 

.  
Fig. 1: Photon energy spectrum measured with TAPS for the Kr+Ni 
collisions at 60A MeV. 
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Particles produced at subthreshold energies (i.e. 
beam energy per nucleon below the free nucleon-
nucleon threshold) witness the early phase of the 
nucleus-nucleus collisions, where the energy 
density reaches maximum values. Subsequent 
dissipation of the relative motion strongly reduces 
the production yield in the later stages of the 
collision. Experiments have been carried out with 
the TAPS spectrometer consisting of approx. 400 
BaF2 scintillator modules, which were arranged in 
various experiment-specific configurations. Good 
position determination and excellent time 
resolution supplemented by pulse-shape analysis 
allowed for unambigous photon identification. 
The two-photon decays of neutral mesons π0 and 
η were observed in the invariant mass spectrum. 
 
The angular distribution of π0 mesons, already 
from the first studies of the process in the eighties, 
is known to show evidences of significant pion 
reabsorption process on the side of the heavier 
collision partner. Systematic studies of the shape 
of the angular distribution have been carried out 
at 2 beam energies at several target nuclei from 
carbon to gold. Reasonable description of the data 
was obtained within a geometrical model of the 
collision, which also takes into account 
momentum-dependent pion absorption length [R. 
Mehrem et al., Phys. Rev. C30(1984)301]. We 
observed, that the angular distribution of 
primordial pions does not show any significant 
energy or mass dependence and can be described 
as ~1+A2P2(cosθ), where θ denotes the emission 
angle in the nucleon-nucleon center of mass. From 
the global fit to the data we obtained the value of 
A2=0.33±0.05. 
 
The production of particles at deep subthreshold 
energies is very important for the studies of 
particular concentration in one hadronic channel 
of the energy available in the nucleus-nucleus 
collision. The η meson production was studied at 
the 40Ar beam energy of 180A MeV, that is 14% of 
the free threshold energy of 1255 MeV. The 
measured η yield was significantly below that 
expected from the general scaling based on the 
ratio of beam energy per nucleon to the threshold 
energy. However, the data were nicely 
reproduced with the transverse mass 

mt=(m2+pt2)½ scaling used previously at much 
higher beam energies. 
 
Transport model calculations show, that the 
∆(1232) resonance plays an important role as an 
intermediate step in pion production process 
during nucleus-nucleus collisions. Experimental 
evidence of the ∆+(1232) resonance excitation in 
nuclei was provided by the study of correlated 
emission of protons and π0 mesons (see Figure 1) 
in 180A MeV Ar+Ca collisions. The coincident 
events show a clear excess above the mixed-
events background, indicating the excitation of 
the low energy tail of  the  ∆(1232) resonance (due 
to the low beam energy, only the low energy tail 
might be effectively populated). Simultaneous 
detection of ∆(1232) resonance and π0  mesons 
allowed to determine the ratio of the number of 
∆(1232) resonances to the number of pions. 
Assuming isospin symmetry, this ratio was found 
to be equal to 0.79±0.30(stat)±0.2(syst). It indicates, 
that most (if not all) produced π  mesons originate 
from the decay of ∆(1232) resonances.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1. The excess of counts in the invariant mass spectrum of proton 
and neutral pion pairs above the combinatorial background. The data 
are from 180A MeV Ar+Ca collisions. 
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   The study of correlation and fluctuation effects 
has been the subject of ongoing research by the 
Warsaw branch of the FOPI Collaboration.  The 
importance of such studies has grown recently 
with the establishment of modern experiments.  
The methods applied in those studies were 
developed for the analysis of high multiplicity, 
high statistics, long running, high-energy (from 
about 10AGeV upwards) experiments of heavy-
ion and particle physics.  Our results are in some 
cases the first attempt to use those methods in the 
intermediate energy range, where particle 
multiplicities are much lower and drawing the 
conclusions is much harder.  In addition to the 
physics results, correlation/fluctuation studies of 
FOPI data provide us with the experience to 
conduct such analyses for the new generation of 
experiments, like the planned CBM experiment. 
 There are two main goals of correlations and 
fluctuations studies: the first is to establish 
whether the state of thermodynamic equilibrium 
is reached during the nuclear collision; the second 
is to probe if a phase transition occurred during 
the collision.  The results of such studies can also 
be used for testing, whether certain statistical and 
quantum aspects of the reaction are properly 
taken into account in the theoretical codes 
describing nuclear collisions. 
 Two main methods were used in our study: the 
so-called Φ variable and the normalized, scaled 
factorial moments (NSFMs) where the 
intermittency effect was looked for.  In addition 
we also attempted to use  two other methods: the 
Ma and “JKRW” methods. 
  
INTERMITTENCY ANALYSIS 
 The idea of this research was proposed by Białas 
and Peshanski in 1986 and was applied by us in 
ref. [1],[2],[5], and [6].  Factorial moments of a 
distribution of a certain variable split into equal-
size bins are calculated on an event-by-event basis 
for a set of bin sizes.  The intermittency signal is 
found if there is a power-law dependence of 
NSFMs on the bin size, and the character of this 
dependence may allow to draw conclusions about 
the reaction process.  This method was applied to 

the FOPI data on heavy symmetric system 
(Au+Au) at the energy range between 100 and 
800AMeV, and a clear intermittency signal was 
seen for the polar emission angle (ϕ) of forward-
emitted Z=1 reaction products.  It could be 
described by two intermittency exponents, for 
small and for the large bin sizes.  The second one 
was attributed to the anisotropy in particle 
emission with respect to the reaction plane 
(“bounce-off”) and it was reproduced with the 
models. 
 
Φ ANALYSIS 
 The Φ variable was proposed by Mrówczyński 
and Gaździcki as an equilibration measure in 
1992.  It can be used to distinguish between two 
scenarios of nuclear reaction: superposition of 
single, first nucleon-nucleon collisions or full 
thermodynamic equilibrium achieved during 
reaction.  We applied this method to the data 
obtained by the FOPI collaboration, for the 
medium-sized symmetric system (Ru+Ru) at 
beam energy of 1.7AGeV, the first reported case of 
using Φ variable in such a low energy range.  We 
found a higher degree of equilibration in central 
events compared to peripheral ones [3].  It should 
be noted, that our attempt is the first known case 
of using Φ variable in such a low energy range. 
 
OTHER ANALYSES 
 The Ma method, proposed by Białas and Czyż, 
following the ideas of Ma, allows to test, whether 
the thermal equilibrium is achieved in the nuclear 
reaction.  The feasibility of this method for the SIS 
energy range and FOPI statistics was tested [4]. 
 The JKRW method, proposed by Jeon, Koch, 
Redlich and Wang to study the hypothesis of 
chemical equilibration was applied to the K+ data 
obtained in Ni+Ni collisions at 1.9AGeV.   The 
low statistics did not allow us to draw any firm 
conclusions so far. 
 As a side result of this analysis it was proven, 
that scaled factorial moments are not influenced 
by the acceptance of the detector [7].
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 Challenging motivations for isotopic 
studies in nuclear multifragmentation are 
derived from the importance of the density 
dependence of the symmetry-energy term of the 
nuclear equation of state for astrophysical 
applications and for effects linked to the 
manifestation of the nuclear liquid-gas phase 
transition. A systematic study of  isotopic effects 
in the break-up of projectile spectators at 
relativistic energies has been performed at the 
GSI laboratory within the ALADiN 2000 
collaboration [1]. In the S254 experiment 
fragments have been detected in reactions with 
beams of  197Au, 124La, 124Sn, and 107Sn at the 
energy of 600 AMeV. The experimental setup, 
which includes the ALADiN spectrometer with 
the TP-MUSIC IV drift chamber, a time of flight 
detector (TOF-wall) and the LAND neutron 
detector, allowed measurement of the fragment 
charge and momentum vector for Z > 1 
fragments, identification of isotopes for Z < 12, 
and the momentum and multiplicity of neutrons. 
Unique experimental data were obtained for 
nuclei located far from the stability line, which 
are characterized by a wide range of fragment 
identification. 
 The experimental study of fragment 
production with isotopic resolution has led to the 
identification of isoscaling, observed by 
comparing product yields from reactions which 
differ in the isotopic composition of the projectiles 
[2]. Of particular interest is a connection of the 
isoscaling parameters with the symmetry-energy 
term  of the  nuclear  equation of  state, Esym = 
γ(A-2Z)2/A. Preliminary results indicate that the 
coefficient γ is close to its normal-density value of 
~25 MeV for peripheral collisions but drop to 
lower values at the more central impact 
parameters. Temperature measurements using the 
double-isotope thermometer are currently being 
investigated in order to quantitatively establish 
the evolution of the symmetry term. 

 Neutrons emitted in directions close to 
θlab = 0o were detected with the Large-Area 
Neutron Detector (LAND) which covers about 
one half of the solid angle required for neutrons 
from the spectator decay. An analysis of the 
invariant multiplicity distributions of neutrons 
has led to the identification of the spectator 
sources of neutrons. They are characterized by 
temperatures up to about 4 MeV possibly caused 
by large contributions from evaporation. 
Neutrons will be important for establishing the 
mass and energy balance, in particular for 
calorimetry. Neutron analysis could allow to 
investigate the  symmetry-energy term 
dependence on the excitation energy of the 
system, in a similar way as with the isoscaling 
analysis. 
  The experimental data contain unique 
information on the size of the largest fragment 
expected to play the role of the order parameter, 
which is of particular interest in phase transition 
studies. We have studied the order parameter 
fluctuations in the framework of a percolation 
model to construct and verify procedures tracing 
critical behavior in fragmenting systems [3]. 
Dimensionless cumulant ratios measuring the 
fluctuations exhibit distinct features near the 
critical and pseudocritical points, providing a 
method for their identification. The method is 
remarkably insensitive to finite-size effects and 
may be applied even for very small systems. The 
possibility of using various measurable quantities 
for sorting events makes the procedure useful in 
fragmentation studies. The method was applied 
for the Au + Au data showing the percolation 
pattern of the fluctuations. Characteristics of the 
pseudocritical and critical points have been 
determined. The analysis will be extended to 
other investigated systems to establish 
dependence of the critical parameters on the 
system isospin. 
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Experimental facility: Cyclotron Institute of Texas A&M University, USA 

 
 

The nuclear liquid-gas phase transition is one 
of the most intriguing phenomena currently being 
investigated by experimentalists. The thermodynamic 
properties of hot nuclei are often presented in the 
excitation energy – temperature diagram. The shape 
of this curve for a nuclear system is predicted to have 
similarities to the well-known caloric curve of H2O 
and the temperature as a function of the excitation 
energy curve is also called the caloric curve for the 
nuclear system.  
 

 
Fig. Caloric curve for nuclei with A~110, see [6]. 
 
Intermediate energy nucleus-nucleus collisions 
provide opportunities for studying properties of 
nuclear matter at densities and temperatures far 
different from those encountered in nuclei in their 
ground state. This provides an opportunity to probe 

the physics contained in the equation of state for 
infinite nuclear matter. In order to approach this 
fundamental problem, two crucial questions 
concerning the formation and decay of hot nuclear 
systems produced in nuclear collisions have been 
investigated: i.e., what is the maximum excitation 
energy which can be deposited in a nuclear system 
before complete disintegration, and what are the 
dominant mechanisms responsible for decay of the 
excited nuclear system. 
In order to pursue this problems,  several experiments 
with dedicated detection systems (e.g. 4π charged 
particle/neutron array set ) were performed. Since 
late 80’s our group is actively involved in this research 
by the construction of detection systems and 
participating in the international experimental 
projects. Recent ten years were very fruitful in 
achieving several interesting results in our 
collaboration  with Cyclotron Institute of Texas A&M 
University, USA. Among them are: 
[1]. Study of quantum statistical thermodynamics of 
hot finite nuclear systems - temperatures and isotopic 
yield ratios. 
[2].Study of time scale of the fission process in the 
reaction 50A MeV Ne + Ho as a function of mass 
asymmetry. 
[3,4]. Experimental determination of fragment 
excitation energies in multifragmentation events. 
[5]. Study of dynamic evolution and the caloric curve 
for medium mass nuclei. 
[6-7]. Coalescence model analyses - probing dynamic 
evolution of heavy ion collisions. 
[8,9].Multi-fragmentation in Fermi energy heavy ion 
reactions 
[10-12]  Critical behavior in the disassembly of nuclei. 
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Experimental Facility: STAR Experiment at RHIC, Brookhaven National Laboratory and ALICE experiment at LHC, 
CERN 
 

The main objective of the heavy-ion 
program at the Relativistic Heavy-Ion Collider is 
to discover and study the properties of the Quark-
Gluon Plasma (QGP), expected to be formed at 
extreme temperatures and nuclear matter 
densities obtained in the AuAu 200 GeV/nucleon 
collisions. From the wealth of results produced by 
the RHIC experiments a surprising picture 
emerged – the QGP is not, as initially thought, a 
weakly bound plasma of quarks and gluons. 
Instead it is a strongly bound system (sQGP), 
behaving like a fluid with a small viscosity. 

One of the major arguments for such 
conclusion was the observation of the prominent 
collective behavior of matter – flows, that were 
successfully described by hydrodynamics. In this 
framework the momentum part of the phase-
space was adequate and self-consistent. However 
the same models had significant difficulties 
describing the space-time part. 

Heavy-ion collision is a femtoscopic process 
– it happens on the scale of 1fm=10-15m and 1fm/c 
=10-23s. Such distances cannot be measured 
directly. Instead the technique of femtoscopy (also 
referred to as “HBT”) is applied, which relies on 
the interaction between two particles with close 
velocity. It produces a two-particle correlation 
function that can be analyzed to infer the size of 
the emitting system. By systematically analyzing 
the sizes as a function of the collision centrality, 
type of the colliding nuclei, pair momentum, 
particle species etc. ones is also able to draw 
conclusions about the dynamics, or the correlation 
between space-time and momentum 
characteristics of the emission process. 

Femtoscopy is traditionally done with 
identical particles to exploit the two-particle 
correlations coming mainly from quantum 
statistics. For non-identical particles the effect 
comes from Coulomb and strong final state 
interactions only. However it enables to access the 
new observable – the difference in the mean 
emission points of various particle species. 
Hydrodynamics predicts such difference and 
shows that it is a necessary consequence of the 
collective behavior of the system. Observation of 
such asymmetry is a key pieces of evidence, 

necessary for the claim of the discovery of the 
QGP. 

In the STAR experiment we have observed 
such asymmetry shown in Fig. 1. The departure of 
the so-called double ratio in the outwards 
direction (along the direction of the pair 
momentum) is a direct experimental proof that 
pions are emitted closer to the center of the 
system and/or later than kaons, exactly as 
expected in the case of the collective behavior of 
matter called radial flow  

 

Fig. 1. The out “double ratios” deviating from unity are evidence of
asymmetry between pions and kaons. 
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THERMODYNAMICS OF NUCLEAR MATTER 
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 2 H. Niewodniczański Institute of Nuclear Physics PAN, Kraków 
 

Experimental facility: ALADiN spectrometer at GSI-Darmstadt 
 
Nucleus-nucleus collisions at relativistic energies 
present an opportunity to study a transition from 
the state of a Fermi liquid, which is the state of 
nuclei close to their ground state to the state of 
nuclear vapor, in which nuclear droplets 
(fragments with Z≥3) are immersed in nucleon 
gas (light particles with Z≤2). The unique feature 
of these multifragmentation reactions is a nearly 
instantaneous injection of fast nucleons from the 
region of overlap of the colliding nuclei into the 
spectators which causes their heating in the 
course of a nucleon-nucleon cascade. 

The ALADiN Collaboration at GSI-Darmstadt 
studies this transient state with the aid of A LArge 
Dipole magNet  equipped with a sophisticated 
detection system, permitting to identify 
simultaneously all fragmentation products in Z 
and A and measure their momenta. The past 
experimental activities had several stages 
highlighted with the following discoveries: 

1)  "The rise and fall of multifragmentation" 
as a function of the decreasing impact parameter 
in Au+Au collisions at 600 MeV/u [1]. The intial 
rise in the multiplicity of intermediade-mass 
fragments is interpreted as due to increasing 
excitation energy in the multifragmenting residue, 
while the fall is an effect of the decreasing residue 
size and its conversion into "gas" of nucleons and 
light particles with further increase of the 
excitation energy. An independence of this 
pattern of the target size (other nuclei besides Au 
have also been used) indicated a high degree of 
equilibration and applicability of thermodynamic 
concepts to the  decay of highly excited Au 
projectile residues. 

2)  "The optimum energy for multi-
fragmentation" in central collisions of heavy 
nuclei [2] at intermediate energies. In these 
collisions a system consisting of ~400 nucleons is 
formed, whose excitation energy increases with 
the increasing bombarding energy. In the case of 
central collisions the initial compres-sional energy 
is converted into thermal one in relaxation 
mediated by nucleon-nucleon collisions. The 
maximum number of about 10 intermediate-mass 

fragments is observed in central Au+Au collisions 
at ~100MeV/nucleon. 

3)  Establishing that the nuclear liquid-gas 
phase transition is probably  of first order by 
measuring the nuclear "caloric-curve" [3]. The 
"caloric-curve" is temperature vs. the excitation 
energy dependence, demonstrating a sort of 
plateau at T~5 MeV, which might be considered 
the boiling temperature of nucleon liquid. This 
result excited a widespread debate. 

4)  The process of fragment formation is an 
illustration of the concept of "self-organization" as 
applied to a femtoscopic system, the atomic 
nucleus [4,5]. The concept has been initially 
formulated by the 1977 Nobel price winner in 
Chemistry Ilya Prigogine for classical complex 
systems [G. Nicolis and I. Prigogine, Self-
organization in Nonequilibrium Systems, from 
Dissipative Structures to Order through Fluctuations, 
Wiley, New York, 1977]. Later on it has been cast 
into a formalism able to interprete e.g. the action 
of a laser [H. Haken, Advanced Synergetics; 
Instability Hierarchies of Self-Organizing Systems and 
Devices, Springer, Berlin, 1983] as a phase transition 
in the system of atoms and field in a cavity. A 
similar formalism for the nuclear liquid-gas phase 
transitions still awaits formulation. 

5)  Establishing that the coefficient of 
symmetry energy in the Bethe-Weizsaecker 
binding energy formula is a decreasing function 
of the nuclear excitation energy [6, 7]. This has 
non-trivial consequences for astrophysical 
applications, e.g. supernova simulations or 
neutron star models. 

6)  The recent experiments (see e.g. [8]) have 
been performed with the INDRA multidetector, 
demonstrating some universal features of 
fluctuations in the multifragmen-tation 
observables. These may be interpreted, using 
microcanonical thermostatics, as an independent 
proof of a phase-transition occuring in nuclei in 
the investigated energy range. A systematic study 
of directed and elliptic flow [9] in Au+Au 
collisions at intermediate energies is another 
important result of the INDRA experiment at GSI. 
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Experimental facility: Brookhaven National Laboratory, USA 
 

The Relativistic Heavy Ion Collider 
(RHIC) at Brookhaven National Laboratory [1] is 
designed to extend frontiers of modern physics, 
providing access to the new form of matter called 
Quark-Gluon Plasma (QGP) composed of 
primordial elements – quarks and gluons. By 
colliding the atomic nuclei with the energy of 200 
GeV per pair of nucleons, RHIC produces hot and 
dense matter at the initial energy density well 
above the value of the critical energy density for 
QGP formation that is predicted by the lattice 
quantum chromo-dynamical (QCD) calculations 
[2,3]. RHIC provides the first chance for a 
rigorous test of the most basic predictions of what 
is thought to be understood about the structure of 
QCD matter at high energy, namely the color 
glass condensate (CGC). CGC is considered as an 
universal form of QCD matter which describes 
high energy strongly interacting particles and 
nuclei. While QGP is the incoherent thermal limit 
of QCD matter at high temperature, CGC is the 
coherent limit of QCD matter at high energies.  
The Jagiellonian University group has been 
participating in BRAHMS project since 1995. Our 
initial task within the collaboration was to design 
and construct a set of three drift chambers for the 
BRAHMS experiment. Figure displays  one of 
them installed on the BRAHMS Back Forward 

Spectrometer platform [4]. The BRAHMS 
collaboration began it's research program in 2000 
and within the period of 6 years has collected 
large data sets on four reacting systems (p+p, 

Au+Au, d+Au, Cu+Cu) at two collision energies: 
√sNN  = 200 GeV and 62.4 GeV. First striking 
feature observed by BRAHMS is that the net-
baryon rapidity distributions around central 
region (ycm~0) are significantly smaller, as 
compared to AGS and SPS. We estimated the 
average rapidity loss to be equal 2.0±0.4. This 
value is well below prediction from the empirical 
linear scaling of lower AGS and SPS energy 
results. Nevertheless, the absolute energy loss 
increases appreciably from SPS to RHIC reaching 
the value of about 72 GeV per participant [5]. 
Several observables has been proposed for RHIC 
and SPS energies as possible signals for the 
formation of QGP. One of most important is a jet 
quenching seen directly as a suppression of high 
transverse momentum hadrons (pT > 2 GeV/c) 
produced in heavy ion collisions as compared to 
nucleon-nucleon reactions. This effect can be 
quantified by the nuclear modification factor RAA 

[7]. The apparent high pT suppression observed in 
central collisions has been interpreted as a 
consequence of bremsstrahlung losses of high pT 

partons traversing deconfined medium created in 
heavy ion collisions [8]. The effect is expected to 
increase with increasing collision energy and 
centrality, as observed in the experiment [9]. 
Unique feature of the BRAHMS spectrometer is a 
large acceptance at forward regions accompanied 
by excellent particle identification. Surprisingly, 
large RAA suppression at forward region is 
observed both for Au+Au and d+Au colliding 
systems [10]. For Au+Au the forward suppression 
reveals the same scheme for baryons and mesons 
as this observed at mid-rapidity  [11] which led to 
suggestion that the suppressing medium extends 
also in the longitudinal direction [12]. However, 
for d+Au the suppression has been attributed to 
the initial conditions of the colliding Au nucleus, 
in particular, to the possible existence of CGC - a 
new form of nuclear matter [13]. 
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Experimental facility: accelerator SIS18, GSI Darmstadt 
 

HADES (High Acceptance Di-Electron 
Spectrometer) [1] installed at SIS18 (GSI 
Darmstadt), has been designed to measure 
invariant mass of di-electrons with a high mass 
resolution (~1%) in pp, πp, pA, πA and AA 
collisions at 1-2 AGeV. The spectrometer consists 
of 6 sectors, covering full azimuthal angle, polar 
angles from 18° to 85° and rapidity 0 < y < 2 
(acceptance for e+e- pair from a direct vector 
meson decay ~35%). Each sector works 
independently and contains a set of fast particle 
detectors (RICH, TOF/TOFino, Pre-SHOWER) 
and a tracking system (MDC I-IV and magnet). 
The detector went into operational in 2002 and 
collected data from 12C+12C collisions at 2 AGeV 
(2002) and 1 AGeV (2004), 40Ar+KCl at 1.757 
AGeV (2005) and proton-proton reactions at 2.2 
GeV (2004) and 1.25 GeV (2006).  
The invariant-mass spectrum of e+e- pairs 
produced in 12C+12C collisions at an incident 
energy of 2 GeV per nucleon (see Fig) has been 
measured for the first time [2]. At low masses, i.e. 
Mee<0.15 GeV/c2, the pair yield is in agreement 
with the known π0 production and decay 
probabilities. For 0.15 GeV/c2 <Mee<0.5 GeV/c2 it 
exceeds expectations 
based on the known production and decay rates 
of the η meson by 2.07 ± 0.21(stat) ± 0.38 (sys). 
This pair yield excess is consistent with that 
measured by DLS at 1.04 GeV if its energy scaling 
is similar to that of pion production. Additional 
sources associated with the radiation from the 
early collision phase (Delta0(+), ρ) are not sufficient 
to account for the excess observed for M>0.15 
GeV/c2. Transport calculations based on vacuum 
spectral functions only also  
fail to quantitatively describe the excess yield in 
the full invariant-mass range. Further 
investigations with other collision are expected to 
shed more light on origin of the excess. 

Figure shows: 
(a) Efficiency- and background-corrected e+e- 
invariant-mass distribution for θe+e->9° (symbols) 
compared to a thermal dielectron cocktail of free 
π0, η and ω decays (cocktail A, solid line), as well 
as including ρ and ∆ resonance decays (cocktail B, 
long-dashed line). Only statistical errors are 
shown. 
 (b) Ratio of data and cocktail A (dots), compared 
to ratios of various model calculations and 
cocktail A.  All calculations have been filtered and 
folded with the HADES acceptance and mass 
resolution.  Statistical and systematic errors of the 
measurement are shown as vertical and 
horizontal lines, respectively. 
The overall normalization error of 11% is depicted 
by the shaded area. 
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Experimental facility:  Cooler Synchrotron COSY, Forschungszentrum Juelich  
 
      Knowledge of the reaction mechanism of 
medium energy protons interacting with atomic 
nuclei is of importance by itself, having 
simultaneously very broad range of applications 
from e.g.  model calculations of the production of 
cosmogenic nuclides in extraterrestrial matter by 
solar and galactic cosmic ray protons, medicine 
(radionuclide production, radiation therapy), 
accelerator technology (activation of detectors, 
radiation protection, on-line mass separation)  to 
accelerator-based nuclear waste transmutation 
and energy amplification.   
     In the last years we have performed 
measurements of double differential cross 
sections (d2σ/dEdΩ) with isotopic identification 
of the light charged reaction products from proton 
induced reactions on several target nuclei (Al, Ni, 
Ag, and Au) at various energies (0.175, 1.2, 1.9 
and 2.5 GeV). The experiments were performed at 
the internal beam of COSY accelerator using  thin,  
self supporting targets (of about 300 µg/cm2  

thickness) what resulted in negligible distortion of 
the reaction product spectra by interaction of  the 
emitted particles with the target. Using of the 
internal beam enabled to obtain, due to multiple 
passing of the beam through the target,  statistics 
of spectra comparable with that which can be 
reached only with very intense external beams.  
The particles were detected using nine 
independent detection arms comprising various 
kinds of detectors. Two of these arms (placed at 
150 and 1200  with respect to the beam direction) 
were equipped with the Bragg curve detectors 
(BCD), which permitted the Z-identification of the 
reaction products and determination of their 
kinetic energies with low energy threshold (of 
about 1 MeV / nucleon).  The telescopes consisted 
of silicon detectors supplied with additional 
scintillating (CsI) detectors, 7.5 cm thick, were 
used to measure broad energy range spectra of 
the light charged particles (p,d,t,3He, and 4He).  
The silicon detector telescopes enabled us also to 
measure spectra of intermediate mass fragments 

(from Li to B) with isotopic identification and 
heavier fragments (from C to Al) with elemental 
identification. It was found that the spectra cannot 
be reproduced assuming the most popular 
scenario of the reaction mechanism, i.e. 
intranuclear nucleon-nucleon cascade plus 
evaporation of fragments from the equilibrated 
remnant of the cascade.  For all identified ejectiles 
a high energy tail of the spectra, varying quickly 
with the scattering angle was observed besides 
the evaporation spectrum..  This high energy part 
of the spectra may be reproduced assuming 
isotropic emission from the source moving in 
forward direction, i.e. parallel to the beam 
direction, with velocity larger than that of proton- 
target nucleus center of mass. 

 
 
Fig.1.  Symbols present the data obtained at  350 lab for Au(p, 7Li) 
reaction at Tp=2.5 GeV , dotted line presents evaporation 
contribution, dashed line -  the contribution from the fast moving 
source, solid line –  the sum of both contributions. 
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M. Kirejczyk, M. Rogowska, B. Sikora, K. Siwek-Wilczyńska, K. Wiśniewski 

Institute of Experimental Physics, Warsaw University, Warszawa 
 
Experimental facility: SIS18 at GSI-Darmstadt 
 
 At beam energies below 2 GeV per 
nucleon, particles that carry strangeness are 
produced in early stages of  nucleus-nucleus 
collisions. The production rate of ss -quark pairs 
in such collisions is primarily determined by the 
available energy density and, therefore, reflects 
the properties of the equation of state of the 
nuclear matter. It may also be affected by the 
anticipated in-medium changes of hadrons' 
properties, which, furthermore, should influence 
the subsequent propagation of strange particles in 
the nuclear medium as well. In order to learn 
more about these phenomena, the FOPI 
collaboration has measured production of K- and 
Φ-mesons as well as strange hyperons in 
collisions of medium- and heavy-nuclei at beam 
energies between 1.5 and 1.9 GeV per nucleon.  

The FOPI spectrometer is a modular 
system used for fixed-target experiments on the 
SIS beam-line in GSI. It allows for simultaneous 
measurements of a large fraction of charged 
reaction products in the close-to-4π geometry. 
Depending on the emission angle, the 
identification of particles is accomplished by 
measuring the specific energy loss, the curvature 
of particle's trajectory in the magnetic field or the 
time of flight of a particle. In addition, short-living 
neutral reaction products are identified via their 
decays into charged hadrons and the invariant 
mass reconstruction. 

The K-/K+ yields ratios (Fig. 1) as well as 
the K+ sidewards flow were measured in Ru+Ru 
collisions at 1.7 AGeV beam energy and in Ni+Ni 
collisions at 1.9 AGeV beam energy. Comparison 
of the experimental results to predictions of BUU 
transport-model calculations revealed additional 
repulsion of the K+-nucleon potential and 
additional attraction of the K--nucleon potential 
with respect to the corresponding interactions in 
vacuum. 

In Ni+Ni  collisions at 1.9 AGeV beam 
energy,  the production probability of Φ-mesons 
was measured, and the Φ/K- yields ratio was 
determined. It showed that the substantial 
fraction of the measured K- mesons yield steams 

from Φ mesons decays, and that both processes 
need to be studied simultaneously. 

In nucleus-nucleus collisions a large 
number of  K mesons are produced in two step 
processes, in which in the first step the necessary 
energy is temporarily accumulated in a pion or in 
a delta-resonance. However, the cross-sections of 
πN→KY reactions (Y stands for the appropriate 
hyperon), in which the strangeness should be 
actually produced, are not known at nuclear 
densities. First experiments with a π– beam of 1.15 
GeV/c momentum on various light-, medium- 
and heavy-targets, showed a surface-like scaling 
of the K0 and Λ production  with the mass of the 
target and suggested that in π–-nucleus collisions 
the cross-sections of the underlying elementary 
processes are modified with respect to the  
reactions in vacuum. 

 

 
 
Fig. 1. The K-/K+ yields ratio as a function of Ekincm in the Ru+Ru 
(left) and Ni+Ni (right) experiments. The data are extracted in the 
polar-angle range 150o<Θcm<165o. The light-grey (yellow) shaded 
areas correspond to the estimate of systematic errors. The lines depict 
predictions of the RBUU transport model with different strength  
U(ρ=ρ0) of the in-medium (anti)kaon potentials at normal nuclear 
matter density. Statistical uncertainties of the predictions are similar 
to   those of the experimental data. The horizontal dark-grey 
(magenta) shaded areas show the results of numerical simulations 
carried out in order to estimate the influence of the Coulomb 
potential on the K-/K+ yields ratio. 
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 Introduction 
    States of nuclear matter in the Universe after the 
Big Bang are subject to different phase transitions 
from gas to liquid drops.  It is impossible to create 
in the laboratory conditions to study this processes 
directly in a slow non explosive way. So we are 
left with the problem of a reversed  study of the 
liquid to gas phase processes. The availability of 
various charged particles beams allows us to 
create nuclei at various excitation energies, spins, 
izospins, compressions and shape deformations.  
There is a great challenge to theorists to 
disentangle all these quantities and to find clear 
evidence of the phase transition and its order. 
Microcanonical ensembles 
    The nucleus is an inhomogeneous non-extensive 
object composed of a limited number  of nucleons 
not exceeding 300.  Non-extensive means that  S ≠ 
S1 + S2  and  E ≠ E1 + E2 where S and E indicate the 
total entropy and total energy of the nucleus and 
S1 ,S2, E1 and E2 are entropies and energies of its 
parts.  Forces between the constituent particles are 
of comparable or longer (Coulomb potential) 
range than the size of the object.  Good examples 
are the following objects: nuclei, stars, charged 
liquid droplets.  Therefore, the microcanonical  
thermodynamics seems to be the proper one to 
describe nuclei. 
Multifragmentation of highly excited nuclei. 
     At the excitation energies of  3-10 AMeV a 
copious emission of intermediate mass fragments 
i.e. light nuclei with 2<Z<20 is observed .  This 
emission may be a sign of a 
liquid to gas phase transition and can be treated in 
terms of the microcanonical  thermodynamics. The 
main characteristics of this process are listed 
below: 
a.  It occurs nearly simultaneously, within short 
time interval from 50fm/c to 100 fm/c. 
 Fragments are accelerated by the Coulomb field 
from what is called freeze-out radius. 
b. Fragments are emitted symmetrically in the 
coordinate system related to the source. 
c.  Flattening of the caloric curve is observed. 
d.  Fluctuation σ2K= <K2> - <K>2 of the measured 
kinetic energy release K is observed from 
    event to event. 
e.  Negative specific heat capacity indicates a 
phase transition of the first order. 

Pure thermally excited nucleus. 
     Pure thermal excitation of the heavy nucleus 
has been proposed by Karnaukhov et al. [1].  The 
principle of this method is as follows.  Relativistic 
light projectile passes through the heavy nucleus 
starting an intranuclear cascade.  The recoiled 
nucleons, produced clusters and particles are 
ejected out of the nucleus.   A substantial fraction 
of particles can still be emitted as preequilibrium 
ejectiles.  The final energy left in the target nucleus 
has a form of pure thermal energy. After the time 
of a few tens of fm/c the excited nucleus expands 
and subsequently explodes into preformed IMF’s 
at the so called freeze-out radius.  For the analysis 
we have used the microcanonical model of 
Bondorf et al. (Phys.Rep. 257, 433 (1995).) called 
SMM (Statistical Multifragmentation Model). 
Results were published in a series of papers [2],  in 
which the transition volume sometimes called 
multisaddle point Vt ,  freeze-out volume Vf , and 
critical temperature were determined . In addition 
parameters of the spinodal instability 
configuration (density and temperature) were 
conjectured. 
Proposals for future experiments.   
            It is proposed to extend the measurements 
to non thermal excitations.  This would require the 
reconstruction of the multi telescope system of the 
FASA detector in Dubna  or construction of the 
new system close to the light heavy ion beam 
accelerator (including proton beams of the energy 
range 1-30 GeV.  New results are expected with 
the use of antiproton beams from the future FAIR 
facility at GSI Darmstadt.  
     Finally let me mention the main difference 
between the thermally excited nucleus and 
possible quark-gluon plasma.  From our 
measurements [2-5] in case of gold nucleus 
thermally excited Vt/Vo = 2.6 ± 0.3,  Vf/Vo = 5 ± 1, 
whereas from the analysis of the RHIC data on 
gold - gold collisions at 200 GeV per nucleon pair 
the possible plasma volume is hardly greater then 
2 volumes of gold nuclei in CM (W. Broniowski 
and W. Florkowski, Phys.Rev.Lett 87, 
272302(2001).  C. Adler et al. STAR Collaboration, 
Phys. Rev. Lett.87, 082301 (2001).).  This is due to 
the fact that the attractive forces between partons 
are very strongly increasing  with the distance 
between them. 
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NUCLEAR  SINGLE  PARTICLE  SUM  RULES  IN  THE  EMC  EFFECT 
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The nuclear EMC effect, quite strong as 

witnessed by Fig. 1 (where it is shown for mass 
number A = 56), is reflection of the influence 
which nuclear field exerts on the  partonic struc-
ture of nucleons. 
  Using the extended Relativistic Mean 
Field model (RMF) [1]    we have investigated this 
effect and calculated parton distributions in nuclei 
(Phys. Lett. B 432, 402 (1998)) for  Bjorken variable 
0<x<A. It turned out that in this region the crucial 
factor is the change of the nuclear virtual pion 
cloud (connected with the existence of exchanged 
mesons originated from the nuclear forces) .  In 
order to reproduce the observed behavior of 
experimental data in that region we had to adjust 
accordingly  the value of parameter determining 
the relative number of intermediate pions [2] .  In 
deep inelastic scattering in the nuclear medium, 
part of nuclear pions contribute to the sea quark 
part of the nucleon structure function, but for 
small values of x (x <  0.01) the uncertainty in the 
life time of intermediate photon-quark state 
becomes comparable (or larger) then the mean 
distance between nucleons and this results in the 
shadowing of single nucleon contributions. We 
argue therefore that experimental results on deep 
inelastic e-A scatterings show partial 
deconfinement [3] of nucleons inside the nuclear 
matter (NM) enhancing therefore the role played 
by the partonic degrees of freedom. In particular, 
as we have shown,  the magnitude of the nuclear 
Fermi motion is sensitive to the residual 
interactions between partons, influencing both the 
nucleon structure functions and the value of the 
nucleon mass in the NM [4]. Our model for parton 
distribution in nuclei is based on the assumption 
that nuclear Fermi motion fully accounts for the 
collective motion of partons in  nuclear medium. 
The sea parton distributions are described by  
allowing for some additional virtual pions in 
hadron in the quantity which reproduces both the 
nuclear lepton pair production data and saturates 
the energy-momentum sum rule. Good agreement 
with the experimental data has been obtained [5], 
see Figs.1 and 2. 

These medium effects, namely the 
changes in the nucleon rest energy and the 
enhancement of the sea quark contribution 
(simulated by "nuclear pions") modify the 
transverse parton momentum distribution inside 

the (NM). Some predictions for future 
experiments on heavy ion collisions are given in  
[6]. The influence of these modifications on the 
equation of state (EoS) in the NM  was discussed  
in [7]. We have also investigated the density 
dependent corrections to the nucleon structure 
function in the frame of nuclear RMF models.  

Concluding, the new sea parton 
distributions described by the modified cloud of 
virtual pions and the change of the nucleon mass 
as a function of x (due to the final state 
interaction) obtained in our model satisfy 
the nuclear single particle momentum sum rule 
and are in good agreement with experimental  
data, namely with the EMC  effect for  x>0.1  and 
with nuclear lepton pair production data. This 
agreement has been obtained essentialy without 
free parameters (Fig.1,2). The influence of these 
medium modifications on the value of quark 
condensate inside nucleus (Phys. Rev. C51, 2188 
(1995)) and determination of EoS in RMF models 
of NM is under investigations . 

 
Fig. 1. R(x)=F256(x)/F2(x) The nuclear to nucleon structure function 
ratio as a function of  x. Green line – Fermi motion without medium 
modification, pink without final state interaction,  red  line - full 
results. 

Fig.2. Nuclear Drell -Yan ratio (the same iron target) for two values 
of the foton momentum transfer square Q2..  
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Experimental facility: NA49 experiment at CERN SPS 
 
 One of the main objectives of studying 
heavy ion collisions at relativistic energies is to 
understand the properties of quark-gluon plasma 
(QGP) – a new state of matter that is expected to 
appear when the system is sufficiently hot and 
dense [Phys. Rev. Lett. 34, 1353 (1975)]. If the 
energy density is much higher than a typical 
energy density inside a nucleus, the matter can 
form a gas of subhadronic degrees of freedom. 
The quarks and gluons are not confined inside 
hadrons but they can move freely in the whole 
volume of QGP. It is also believed that QGP was 
created during the evolution of the early Universe 
[Phys. Rept. 201, 335 (1991)]. 
 The theoretical predictions within the 
Statistical Model of the Early Stage suggested that 
the energy threshold for deconfinement is 
localized between AGS and top SPS energies [1]. 
Indeed, the latest NA49 results [2, 3, 4] on 
dependencies of various quantities on the 
collision energy seem to confirm that the onset of 
deconfinement sets in at lower SPS energies. 
 The phase diagram of strongly interacting 
matter is  most often presented as a (T, µB) plot, 
where T is the temperature and µB is a 
baryochemical potential. For large values of µB 
one expects the first order phase transition 
between hadron gas and QGP, which terminates 
in a critical point, and for smaller values of µB 
turns into a so-called crossover. The recent lattice 
QCD calculations suggest that the end-point of 
the first-order phase transition is a critical point of 
the second-order and may be located at a 
baryochemical potential characteristic of the 
CERN SPS energy range [JHEP 0404, 050 (2004)]. 
 Dynamical (non-statistical) fluctuations 
are considered to be important observables in the 
study of the phase diagram of strongly interacting 
matter. Significant transverse momentum and 
multiplicity fluctuations are expected for systems 
that hadronize from QGP near the second-order 
critical QCD end-point [Phys. Rev. D60, 114028 
(1999)]. The phase diagram can be scanned by 
varying both the energy and size of the colliding 
nuclei and an observed enhancement of 

dynamical (pT and multiplicity) fluctuations may 
provide evidence  for the QCD critical end-point. 
 The NA49 experiment used the ΦpT 
measure [5] to quantify dynamical event-by-event 
pT fluctuations. Fig.1 shows a significant non-
monotonic evolution with the system size of  ΦpT 
for all charged particles registered in the forward 
rapidity region in A+A collisions at top SPS 
energy (158A GeV) – see [6] for details. Moreover, 
an increase of multiplicity fluctuations for 
peripheral Pb+Pb interactions (when compared to 
p+p and central Pb+Pb collisions) was measured 
by NA49 [7]. Both observations might be the first 
indication of the critical point. 
 The above results provided powerful 
arguments for a new experiment at CERN – NA61 
[8, 9], which plans to study collisions of light and 
intermediate mass nuclei in order to cover a broad 
range of the (T, µB) plane. The results may help to 
confirm, discover or rule out the existence of the 
critical point in the SPS domain. 
  

 
 
 
Fig. 1. Event-by-event transverse momentum fluctuations versus 
number of wounded nucleons (measure of the system size) obtained 
for all charged particles produced in A+A collisions at top SPS 
energy.



 

166 

 [1] M. Gaździcki and M. I. Gorenstein, Acta Phys. Polon. B30, 2705 (1999). 
 
[2] M. Mitrovski, M. Gaździcki, K. Grebieszkow, S. Mrówczyński, P. Seyboth, E. Skrzypczak et al. [NA49 
Coll.], J. Phys. G32, S43 (2006).            
 
[3] P. Seyboth, M. Gaździcki, K. Grebieszkow, S. Mrówczyński, E. Skrzypczak et al. [NA49 Coll.], Acta 
Phys. Polon. B36, 565 (2005). 
 
[4] S. V. Avanasiev, M. Gaździcki, K. Grebieszkow (Perl), P. Seyboth, E. Skrzypczak et al. [NA49 Coll.], 
Phys. Rev. C66, 054902 (2002).  
 
[5]  M. Gaździcki, S. Mrówczyński, Z. Phys. C54, 127 (1992). 
 
[6] T. Anticic, M. Gaździcki, K. Grebieszkow, S. Mrówczyński, P. Seyboth, E. Skrzypczak et al. [NA49 
Coll.], Phys. Rev. C70, 034902 (2004). 
 
[7] C. Alt, M. Gaździcki, K. Grebieszkow, S. Mrówczyński, M. Rybczyński, P. Seyboth, E. Skrzypczak et 
al. [NA49 Coll.], Phys. Rev. C75, 064904 (2007). 
 
[8] M. Gaździcki,  nucl-ex/0512034, published in  Jalta 2005, New trends in high-energy physics 131-138 
 
[9] N. Antoniou, M. Gaździcki, K. Grebieszkow, S. Mrówczyński, P. Seyboth, E. Skrzypczak et al. [NA49-
future Coll.], CERN-SPSC-2006-001 and SPSC-P-329 (2006). 
 
 
NA49 Collaboration (III.2007): 
C. Alt, T. Anticic, B. Baatar, D. Barna, J. Bartke, L. Betev, H. Białkowska, C. Blume, B. Boimska, M. Botje, 
J. Bracinik, R. Bramm, P. Buncic, V. Cerny, P. Christakoglou, P. Chung,  O. Chvala, J.G. Cramer, P. Csató, 
P. Dinkelaker, V. Eckardt, D. Flierl, Z. Fodor, P. Foka, V. Friese, J. Gál, M. Gaździcki, V. Genchev, 
G. Georgopoulos, E. Gładysz, K. Grebieszkow, S. Hegyi, C. Höhne, K. Kadija, A. Karev, D. Kikoła, 
M. Kliemant, S. Kniege, V.I. Kolesnikov, E. Kornaś, R. Korus, M. Kowalski, I. Kraus, M. Kreps, A. Laszlo, 
R. Lacey, M. van Leeuwen, P. Lévai, L. Litov, B. Lungwitz, M. Makariev, A.I. Malakhov, M. Mateev, 
G.L. Melkumov, A. Mischke, M. Mitrovski, J. Molnár, St. Mrówczyński, V. Nicolic, G. Pálla, 
A.D. Panagiotou, D. Panayotov, A. Petridis, W. Peryt, M. Pikna, J. Pluta, D. Prindle, F. Pühlhofer, 
R. Renfordt, C. Roland, G. Roland, M. Rybczyński, A. Rybicki, A. Sandoval, N. Schmitz, T. Schuster, 
P. Seyboth, F. Siklér, B. Sitar, E. Skrzypczak, M. Słodkowski, G. Stefanek, R. Stock, C. Strabel, H. Ströbele, 
T. Susa, I. Szentpétery, J. Sziklai, M. Szuba, P. Szymański, V. Trubnikov, D. Varga, M. Vassiliou, G.I. Veres, 
G. Vesztergombi, D. Vranic, A. Wetzler, Z. Włodarczyk, A. Wojtaszek, I.K. Yoo, J. Zimányi  
 
NA49-future (NA61) Collaboration (III.2007): 
N. Antoniou, P. Christakoglou, F. Diakonos, A. D. Panagiotou, A. Petridis, M. Vassiliou, F. Cafagna,  
M. G. Catanesi, T. Montaruli, E. Radicioni, D. Röhrich, L. Boldizsar, Z. Fodor, A. Laszlo, G. Palla,  
I. Szentpetery, G. Vesztergombi, J. Cleymans, J. Brzychczyk, N. Katryńska, R. Karabowicz, Z. Majka  
R. Planeta, P. Staszel, B. Baatar, V. I. Kolesnikov, A. I. Malakhov, G. L. Melkumov, A. N. Sissakian,  
A. S. Sorin, W. Rauch, M. Gaździcki, B. Lungwitz, M. Mitrovski, R. Renfordt, T. Schuster, C. Strabel,  
H. Stroebele, A. Blondel, A. Bravar, M. Di Marco,  J. Blumer, R. Engel, A. Haungs, C. Meurer, M. Roth,  
M. Gaździcki, R. Korus, St. Mrówczyński, M. Rybczyński, P. Seyboth, G. Stefanek, Z. Włodarczyk,  
A. Wojtaszek,  F. Guber, A. Kurepin, A. Ivashkin, A. Maevskaya, B. Andrieu, J. Dumarchez, K.-U. Choi,  
J.-H. Kim, J.-G. Yi, I.-K. Yoo, D. Kolev, R. Tsenov, A. G. Asryan, D. A. Derkach, G. A. Feofilov, S. Igolkin,  
A. S. Ivanov, R. S. Kolevatov, V. P. Kondratiev, P. A. Naumenko, V. V. Vechernin, P. Chung, R. Lacey,  
A. Taranenko, T. Kobayashi, T. Nakadaira, K. Sakashita, T. Sekiguchi, K. Grebieszkow, D. Kikoła, W. Peryt, 
J. Pluta, M. Słodkowski, M. Szuba, T. Anticic, K. Kadija, V. Nikolic, T. Susa 
 



 

167 

 
BETWEEN NUCLEAR AND ELEMENTARY INTERACTIONS: 
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Experimental facility: SPS accelerator at CERN, RHIC accelerator at BNL 
 
 The last decade has witnessed an 
unprecedented development of a new branch of 
high energy and nuclear physics - the physics of 
relativistic ion collisions, RI. The main motivation 
beyond large experimental and theoretical effort 
is the search for a hypothetical transition to a new 
state of matter, the quark-gluon plasma, QGP. 
This state is predicted by the Quantum 
Chromodynamics - the theory of strong 
interactions.    Several polish groups have joined 
experiments on RI.  
 At CERN the NA49 experiment has 
studied charged hadron production in hadron-
hadron, hadron - nucleus and nucleus - nucleus 
collisions in a wide energy range (from 20 to 158 
GeV/N) and for several nuclear beams, up to 
lead. The data taking stopped in 2002, but the 
analysis continues. 

 
Fig.1. The phase diagram of strongly interacting matter. The points 
are the chemical freeze-out points derived from a fit with a statistical 
hadron gas model.  
 The main physics results on nuclear 
collisions are summarized in several review 
papers, recent - [1], [2]. At top SPS energy 
strongly interacting matter of high energy density 
is created in central Pb-Pb collisions and the 
hadrochemical freezeout occurs close to the 
predicted phase boundary, as illustrated in Fig.1 
(from [1]). An extensive study of particle 
production in elementary collisions, measured 

Fig.2. Transverse mass spectra of neutral pions in central PbPb 
collisions at 158 GeV/c/N. 
 
within unprecedented phase space coverage [3] at 
158 GeV/c offers a necessary background for all 
nuclear collisions at this energy range.  
 The WA98 experiment, also studying Pb 
Pb collisions at 158 GeV/N, specialized in the 
neutral pion production measurements. Of the 
many important results, Fig.2 (from [4]) illustrates 
the transverse mass spectra of neutral pions, 
measured over several orders of magnitude of 
cross section, compared with model predictions. 
 Several polish physicists actively 
participate in 3 (out of 4) large RHIC experiments 
on nuclear collisions at 200 GeV/N (in a collider 
mode). A comprehensive summary is given by all 
experiments in a so called White Papers 
[5](BRAHMS experiment), [6] (PHOBOS), [7] 
(STAR). 
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Fig.3. Nuclear modification factors for central Au Au collisions and 
minimum bias d Au collisions at sqrt(s) 200GeV, evidencing the 
high pt suppression in central Au Au. 
 
The most important findings of the RHIC 
experiments concern the properties of the hot and 
dense matter created in central collisions of high 
energy heavy nuclei. Contrary to previous 
expectations, this matter does not resemble a gas 
of free quarks and gluons, but shows the 
characteristics of a near perfect fluid. These 
conclusions follow from the observation of the so 
called jet quenching, or the suppression of high 
transverse momentum particles in Au-Au 
collisions (in comparison to the production of 
such particles in d-Au collisions), and the 
behaviour of the flow of all particles produced. 
The effect of jet quenching is illustrated in Fig.3 
(from [5]). 
This behaviour is supposedly due to high density 
of gluons in the matter created after the collision, 
slowing down or `quenching' the jets, from which 

high transverse momentum particles originate. 
Such effects notwithstanding, the bulk of global 
particle characteristics is - to a surprising detail - 
governed by the geometry of colliding objects. 
The PHOBOS experiment (with a substantial 
contribution from polish participants) has 
demonstrated, that from low (19.6 GeV/N) to 
high energy 200 GeV/N (these are the center of 
mass energies) and for several centralities 
(measured by the number of participating 
nucleons) the total charged particle multiplicity, 
per participating nucleon -scales with the mumber 
of participants. This is illustrated in Fig.4 (from 
[6]). 
 Polish experimental groups are now 
preparing for the exciting perspective of heavy 
ions from the LHC accelerator. The dedicated 
ALICE experiment, and the sub-groups from 
other, ATLAS and CMS experiments, hope to see 
the first ion beams in 2009. 

 
Fig.4. Total charged particle multiplicity per participant pair as a 
function of number of participant. 
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 Soon after the discovery of proton and 
neutron it was realized that they behave very 
much alike. Those observed experimentally 
symmetries led Heisenberg to introduce isospin, 
a new quantum number, which allows treating 
neutron and proton as two charge states of one 
particle – the nucleon. Direct consequences of this 
concept are the isospin symmetry (IS) and charge 
symmetry (CS). Since the masses and interactions 
of different nucleons are not the same, the IS and 
CS are not exact and until discovery of quarks 
were considered as accidental. On the quark level 
these symmetries are broken due to up and down 
quark mass difference and to their electroma-
gnetic interaction. Since the quark masses cannot 
be measured directly the observation of isospin 
or/and charge symmetry violation for hadrons 
opens a unique window to study the quark mass 
term of the Quantum Chromo Dynamics. 
 We have conducted a study of the isospin 
and charge symmetry violation in low energy 
pion production reactions [1].  The expected 
symmetry breaking effects are very small. 
Therefore it was necessary to apply specially 
developed detection methods and techniques, 
which allowed for a strong suppression of 
systematic uncertainties [2,3]. 
 In the first stage of our investigations the 
ratio of cross sections for pd→3Hπ+/3Heπ0 
reactions was measured at the beam momenta 
close to the excitation of a ∆ resonance in the 
intermediate state [4-6]. The measured cross 
section dependence on the four momentum 
transfer consists of two components. For the large 
momentum transfer component the slope is 
independent on the beam momentum but is 
different for 3Hπ+ and 3Heπ0 channels, what 
violates isospin symmetry. The small momentum 
transfer component, which is almost isotropic, is 
in agreement with IS. 
 More detailed studies of the above 
processes were performed at the beam momenta 
close to the threshold for the pd→3Heη reaction 
[7-10]. It was expected that in this region the 
isospin symmetry breaking should be large due to 
so called π0-η meson mixing. The experimental 

results shown in figure 1 reveal the expected 
variation of the cross section ratio. The detailed, 
quite tedious, theoretical analysis of extracting the 
π0-η meson mixing angle is in progress. 
 We proposed also measurements of the 
charge symmetry forbidden reactions. The 
expected cross sections are of the order of 
picobarns. Therefore up to now the measurements 
were not possible. The new detection system 
WASA installed at COSY accelerator opens 
possibilities to perform such studies. Within 
WASA collaboration the investigations will 
address charge symmetry forbidden reactions 
dd→4Heπ0 and dd→ddπ0, together with the CS 
allowed channels (dd→3Henπ0, dd→3Hpπ0, …), 
necessary for the theoretical interpretation. The 
use of polarized deuteron beam enables us also to 
study charge symmetry breaking in the deuteron 
break-up reaction dd→dpn. Such a complete set 
of data, analyzed on the basis of the Chiral 
Perturbation Theory, would allow to conclude on 
the mass difference of up and down quarks. 
 

 
Fig. 1. Beam momentum dependence of the differential cross section 
ratio for pd→3Hπ+ and pd→3Heπ0 reactions. Blue points represent 
the values calculated using results of previous measurements. Red 
points show the results of our experiment, in which both reactions 
channels were measured simultaneously.  
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The search for nuclear states of exotic 
hadrons follow the polish tradition of 
hypernuclear studies.  However,  the  physics of 
these new states is  different in two aspects:  the   
states are short-lived and the   mechanisms of 
nuclear attraction is apparently not related to the  
standard forces due to meson exchange.  In the 
cases of K and η mesons the mechanism of the 
binding is due to internal excitations of nucleons.  
Thus  η mesons excite N*(1535) which is an 
external state to the N η  system and is composed 
of quarks. The  K mesons excite Λ(1405)  which 
may be a KN bound state mixed with a quark 
state.   Thus the interest in this field is motivated 
by studies of these   resonances  and the way their 
properties  are affected  by the nuclear  medium.     
  The N η   state is coupled strongly to N π 
state   and such  systems   may be described by a 
real  reaction matrix Ķ.  Since there are no η    
meson beams, matrix  Ķ  at low energies is not 
well determined by the  experimental meson-
nucleon scattering data.  Final state interactions of  
η   in few nucleon system  yield additional 
valuable data.  The figure  indicates strong 
attraction of  η   and deuteron at low energies [1]. 
The peak at threshold reflects  existence of a  
quasi-bound or a virtual state in the η-d  system. 
A similar behavior was found in  η-He systems in  
Saclay and Uppsala [2].  Strong  interactions are 
also found in the N-N-η systems at low energies 
[3,4] but these are more difficult to interpret.  
Experiments were performed  to discover   η  
bound to heavier nuclei  but none was successful,  
apparently due to high background and/or  large 
widths of those states.  
              These interactions have  been  studied by 
theorists in our institute.   A  phenomenological Ķ  
matrix for N-η system was elaborated  [5] and 
applied  to studies of  η-d  [6] and  η-He final state 
interactions [7]. A system of full three body 
equations was used to find the  η-d scattering 
length  [8]  and a formalism was given to discuss 
the final three body ηNN  states [9].    One 
conclusion  is that the  in deuteron and in  3He  η 
meson forms a virtual state but in 4He  the state is 
bound but unstable. While the main decay mode 
is due to  the  pion decay channel  the two 
nucleon  capture is also sizable [10].  

  The idea that K meson may be  bound in 
nuclei existed for a long time, and one  
expectation was that this binding may be strong 
enough to make such states long-lived [11].  
Discoveries of such states in KNNN and KNN 
systems  were   reported by Japanese and Italian 
groups, but these leave some uncertainty in the 
interpretation. The binding mechanism  may be 
due to excitation of nucleon to Λ(1405)  but also to 
Σ(1385) [12].  
   The nuclear potential for   Σ hyperon, is 
known from Σ atoms [13] to be attractive  at  the 
nuclear surface. Inside nuclei this  potential was  
calculated with the Nijmegen models of the 
baryon-baryon interaction.  The  analysis of the 
(K-,π±)  and (π -,K+)  reactions suggest that VΣ is 
repulsive inside nuclei [14,15]. This makes  the 
existence of large Σ  hypernuclei  unlikely.  

 
Fig. 1. The cross section for pp→dη divided by phase space.  
Q – energy excess. 
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The question of how hadrons arise from QCD is 
central to a fundamental understanding of 
hadronic multiquark and gluon systems. New 
experimental data may pave the way to achieve 
this understanding in conjunction with lattice 
QCD, which is poised to provide the theoretical 
insight into strong QCD.  
The production of hyperons and their decay 
properties have been a focus of experimental 
investigations ever since their discovery, mostly 
in hadron-induced reactions. In comparison to the 
excitation spectrum of the nucleon resonances 
(N, ∆), the excited states of hyperons (Λ, Σ) are still 
much less well known. Of particular interest is the 
Λ(1405) where quark models have difficulties to 
explain its low mass, and which alternatively has 
been interpreted as a NK  bound state or it may 
even be of exotic type. On the other hand, the 
Σ(1480) hyperon is far from being an established 
resonance. Our program is thus focused on the 
investigation of production and decay of 
hyperons produced in pp collisions. 
At the COoler SYnchrotron COSY at the 
IKP-Forschungszentrum Jülich hyperons Y0 with 
masses up to 1540 MeV/c2 are produced directly 
in pp → pK+Y0 reactions at a proton beam 
momentum of up to 3.65 GeV/c. The detection 
systems of the magnetic spectrometer ANKE, 
placed at one internal target position of COSY, 
simultaneously register particles of either charge 
and measure their momenta [1-5]. Indications for 
the production of a neutral excited hyperon have 
been found in reactions induced by protons 
incident on a hydrogen cluster-jet target by 
detecting charged pions from the heavy hyperon 
decays (like mπΣΣ ±→)1480(0 ) in coincidence 
with K+p pairs. Consistent results were obtained 
for both final states providing an evidence for the 
production of a neutral excited hyperon with a 
mass of (1480±15) MeV/c2 and a width of 
(60±15) MeV/c2. The production cross section is of 
the order of few hundred nanobarns. Since the 

isospin of the Y0* has not been determined here, it 
could either be an observation of the Σ0(1480) or 
alternatively of the Λ(1480) hyperon. Relativistic 
quark models for the baryon spectrum do not 
predict any excited hyperon in this mass range 
and so the Y0*  may be of exotic nature [6]. 
In addition, in the pp → K+pY0 reaction we have 
been investigating the decay of Y0* hyperons via 
Σ0π0. Such a decay mode allows to separate 
Λ(1405) from the lighter but overlapping hyperon 
Σ0(1385) and thus gives the line shape of 
the Λ(1405). Preliminary cross section for the 
production of Λ(1405) in the reaction at 
3.65 GeV/c beam is estimated to be of the order of 
few microbarns. 

 
 
Fig. 1. Missing-mass MM(pK+) spectra for the reaction 

−++→ XpKpp π   (upper part) and +−+→ XpKpp π   (lower). 
Experimental points with statistical errors are compared to the fitted 
overall Monte Carlo simulations (shaded histogram, blue). The 
contribution from the Y0* resonance with a mass of 
(1480±15) MeV/c2 and a width of (60±15) MeV/c2 is shown as a 
solid histogram (red). 
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   The nonmesonic Λ-decay Λ+N → N+N 
represents an example for the nonleptonic weak 
interaction of baryons with a change of 
strangeness (∆S = 1) and isospin (∆I = 1/2 or 3/2). 
The study of the nonmesonic decay, which 
proceeds via a weak interaction only (the 
Coulomb and strong interactions preserve the 
strangeness) allows to study both parity violating 
and parity conserving amplitudes in contrast to 
e.g. the nucleon-nucleon weak interaction, where 
the latter amplitudes are completely masked by 
strong and Coulomb forces. The only possibility 
to study nonmesonic decay of Λ-hyperon is 
investigation of hypernuclei since at present 
neither beams nor targets of hyperons are 
available.  Heavy hypernuclei are favorized for 
this purpose, because another mode of the Λ-
hyperon  decay, i.e. Λ→π+N,  which dominates 
decay of free hyperons is strongly Pauli blocked 
for all but the lightest hypernuclei. We report here 
on the investigations of production and decay of 
heavy hypernuclei in proton interaction with Au, 
Bi, and U targets [1-9].  The experiments have 
been performed on the internal beam of COSY 
accelerator in Forschungszentrum Juelich using 
proton beams of two energies: 1 GeV, which is 
below the threshold for Λ-hyperon production, 
and 1.5 or 1.9 GeV at which  hyperons can be 
produced.  The thin targets of Au, Bi or U 
(thickness of order of 30 µg/cm2) with thin carbon 
backing  [5]  , placed in the circulating beam of 
COSY accelerator were bombarded with 1 GeV 
and 1.5 (1.9) GeV protons in the subsequent  
acceleration cycles. This allowed for background 
measurement  (at 1 GeV) and hypernucleus 
production  (at higher energies ) under identical 
target conditions.  The recoil shadow metod has 
been applied for measurement of lifetime of 
heavy hypernuclei produced in p+Bi [4], p+Au [7]  
and p+U [8] reactions.  Details of the experimental 
setup and procedure are described  in Ref. [5]  
whereas properties of the produced hypernuclei 
and the probability of their production and decay 
were subject of  theoretical estimations in Refs. 
[1,2].  The following lifetimes of the Λ-hyperon 
have been obtained in the reported investigations: 
130±20 ps (Au target), 161±16 ps (Bi target) and 
138±18 ps (U target)  giving the average value of 
the lifetime of Λ-hyperon in heavy hypernuclei 

145±11 ps, in excellent agreement with results of 
studies performed with antiprotons on Bi and U 
targets ( Phys.Rev. C47, 1957 (1993) ) , i.e. 143±36 
ps, however, much more accurate. The lifetimes 
obtained from electron induced production of 
heavy hypernuclei on Bi and U targets ( Sov. J. 
Nucl. Phys 43, 856 (1986);  46, 769 (1987) ) are 
order of magnitude larger.  Our experiments can 
give estimation on cross section of such long 
living hypernuclei to be smaller than 80 
nanobarns whereas cross section for production of 
hypernuclei with lifetime of about 145 ps was 
found to be ~ 350 microbarns. 
     In summary, the performed experiments have 
lead to the most precise value of the lifetime of Λ - 
hyperons in very heavy nuclei known up to now. 
 

 
Fig.1. The lifetimes of proton- and antiproton-produced hypernuclei 
on Au, Bi and U targets. The horizontal bars present the statistical 
and systematic errors added in quadrature. The position and width of 
the yellow vertical bar display the overall average value for the 
lifetime and its error, respectively. The smooth  curve was evaluated 
adding Gaussian curves  representing results from individual 
experiments. 
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In the low energy regime where the 
interaction between quarks and gluons cannot be 
treated perturbatively, there exists no clear 
understanding of the processes governed by the 
strong forces. The phenomena in this regime are 
not calculable using the particles and fields of the 
Standard Model. Here hadrons become the 
relevant degrees of freedom and the knowledge  
of their interactions is of the basic importance.  In 
this report we give account of the studies of the 
interactions between the η and η΄ mesons with 
nucleons. It is rather challenging to conduct such 
research because these mesons decay within a 
distance of tens of femtometers rendering their 
direct detection impossible. It is also completely 
unfeasible to accomplish out of them a beam or a 
target. Therefore, we have produced these mesons 
in the collisions of protons close to the kinematical 
threshold where the outgoing particles possess 
low relative velocities and remain in the distance 
of few femtometers long enough to experience the 
strong interaction which may manifest itself in a 
measurable manner.  

Using the stochastically cooled proton 
beam of the cooler synchrotron COSY and the 
COSY-11 facility we have conducted 
measurements of the pp→ppη and pp→ppη΄ 
reactions close to the kinematical threshold.  The 
remarkable difference between the shape of the 
excitation functions of the pp→ppη and pp→ppη΄ 
reactions allowed to conclude that the interaction 
between the η΄ meson and the proton is 
significantly weaker than the analogous  η-proton 
interaction. This is the first ever empirical 
appraisal of this hitherto entirely unknown force. 
As far as the production dynamics is concerned, 
the observed large difference of the total cross 
sections for the creation of the η and η΄ mesons 
indicates that they are produced via different 
mechanisms. The large cross section for the η 
meson implies that it is created via baryonic 
resonance. 

 
Fig. 1. Total cross section as a function of the excess energy Q for the 
reactions pp→ppη (squares) and pp→ppη΄ (circles). The results 
determined using the COSY-11 setup and the synchrotron COSY 
(red and blue) are shown together with the data from the CELSIUS 
and SATURNE facilities (black). The dashed lines indicate a phase 
space integral normalized arbitrarily. The solid lines show the phase 
space distribution with inclusion of the proton-proton strong and 
Coulomb interaction. The result of calculations taking into account 
additionally the interaction between the η meson and the proton is 
presented by the red dotted line. 
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The existence of light hypernuclei, such as 
3HeΛ, shows the low energy Λ-p interaction to be 
strongly attractive, though not sufficient to bind 
the hyper-deuteron. The hyperon-nucleon 
interaction is of special interest since it is 
influenced by the strange quark content of the 
hyperon. However, in contrast to the nucleon-
nucleon case, due to the short lifetime of 
hyperons, the direct measurements of low-energy 
hyperon-nucleon scattering are sparse and the 
resulting parameters are rather poorly known.  
Using the COSY-11 detection setup and the cooler 
synchrotron COSY we have determined the 
excitation functions of the pp→pK+Λ, pp→pK+Σ0, 
and pp→nK+Σ+ reactions in the near threshold 
energy range.   The reactions have been identified  
by the registration of the outgoing nucleon and 
the K+ meson, and the usage of the missing mass 
technique for the  determination of hyperons.  

Surprisingly, the total cross section for the 
production of the hyperon Λ was found to be by a 
factor of thirty  larger than this for Σ0. It is in 
drastic contrast to the results of the cross section 
ratio σ(pp→pK+Λ)/σ(pp→pK+Σ0)  determined at 
higher energies, where it was found to be equal to 
three as expected from the isospin relations.  This 
observation raised an interesting question 
whether the drastic increase of the cross section 
ratio near threshold is a mere effect of the Λ-p 
interaction or whether it is due to the reaction 
mechanism. To explain this unexpected increase, 
different models have been proposed based on the 
coherent exchange of the π and K mesons or on 
the excitation of the intermediating resonances. 
All these models, failed however to predict the 
value of the total cross section for the  pp→nK+Σ+  
reaction.  To understand the hyperon-nucleon 
interaction further thorough theoretical 
investigations are needed. They can be confronted 
with the empirical base delivered during the last 
decade by the COSY-11 group.   

Figure 1 presents the data together with 
expectations derived under the assumption of the 

homogenously populated phase space and the 
phase-space modified by the hyperon-nucleon 
interaction. The comparison of the calculations 
and the data suggests much weaker final-state 
interaction in the p-Σ0 channel than in the case of 
the p-Λ.  Interestingly the parameters derived for 
the n- Σ+ potential are  comparable to those for the 
p-Λ  system. This may indicate a strong n- Σ+ 
interaction but due to the present large systematic 
uncertainties the data are also consistent with a 
pure phase space distribution. 
 

 
 
Fig. 1. Total cross section as a function of the excess energy Q for the 
near threshold production of the hyperons Λ, Σ0 and Σ+ via  the 
pp→pK+Λ,  pp→pK+Σ0, and pp→nK+Σ+ reactions, respectively. The 
dashed lines show excitation functions calculated for non-interacting 
particles. The solid lines indicate results after the inclusion of the 
hyperon-nucleon interaction which was fitted to conform the data. 
All superimposed lines were normalized in amplitude to the data. 
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 One of the basic questions of the η meson 
physics concerns existence of η-nucleus bound 
states postulated by Haider and Liu (Phys. Lett. 
B172, (1986) 257). Recent data from MAMI show 
some indications for photoproduction of η-mesic 
3He. The 3He-η interaction can be investigated in 
experiments both above and below the η 
production threshold. In the first case, low energy 
3He-η scattering parameters can be determined on 
the basis of the final state interaction effects. In 
measurements below threshold one can search for 
resonance like structures in excitation curves 
originating from decays of 3He-η bound state in 
various possible reaction channels like 3He- π0 or 
ppp π-. 
 We performed studies of the 3He-η 
production and interaction using the internal 
deuteron beam of the COSY-Jülich accelerator 
scattered on a proton target of the cluster jet type 
and the COSY-11 facility detecting the charged 
reaction products. The nominal momentum of the 
deuteron beam was varied continuously within 
each acceleration cycle in the range from              
41 MeV/c below to 39 MeV/c above threshold 
momentum equal to 3.140 GeV/c, allowing to 
reduce most of the systematic errors associated 
with relative normalization of points measured at 
different beam momenta. In the missing mass 
spectra to the registered  3He ions determined as a 
function of the beam momentum (see Figure 1) 
clear signals from the η meson production as well 
as from the single π0 production are visible. Our 
results on the forward-backward asymmetries of 
the differential cross sections for the dp→3Heη 
reaction deviate clearly from zero for the center-
of-mass momenta above 50 MeV/c indicating the 
presence of higher partial waves in the final state. 
Below 50 MeV/c center-of-mass momenta a fit of 
the final state enhancement factor to the data of 
the dp→3Heη total cross section results in the 3He-
η scattering length of  a=|2.9|+i⋅3.2 fm. The 
excitation curve for pion production in the 

reaction dp→3Heπ0 shows no structure originating 
from decays of possible 3He-η bound state.  
 We use also the p+d collisions for studies 
of the structure of the η’ mesons which due to 
their flavour-singlet nature can mix with purely 
gluonic states. Therefore, additionally to the 
mechanisms associated with the meson exchanges 
it is possible that the η’ meson is created from 
excited glue in the interaction region of the 
colliding nucleons. We expect that comparison of 
the cross sections which we determined for the 
pp→ppη’ reaction with the cross sections which 
we have recently measured for the isospin related 
pn→pnη’ process,  should provide insight into the 
flavour-singlet (perhaps also gluonium) content of 
the η’ meson and the relevance of quark-gluon or 
hadronic degrees of freedom in the creation 
process. Data analysis of measurements of the 
quasi–free pn→pnη’ reaction is in progress.  
 

 
 
Fig. 1. Missing mass to the dp→3HeX  reaction (x-axis) as a 
function of beam momentum (y-axis).
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The production of mesons heavier  than pions 
in p+A collisions at bombarding energies far 
below and close to the free nucleon-nucleon 
threshold is of specific interest, as one hopes 
either to learn about cooperative nuclear 
phenomena and/or about high-momentum 
components of the nuclear many body wave 
function that arise from nucleon-nucleon 
correlations. Especially K+ mesons have been 
considered as promising hadronic probes, due to 
the moderate final state interaction, which is a 
consequence of strangeness conservation and fact 
that there are no barion resonances with 
antistrange quarks in nuclei. Antihyperons, 
futhermore, have a much larger production 
threshold and annihilate very fast in nuclei. On 
the other hand, the kaon properties might change 
in the nuclear medium,  thus, the conclusions on 
cooperative nuclear phenomena require a precise 
understanding of the kaon potentials at finite 
nuclear density.  Experiments on K+ production 
from nucleus-nucleus collisions at SIS energies of 
1-2 A GeV have shown that in-medium properties 
of the kaons are seen in the collective flow pattern 
of K+ mesons, both in-plane and out of plane , as 
well as in the abundancy of antikaons. Thus in-
medium modifications of the mesons have 
become a topic of substantial interest triggered in 
part by the suggestion of Brown and Rho that the 
modification of hadron masses should scale with 
the scalar quark condensate <qqbar> at finite 
baryon density. In the series of papers we have 
published results of studies on the production of 
K+ mesons in proton-nucleus collisions from 1.0 
to 2.5 GeV with respect to one-step nucleon-
nucleon and two step ∆-nucleon or pion-nucleon 
production channels on the basis of a coupled 
channel transport approach (CBUU) including 
differential transition probabilities from πN 
reactions that have been calculated within the 
folding model. We have included the kaon final-
state interactions, which are important for heavy 
targets like Pb or Au and we explored the effects 
of momentum-dependent potentials for the 
nucleon, hyperon and kaon in the nucleus. A 

comparison of the calculations to the experimental 
K+ spectra taken at LBL Berkeley, SATURNE, 
CELSIUS, GSI and COSY-Juelich has shown that 
the different data sets are not compatible with 
each other. Thus no clear signal on in-medium 
potentials could be extracted from our analysis in 
comparison to experimental spectra. However, 
the detailed calculations demonstrate that precise 
and complete spectra show a substantial 
sensitivity to the potentials and their momentum 
dependence. At low bombarding energies of ~1.0 
GeV the net attractive potentials for the nucleon 
and the Λ hyperon in the final state lead to a 
relative enhancement of the K+ spectra while at 
higher bombarding energies (~2 GeV) the baryon 
potentials are repulsive and thus they suppress K+ 
production relative to the free case. The 
phenomenon is to be observed in the excitation 
function of the K+ cross section when varying TLAB 

from 1.0 to 2.5 GeV. Furthermore, the shape of the 
spectrum for low K+ momenta in the laboratory is 
very sensitive to both Coulomb UCoul and nuclear 
kaon UK  potentials, since the kaons are 
accelerated by both forces when leaving the 
nuclear environment and propagating to 
continuum. The relative strength of this 
momentum shift in the forward K+ spectra is 
proportional to the square root of the sum of both 
potentials, i.e. ∆p= 2 ( )K Coul KM U U+ . Thus the 
K+ spectral shape  at low momenta  (or kaon 
kinetic energies TK) allows to determine the 
strength of the K+ potential from experimental 
data in an almost model-independent way 
especially when comparing kaon spectra from 
light and heavy targets at the same bombarding 
energy  as a function of TK. A systematic study of 
K+ production in p + A reactions down to 
outgoing momenta of 150 MeV/c in the 
laboratory or TK≈23 MeV, performed on ANKE 
detector at COSY accelerator site (FZJ Juelich) has 
given value of 20 ± 5 MeV for strength of the kaon 
repulsion at normal density. 
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Over the last several years, near-threshold 
production of mesons in elementary nucleon-
nucleon scattering has become an important field 
of studies of medium-energy physics. A specific 
feature of near-threshold measurements is 
connected with the fact that due to the proximity 
of bound or quasi-bound states of some of the 
reaction products, interaction between them can 
be very strong thus influencing the measured 
cross sections essentially. This creates an 
opportunity to investigate interaction between 
particles which cannot be accessed in direct elastic 
scattering experiments. For example, 
measurements of the reaction pp→ppK+K-  allow 
one to investigate the kaon-antikaon interaction. 
Such measurements can help us to understand the 
nature of the scalar mesons f0(980) and a0(980) 
which have masses very close to the mass of a 
kaon pair. The nature of these mesons has been a 
long-standing problem of meson physics. The 
standard quark model has difficulties with 
interpreting these mesons as quark-antiquark 
pairs. In response to these difficulties, various non 
q-qbar descriptions have been proposed including  
a four-quark system, a glueball and a kaon-
antikaon molecule. Especially for the formation of 
the molecule, the strength of the kaon-antikaon 
interaction is of a crucial importance. 

For study of this interaction we 
performed measurements of the pp→ppK+K- 

reaction using the internal detection facility 
COSY-11 at the COoler  SYnchrotron COSY in 
Jülich. The measurements were done for four 
beam momenta above K+K-  production threshold 
but below the φ(1020) meson production 
threshold. They were based on kinematically 
complete reconstruction of positively charged 
ejectiles while the negative kaon was identified 
via the missing mass. Our results for the total 
cross section in the reaction pp→ppK+K- are clearly 
showing that towards the lower values of the 
excess energy Q the data are exceeding any 
expectations both from pure phase space with and 

without the pp final state interaction (FSI) 
enhancement factor (see Figure 1). The observed 
difference might originate from the pK and/or KK 
FSI. We investigated the effect of the interaction 
between particles in the final state using the 
distributions of invariant masses of pK+, pK- and 
K+K- pairs. Within the limited statistics the 
distribution for the pK- pairs shows an 
enhancement towards lower masses which could 
at least be partially connected to the influence of 
the Λ(1405) resonance. The K+K- system is rather 
constant for different invariant masses which 
agrees with a pure phase space distribution. For a 
strict description of the final state, calculations 
based on application of the four-body formalism 
are required. Further experimental study of the 
pp→ppK+K- reaction with a high acceptance and a 
high statistics is planned at the newly 
commissioned WASA-at-COSY detector. 

 
Fig. 1. Total cross section for the reaction pp→ppK+K-  as a function 
of the excess energy Q.  Our data points lie significantly above the 
expectations indicated by the different lines that are all normalized to 
the data point measured by the DISTO collaboration at Q=114 MeV.  
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The production of charged kaons in heavy- ion 
collisions at incident energies from 0.6A to 2.0A 
GeV has been measured with Kaon 
Spectrometer(KaoS) at GSI by KAOS 
Collaboration[1-16]. This subject has been 
systematically studied by analyzing total 
production cross section, energy distributions, and 
polar angle distribution as the function of size of 
the collision system, the incident energy, and the 
collision centrality. The key observations can be 
summarised as follows[Phys. Rev. C75, 
024906(2007)] : 

(i) The multiplicities of both K+ and K- mesons, per 
mass number A of the collisions system, are higher 
in heavy collision systems than in light systems. 
This difference increase with decreasing beam 
energy. 

(ii) The multiplicities per number of participating 
nucleons Apart of K+ and K- mesons within the 
same collision system rise stronge than linearly 
with Apart, whereas the pion multiplicity is 
proportional to Apart. Moreorver, the rise is rather 
similar for K+ and K-, although the respective NN 
thresholds for their production are significantly 
different. 

(iii) The K-/K+ ratio is almost constant as the function 
of the collision centrality. At 1.5A GeV this ratio is 
the same for Au + Au and Ni + Ni collisions. 

(iv) The inverse slop parameters of the energy 
distributions of K+ and K- mesons are higher in 
heavy than in light collision systems.  

(v) The inverse slop parameters of the energy 
distributions of K+ mesons are about 15 to 25 MeV 
higher than those of the K- distributions. This is 
observed for all collision system and for all 
centralities. 

(vi) The polar angle distributions exhibit a forward-
backward rise which is more pronounced for K+ 
than K- mesons. K- mesons produced in central 
collisions are emitted almost isotropically. 
From the systematics of these experimental results 
and from comparisons with transport-model 
calculations, the folloving conclusions on the 
properties of dense nuclear matter as created in 
heavy-ion collisions and on the production 
mechanisms of K+ and K- mesons can be drawn: 

(i) The K- and the K+ yields are coupled by 
strangeness exchange: Despite their significantly 
different thresholds in binary NN collisions, the 
multiplicicities of K+ and K- mesons show the 

same dependence on the collision centrality. They 
are even similar for different collision systems. 
This can be explained by the K- being 
predominantly produced via strageness exchange 
from hyperons which on the other  hand are 
created together  with the K+ mesons. Strageness 
exchange is predicted to be the main contribution 
to K- production in heavy-ion collisions at SIS 
energies by transport-model calculations as well.  

(ii) K+ and K- mesons exhibit different freeze-out 
conditions: Transport model calculations predict 
different emissions times for K+ and K- mesons as 
consequence of the strageness-exchange reaction. 
The K- are continouously produced and 
reabsorbed and finally leavy the reaction zone 
much later than K+ mesons. This and the 
kinematics of the strageness-exchange process are 
manifest in an isotropic emission of the K- in 
central collisions and in systematically lower 
inverse slope parameters of the K- energy 
distributions compered with those for K+. 

(iii) The nuclear equation of state is soft: The increase 
of M(K+)/A with the size of the collision system A 
points toward a dependence of the K+ production 
on the density reached in the collision. The ratio of 
the K+ multiplicities in in Au + Au and C + C as a 
function of the incident energy allows the 
extraction of the compression modulus KN of 
nuclear matter by comparing the data with 
transport-model calculations. Only calculations 
using a soft nuclear EoS ( KN≈ 200 MeV) can 
describe the data. This conclusion is rather 
insensitive to the  various input parameters of 
such calculations. A soft nuclear E0S is further 
supported by comparing the centrality 
dependence of the K+ multiplicities in Au + Au 
collisions with transport-model calculations. 
KAOS Collaboration results demonstrate the 
importance of the strageness-exchange reaction for 
production and propagation of negatively  
charged kaons in heavy-ion collisions at incident 
energies from 0.6A to 2A GeV, on the one hand 
coupling their yield to the K+ production, and on 
the other hand causing a rather late emission of K-. 
The production of positively charged kaons itself 
is strongly linked to the high-density phase of a 
heavy-ion collision, allowing for the conclusion 
that the equation of state of nuclear matter is soft 
within the density regime explored by heavy-ion 
collisions between 0.6A and 2.0A GeV. 
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We report on studies performed in the years 

1996-2006, mainly in Warsaw, on selected 
phenomena that belong to both the atomic and 
nuclear phy-sics: (i) the radiative electron capture 
(REC), (ii) nuclear structure effects in atomic 
energy levels, and (iii) the hyperfine interaction in 
a hydrogen-like 229Th89+ ion.      
     REC is the beta decay via capture of an orbital 
electron, in which the emission of a neutrino is ac-
companied by radiation of a photon. It is a higher 
order effect with a probability of a few orders of 
magnitude lower than that of the non-radiative 
decay. Experiments performed during the last 
decade in Warsaw (in collaboration with the 
Aarhus University) were focused on first-for-
bidden-unique (1u) decays: 204Tl  204Hg  [1] and 
81Kr  81Br (still in progress). The original aim of 
these studies was to test the theory of REC pro-
vided by Zon and Rapaport for the 1u transitions. 
This was a continuation of our earlier studies on 
the 41Ca  41K  1u decay. In that case, the mea-
sured photon intensity per non-radiative decay 
was found to be essentially higher than the theory 
predicts. An agreement with experiment was 
achieved after an account for the γ/β and β/γ 
detour transitions (see papers quoted in ref. 2). 
However, the same approach applied to the 204Tl 
data failed. Recently, Pachucki et al. [3] developed 
a new and remarkably simple approach with the 
use of length gauge for the emitted photon, which 
suppresses significantly the nuclear contribution 
and shows an excellent agreement with the expe-
rimental results for all three cases under conside-
ration. 
     Atomic energy levels depend on the nuclear 
size and this effect is proportional to the square of 
the charge radius.  For different isotopes this 

charge radius is different and thus contributes to 
the isotope shift. From precise measurement of 
the isotope shift in lithium isotopes, performed at 
GSI, and from our calculations of finite nuclear 
mass effects we have obtained nuclear charge 
radii for various isotopes of lithium [4], including 
the most interesting halo nucleus 11Li. Moreover, 
we have studied polarizability effect, the exci-
tation of a nucleus by the atomic electron and we 
have found a significant measurable contribution 
for 11Li. This investigation is continued with 
A. Moro and several  interesting results for 
helium isotopes  have recently been obtained 
in [5]. 
     It was indirectly shown by Helmer and Reich 
(1994) that the first excited 3/2+ nuclear state of 
229Th is expected at about 3.5 eV above the 5/2+ 
ground state. Thus, 229Th offers a unique chance to 
study coupling of the atomic and nuclear degrees 
of freedom. Moreover, it has been suggested 
(Flambaum 2006) that a study of the ultraviolet 
transition between the two 229Th states may shed 
light on the question of temporal variation of the 
fine structure constant. In this context, there is a 
need for a direct observation of this transition and 
a much better determination of its energy. A hope 
is to achieve this goal via studies of hydrogen-like 
229Th89+ ions with the ESR facility at GSI Darm-
stadt. We have performed theoretical studies 
(partly, in collaboration with the St. Petersburg 
physicists) on hyperfine structure in 229Th89+ [6,7]. 
In paticular we have investigated nuclear-spin 
mixing oscillations following a formation of a 
hydrogen-like 229Th ion in a fast collision process. 
We have discussed possible methods of experi-
mental verifications of these phenomena. 
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Production of cooled intense beams of 
heavy ions at GSI, Darmstadt provides a powerful 
tool for precise spectroscopy measurements. 
Electric field of high-Z ions gives an opportunity 
to test QED in regime where an ordinary 
perturbation treatment of QED, with Zα as the 
expansion parameter, is no longer applicable. In 
such systems high order QED corrections can be 
tested, for example by Lamb shift measurements. 

In recent years a number of experiments 
[1, 2] were performed at the ESR gas target or 
electron cooler in order to obtain precision of the 
measured Lamb shift in the H-like uranium 
comparable to theoretical calculations (i.e. 0.5 eV). 
Many techniques, such as beam deceleration and 
cooling, have been used in order to improve the 
results, mainly to reduce Doppler broadening of 
the observed X-ray lines. Additionally, crystal 
spectrometer (FOCAL) [3] and microstrip Ge-
detectors, dedicated to the Lamb shift measure-
ments, were constructed. Experimental results 
obtained in recent 15 years are presented in Fig. 1. 

Precise spectroscopy allows observations 
of many electrons contributions to the ground-
state energy. This kind of experiment was 
performed for the simplest many electron system 
– He-like uranium. Here, energy of K-RR line for 
radiative recombination to H- and He-like U-ions 
was observed. The energy difference between 
those two lines was obtained with an accuracy on 
the level of two-electron contribution [2].  

Another process which was investigated 
is the Radiative Electron Capture (REC) in 
relativistic collisions. Such systems reveal 
completely new effects, which go beyond the 
dipole approximation. Experiments, in accordance 
with theory, show that even at moderately 
relativistic collision velocities (up to about 
1 GeV/u) total K-REC cross sections are still well 
described by a simple non-relativistic dipole 
approximation [4, 5]. This is mostly due to an 
accidental cancellation among the various 
manifestations of relativistic, retardation, and 
multipole effects. Strong deviation from this 

behavior, predicted by theory, was only observed 
in the highly relativistic collision regime. 

More detailed information on REC was 
obtained from differential cross sections. In 
particular, studies of the angular distribution of 
the REC radiation revealed importance of spin-
flip transitions caused by the magnetic 
interaction. This interaction produces a forward-
backward asymmetry of the REC emission pattern 
in the laboratory frame, manifested by the 
enhanced photon emission at 0O [6, 7, 8]. 

Also angular distribution of the Ly-α1 
line, following radiative electron capture from a 
gas target into the 2p3/2 level of H-like uranium 
was measured, which allows us to obtain magne-
tic-substrate sensitive information on the REC 
process. First experiments performed in rela-
tivistic collisions of high-Z ions with light target 
atoms show a strong emission anisotropy [9]. 

Recently, polarization of photons 
produced due to radiative electron capture has 
attracted particular interest [9]. By means of 
segmented germanium detectors polarization 
measurements can be performed by exploiting the 
relation between the differential Compton 
scattering cross-section and the linear polarization 
of the primary photon as predicted by the Klein-
Nishina formula. 

 
Fig. 1. Progress in precision of the Lamb shift measurement in ESR 
experiments. 
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The universality of the charged week 
interaction allows to describe on the same basis 
such a wide range of phenomena as nuclear beta 
decay, muon decay, and semileptonic decays of 
hadrons and is incorporated in the Standard 
Model characterized by lefthanded fermions (V-
A) and by the universal coupling constant GF. It 
was a selected set of µ decay experiments 
(including inverse µ decay) for which it was 
possible to show the V-A structure of the week 
interaction. Moreover, it is also exclusively µ 
decay from which GF was derived.  

Although the e+ are polarized mainly 
longitudinally (PL = 0.998 ± 0.045), the 
experimental limit ∆PL still allows for sizeable 
transverse components PT1 = PT1·x1, PT2 = PT2·x2, 
where 
  ( )2 1 2, .e e e eµ µ= × × = ×x k P k P x x k k       

The experiment was performed  at the µE1 beam-
line at Paul Scherrer Institute, Villigen, Switzer-
land. A longitudinally polarized µ+ beam (Pµ ≈ 
0.91) enters a beryllium stop target with bunches 
every 19.75 ns and a burst width of 3.9 ns 
(FWHM). The polarization Pµ(t) of the stopped 
muons precesses in a homogeneous magnetic 
field (B = 373.6 ± 0.4 mT) with the same angular 
frequency as the accelerator RF. This ensures a 
high stopped muon polarization Pµ = 0.91 ± 0.02. 
A system of drift chambers and two thin plastic 
scintillator counters selects decay e+ emitted at 
≈90° with respect to Pµ. A 1 mm thick magnetized 
Vacoflux 50TM foil with its polarized e- (Pe- = 0.07) 
serves as polarization analyzer. The two γ's from 
e+ annihilation-in-flight with the polarized e- are 
selected by an array of 127 BGO crystals with veto 
counters in front of them (Fig. 1).  

The precession of Pµ(t) implies precession 
of PT(t)  while Pe- remains constant in time. The 
rate of detected γγ coincidences for a given BGO 
crystal pair can be expressed as 

( ) ( ) ( ) ( )res SR1 cos sin ,R t a t b t N t N t N tµ γγω ω= + + = ⋅ ⋅  
where Nres represents residual effects like the 
differential nonlinearity of the TDC, NµSR is due to 

small remnant decay asymmetry and Nγγ is the  
annihilation rate which traces the transverse 
muon polarization.    

The Fourier analysis of the collected data 
led to the energy dependent transverse 
polarization components as shown in Fig. 2. Table 
I summarizes the results of the general and of the 
restricted analysis based on the 4-fermion contact 
interaction. 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Transverse 
positron polariza-tion 
components PT1 and 
PT2 as a function of the 
e+ energy at the 
moment of anni-
hilation. The curves 
are fit to the data. 

Table I. V-A values and experimental results (in units of 10-3). 
The errors are statistical and systematic. 

Fig. 1. Experimental setup.  
MWPC’s and veto scintillators 
are not shown. 
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All the CP violation effects observed so far 
could be accommodated within the Standard 
Model (SM) through CKM mixing of the quark 
states. The amplitude of CP violation due to 
mixing of the quark states is by several orders of 
magnitude too small to explain the matter-
antimatter asymmetry of the Universe. If the only 
source of CP-violation would be the one offered 
by the SM, effects in β-decay would be 
vanishingly small. Thus any observation of time 
reversal violation in such a process would be the 
first unambiguous signal of new physics beyond 
the SM. In renormalizable gauge-theories, at the 
tree level, the candidate models for scalar 
contributions are charged Higgs, slepton and 
leptoquark exchange while for tensor coupling the 
only candidate is the exchange of a spin-0-
leptoquark. 

The terms in the allowed β-decay rate 
function which are relevant for the discussed 
experiments are:  

( )
1 .e ee

e
e e

W A R N
E E

⎛ ⎞⋅ ×⋅
∝ + + + ⋅ +⎜ ⎟

⎝ ⎠

J pJ p J K
σ

σ  

The essential physics is contained in the 
parity violating decay asymmetry parameter A, in 
the parity and time reversal violating parameter R 
and in the parity and time reversal conserving 
parameter N. J describes the initial nucleus (or 
neutron) polarization, whereas pe, Ee and σe 
correspond to the momentum, energy and spin of 
the electron, respectively. 

The first experiment, performed at the Paul 
Scherrer Institute, Villigen, Switzerland, measured 
the R-correlation coefficient in the decay of 8Li 
nuclei produced via the polarization transfer 
reaction 7Li(d,p)8Li induced by 10 MeV vector 
polarized deuterons. The sketch of the apparatus 
is shown in Fig. 1. The final value of the R-
coefficient for 8Li decay is  

( )8
3

Li
0.9 2.2 10 .R −= ± ×  

The result is consistent with the time reversal 
invariance. 

The distinct advantage of the 8Li → 9Be(2.9 

MeV) transition is that the Fermi matrix element 
vanishes and the R-parameter depends only on 
the tensor interaction which gives: 

( ) ( )Im 0.029, 0.0044 90% C.L.T T
R L R La a≤ <

  

and 

( )
1 / 2

1 / 2*

2 1.8 GeV 90% C.L. .
8

L Q
T

F LRL R

m
G ah h

= ≥
 

hL and hR are the (unknown) coupling constants of 
the leptoquarks and GF is the Fermi coupling 
constant. Assuming the “canonical” values for 
hL,R=√(4παelm) ≈ 0.3 we get mLQ ≥ 560 GeV/c2.  

The advantage of the neutron beta decay is its 
mixed F–GT character and precisely known matrix 
elements leading to  

' '

0.28 Im 0.33 Im .S S T T
n

A A

C C C CR
C C

⎛ ⎞ ⎛ ⎞+ +
= ⋅ + ⋅⎜ ⎟ ⎜ ⎟

⎝ ⎠⎝ ⎠
 

Fig. 1. Vertical cross section through the Mott polarimeter. The 
direction of the incident polarized deuteron beam is 
perpendicular to the figure.  
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The experiment measuring both 
components of the electron transverse polarization 
is being carried out on the polarized cold neutron 
facility FUNSPIN at the spallation source SINQ at 
the Paul Scherrer Institute, Villigen, Switzerland. 
Present values of the N- and R-coefficient are: 

0.059 0.015 0.026 0.024.n nN R= ± = ±  

The achieved limits on imaginary parts of the 
scalar and tensor couplings are shown in Fig. 2. 
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Fig. 2. ±σ constraints ob-tained from β-decay experiments on 
S=Im{(CS+C’S)/CA} and T=Im{(CT+C’T)/CA}. Yellow band 
indicates the preliminary result obtained from neutron decay. 
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Ultra cold neutrons (UCN) are neutrons with 
energy of less than about 300 neV. Such slow 
neutrons are totally reflected by some material 
surfaces. Due to their magnetic moment, one spin 
state is also reflected by conventionally achievable 
magnetic fields (1 T corresponds to 60 neV). UCN 
are also affected by gravity. It is possible to 
confine UCN for times comparable to the neutron 
lifetime. Very often the neutron itself is an object 
of interest. Prominent examples include precision 
measurements of the neutron lifetime, the neutron 
electric dipole moment or the angular correlations 
among the decay products. The accuracy of such 
experiments is often limited by the UCN flux or 
densities available. Currently, the only UCN 
source operating as a user facility is located at the 
ILL Grenoble, France. It delivers a few tenth of 
UCN per cm3. with an increase in UCN intensity, 
a whole class of investigations, e.g. neutron-
antineutron conversion, phase-space transformer 
or surface analysis experiments would become 
feasible.  

Among the world wide efforts to build the 
high intensity UCN sources, the project of the 
Paul Sherrer Institute, Villigen, Switzerland, is the 
most advanced. The essential elements of the PSI 
UCN source are a pulsed proton beam with 
highest intensity (≥ 2 mA) and a low duty cycle (∼ 
1%), a heavy element spallation target, a large 
moderator and converter system. The moderator 
consists of about 4 m3 of heavy water at room 
temperature where the spallation neutrons are 
thermalized. These are then down-scattered into 
the UCN regime in a converter made of 30 dm3 of 
solid Deuterium (sD2) at low temperature (∼ 6 K). 
A storage volume of about 2 m3 serves as UCN 
reservoir and allows for quasi continuous 
operation. It is connected to the experiments with 
via horizontal neutron guide pipes equipped with 
mechanical shutters.  

Operating the UCN source in a pulsed mode 
makes it possible to hold the sD2 at low 
temperatures in the vicinity of the spallation 
target despite the large power deposition during 
the beam pulse of a few seconds. Moreover, the 
pulsed regime is typical for UCN experiments 

which need the beam only for a few seconds to 
feed the apparatus and then use a long (a few 
min.) observation time. The layout of the UCN 
source tank is shown in Fig. 1. 

Fig. 1. 
The layout of the UCN source tank. 

The design of the PSI pulsed UCN source has 
been accompanied by a series of dedicated R&D 
activities and special experiments proving the 
feasibility of applied solutions. Much attention 
was put the properties of the sD2 converter. The 
behavior of solid deuterium exposed to frequent 
temperature cycling was studied with atomic 
spectroscopy methods and using cold, very-cold 
and ultra-cold neutrons. Also cooling and 
maintaining 30 dm3 sD2 crystal in a UCN 
“friendly” manner is challenging enterprise for 
itself. 

Another issue, critical for the project is the 
spallation target which must sustain up to 2 MW 
peak power and be robust against numerous 
cycling of physical conditions and heavy radiation 
damage. Also the preparation of surfaces with the 
highest possible UCN reflection potential and 
minimum losses is a challenging task. DLC 
coatings will be used in both large area (storage 
tank) and small area (UCN shutters, construction 
details, etc.) 

The expected UCN density in the storage 
volume is about 3’000 per cm3. Start of regular 
operation is planned for 2008. 
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In the last couple of years we have witnessed 
a tremendous progress in the field of cold 
fermionic atoms. Ultra cold atomic gases provide 
a remarkable opportunity to investigate strongly 
correlated Fermi systems. They are dilute and 
their interactions can be precisely controlled 
over an enormous range. In particular, they form 
unique laboratories where the crossover between 
the Bose-Einstein condensate and the BCS 
superfluid can be explored. In this limit, often 
referred to as unitary regime, which is relevant 
for the dilute neutron matter, the scattering 
length greatly exceeds the average inter-particle 
separations. Consequently, the system is 
believed to be strongly paired and the size of 
Cooper pairs is comparable with the Fermi 
wavelength. 

The experimental investigation of the 
unitary Fermi gas (UFG) began with its 
realization in atomic traps by the Duke group  
[1]. At unitarity (often referred to as ``at 
resonance"), when scattering length tends to 
infinity, the properties of such a system are 
governed by deceptively simple laws. In 
particular, the ground state energy per particle is 
given by E/N=3εFξ/5, where εF=ħ2kF2/2m is the 
Fermi energy of a noninteracting Fermi gas with 
the same number density n=n/V=kF3/3π2. The 
determination of the dimentionless constant ξ is 
theoretically very demanding as it requires the 
non-perturbative methods. The best current 
accepted value was determined through 
restricted/fixed node Monte Carlo (MC) 
calculation as ξ=0.42(1). This value was 
confirmed by the zero temperature extrapolation 
of unrestricted MC calculations of Ref. [2], where 
ξ =0.44(3) was obtained. Theoretically, it was 
also found that this system is superfluid at low 
temperatures and the value of the pairing gap 
was estimated at zero temperature to be ∆ = 

0.504(24) Fε . A number of finite temperature 
thermodynamic properties of the homogeneous 
phase were determined as well [2-6]. In 
particular it was shown [2,3] that at low 
temperatures the thermodynamic behavior 

appears as a rather surprising and unexpected 
melange of fermionic and bosonic features, 
which defies a straightforward classification as 
any known superfluid. Namely, the temperature 
dependence is characteristic of an ideal  Bose 
gas, which is superfluid at the same time.  

 On the experimental side there is a quite 
wide spread in values of the dimensionless 
parameter ξ determined in various experiments. 
However, the latest experiments seem to 
converge, possibly guided by the existence of 
firm theoretical results, to the expected value 
[7,8].  

The measurements of the pairing gap are 
still in their infancy. Although it has been 
conclusively demonstrated that a UFG is 
superfluid at sufficiently low temperatures [9] 
the value of the pairing gap has only been 
determined so far in one experiment [10]. 
Moreover, the extracted value is significantly 
smaller than the theoretical value. 

One of the most interesting recent 
achievements was the first model-independent 
comparison of measurements of the entropy and 
of the critical temperature for the supefluid-to-
normal phase transition of a unitary Fermi gas, 
performed by the Duke group [11], with the 
most complete results currently available from 
finite temperature Monte Carlo calculations [12]. 
The measurement of the critical temperature in a 
cold fermionic atomic cloud is consistent with a 
value TC=0.23(2)εF in the bulk, as predicted in 
Ref. [2]. 
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Experimental facility: future Facility for Antiproton and Ion Research (FAIR), Darmstadt 
 
 PANDA (Proton ANtiproton Detector 
Assembly) is a general purpose detector which 
was proposed for studies of reactions induced by 
antiproton beams on hydrogen as well as on 
nuclear targets at the Facility for Antiproton and 
Ion Research (FAIR)  at GSI-Darmstadt (www-
panda.gsi.de). PANDA will be installed at  the 
internal target of the High Energy Storage Ring 
(HESR) at FAIR which can store up to 1011 
antiprotons and accelerate them in the 
momentum range 1.5-15 GeV/c. Application of 
electron cooling will guarantee unprecedented 
quality of the antiproton beam.  This will enable 
performance of high-precision experiments in the 
field of: charmonium spectroscopy,  establishment 
of the QCD-predicted qluonic excitations 
(charmed hybrids, glueballs),  search for 
modifications of properties of mesons with open 
and hidden-charm in nuclear medium, 
spectroscopy  and study of rare decays of  D and 
Ds mesons, measurements of the proton electric 
and magnetic form factors in the time-like region 
up to Q2≈25 GeV2/c2.  
 Our Kraków group is a member of the 
international collaboration working at present on 
the design and prototyping of the PANDA 
detector. We are responsible for the Forward 
Spectrometer (FS) which, besides the Target 
Spectrometer (TS), is the key component of the 
PANDA setup. Our studies involve  a “3-D” 
modeling of the FS detectors including drift 
chambers, TOF scintillation wall, RICH detector, 
electromagnetic calorimeter and muon counters. 
We participate also in development of  simulation 
and data analysis software which we exploit for 
optimization of  the FS detector setup. In order  to 
study performance of drift chambers in the high 
rate environment expected at PANDA we 
constructed a prototype drift chamber which is 
shown in Figure 1. The chamber is equipped with 
the read-out electronics also developed in 
Kraków. It  comprises preamplifier-discriminator 
cards based on the CARIOCA chips and the TDC 
boards based on the HPTDC chips. Currently we 

are testing the chamber in various ways including 
irradiation with proton beam from the COSY-
Juelich accelerator. Last but not least we 
contribute to development of the data acquisition 
system (DAQ) for PANDA. We proposed a novel 
architecture of triggerless DAQ based on data 
buffers and processing nodes interconnected with 
a high speed network, allowing for a very high 
flexibility in the event selection. Results of studies 
of this architecture, performed with the use of the 
SYSTEM-C framework, are very promising. 
 

 
 
Fig. 1. Prototype drift chamber for PANDA. The chamber contains 
four detection planes with square 1cm x 1cm cells. The central 
opening is foreseen for the beam pipe. 
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The Compressed Baryonic Matter (CBM) 
experiment at the new major accelerator facility 
named FAIR in Darmstadt aims at the 
investigation of strongly interacting matter at very 
high baryon densities.  Joining   the international 
CBM Collaboration, we participated in the 
planing of research and consequently in the 
designing of apparatus – an universal detection 
system dedicated to fully exploit the physics 
potential of nucleus-nucleus collisions at FAIR.  
The Warsaw group contributed to the shaping of 
the basic initial setup of the CBM [1], particularly 
the geometry of transition radiation detector 
(TRD) planes and of the time-of-flight (TOF) 
detector.     
The research program comprises the study of the 
structure and the equation of state of baryonic 
matter. This includes the search for the phase 
boundary between hadronic and partonic matter, 
the critical endpoint and the search for signatures 
for the onset of chiral symmetry restoration. 
Among the various probes that should allow to  
gain insight into the properties of hot and dense 
nuclear matter, important are pairs of leptons e+e- 
and µ+µ-. They originate from and can be used to 
detect the decays of the hidden charm meson J/ψ 
and of the low short-lived strange low-mass 
vector mesons (LMVM) ρ and ω as well as of the 
hidden strangeness meson φ. These leptons do not 
interact strongly and thus penetrate quasi freely 
the hot and dense zone of collisions. 
The CBM experiment is designed to operate at 
interaction rates up to 107 reactions per second 
with multiplicities of up to ∼1000 charged 
particles per collision. Such parameters require 
unprecedented detector performance in terms of 
readout. The search for rare events requires in 
addition an appropriate trigger concept and 
efficient fast particle identification algorithms. 
Simulations of J/ψ identification via the 
measurement of di-muon pairs as an alternative 
to the di-electron pairs have been peformed. In 
this case the background is caused by muons from 
weak decays of charged pions and kaons. One of 
the possible locations of the muon detector is 
behind the basic CBM setup consisting of: silicon 
tracking system STS in a magnetic dipole, ring 
imaging Cerenkov detector RICH, TRD, TOF and 
electromagnetic calorimeter ECAL [1].  The other 

location considered is in the space occupied in the 
basic setup by RICH, with the consequence of 
resigning from the detection of di-electron pairs. 
As a part of comparative studies of these options 
a search was performed for the optimum 
geometry of a muon detector at the former 
position in CBM . 
The distant location implies large dimensions and 
requires optimizing the geometry, compromising 
between efficiency, acceptable signal/background 
ratio (S/B) and size. The results favour the choice 
of a two-arm structure – a consequence of the 
emission of the muon pair into opposite 
hemispheres. Moreover a vertical arrangement of 
the arms, i.e. out of the bending plane of the 
magnetic dipole, results in increasing S/B. With 
two optimized rectangular arms of total area 25 
m2 located at a distance 15 m from the target the 
detection efficiency of 5% could be achieved for 
J/ψ’s produced in 25A GeV Au+Au collisions. 
The rare production of J/ψ mesons (2·105 per such 
collision) with 6% decaying into the µ+µ- channel 
has to be measured in presence of a strong 
combinatorial background of muons from decays 
of several hundreds of pions. The suppression of 
this background could be achieved by measuring 
the kink angle between the trajectory of meson 
and its decay daughter. This method requires the 
optimization of the set of parameters used to 
distinguish between deviations of trajectories due 
to decay kinks and trivial multiple scattering [2]. 
Realistic estimates of tracking precision based on 
the resolution of STS (1% momentum uncertainty) 
and TRD (3 stations with 3 planes of 250 µm 
spatial resolution)  result in the reduction of 
background and yield S/B ~ 2 in a 100 MeV wide 
nvariant mass window centered at the mass of 
J/ψ . The muon identifying algorithm [2] has been 
improved and optimized to allow for fast particle 
tagging required to take trigger decisions.  
Further simulations are carried out in search for 
possible alternative and complementary 
configurations of  the CBM detector aiming at  
simultaneous detection of J/ψ and LMVM via 
their di-muon decays.    
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The CBM experiments is a dedicated to 
investigate the properties of highly compressed 
baryonic matter as it is produced in nucleus-
nucleus (e.g. Au+Au) collisions from 15 to 45 
AGeV. The scientific goal of the research program 
is to explore the QCD phase diagram of strongly 
interacting matter in the region of highest baryon 
densities and thus measurements of hadronic, 
leptonic and photonic observables at interaction 
rates up to 10MHz. To make it feasible the 
dedicated detectors will be designed. The current 
layout consist of high-resolution silicon tracking 
system (STS) placed in the field of a 
superconducting dipole magnet. Outside of the 
magnetic field, a RICH detector and several 
stations of transition radiation detectors (TRD) 
will identify electrons in the momentum ranges 
relevant for low-mass vector meson and 
charmonium measurements. Hadron 
identification will be achieved by the time-of-
flight measurement in an array of resistive plate 
chambers (TOF). The setup is completed by an 
electromagnetic calorimeter (ECAL) for 
identification of photons, electrons and muons. 
The experiment will operate at the future Facility 
for Antiproton and Ion Research (FAIR) in 
Darmstadt, Germany. 
 
The major experimental challenge is posed by 
extremely high reaction rates of up to  
107 event/second. A typical central Au+Au 
collision in the CBM experiment will produce up 
to 700 tracks in the TRD detector. It produces a 
huge amount of data which currently can not be 
transmitted and stored for further slow off-line 
analysis. Therefore the standalone TRD tracking 
algorithm has been developed having the low-
level online event selection in mind. It has been 
created to reduce the amount of data that do not 
contain interesting signal, i.e. detected electrons 
and positrons from the J/ψ decay. This particle is 
particularly interesting because is one of the 
predicted signal and experimental evidence of the 
formation of the quark-gluon plasma. The J/ψ 
meson, called also "charmonium", is produced in 
Au(25 AGeV)+Au reaction with multiplicity 
1.5·105. If will be taken into consideration planned 
beam intensity, number of interaction, 

charmonium rate, fraction (J/ψ → e+e-) and 
detector acceptance, only 0.17/s charmonium will 
be meausered. Thus, the huge bulk of background 
data should be efficiently suppressed to make it 
possible to pass remaining information to the 
mass storage system. This required high-speed, 
efficient and reliable data acquisition and an 
online event selection and backgrund suppression 
methods. The standalone TRD tracking 
procedure, based on cellular automaton 
algorithm, is just a part of wider online 
background suppression issue. 
 
In the present shape the algorithm gives 
promising results with regard to speed and 
efficiency. As testing environment the particles 
produced from Au+Au central collision at 25GeV 
were taken. After processing 1000 events 
produced by UrQMD particle generator, on 
average 550 tracks per event were reconstructed. 
Efficiency of correctly reconstructed tracks is 
about 86% and 91% for particles with momentum 
below and above 1 GeV/c respectively. On 
average processing time per event is about 0.8 
seconds. The procedure was tested using the 
standard PC computer with 2 multithreads, 3GHz 
processors and 1GB RAM. 
 
Reconstructing the tracks of electron and positron 
from discussed decay and calculating each 
particle's momentum vector leads to the 
reconstruction of J/ψ mass, which is equal 3.1 
GeV/c2. Hence, if the algorithm finds a value of 
invariant mass similar to the J/ψ, it accepts the 
entire event and sends it to the data acquisition 
system. For production event with e+e- pairs from 
J/ψ decay was used the Pluto generator (a monte 
carlo simulation tool for hadronic physics). 
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Experimental facility: PSI, Villigen, Switzerland; KVI Groningen, The Netherlands 
 
 In numerous nuclear/particle physics 
experiments detection systems comprise up to 
few thousands of analog data sources. High 
precision studies require accumulation of large 
data samples and therefore the readout system 
must work reliably at trigger rates reaching a few 
tens of thousands events (with multiplicities 
below about a hundred) per second, without any 
significant dead-time. To meet such requirements 
it is necessary to utilize a fast bus and/or protocol 
for the data transmission. In contrast to the 
present generation of HEP experiments, here the 
usage of complicated multiplexing schemes with 
specially developed chips and boards as well as 

many-level triggering and event-building 
techniques is rather disadvantageous. 
 As a response to the needs of moderate-
size experiments we have developed a readout 
system based on the standard FERA (trademark 
of the LeCroy Corporation) configuration and an 
additional custom CAMAC module, whose use 
permits to avoid the limitations inherent in the 
original FERA system. Use of the custom FERA 
Extender/Tagger module allows us to divide the 
readout system into sections matching the 
detector configuration, and to drive each section 
by a separate (differing in width or shifted in 
time) gate signal. In each sub-system the data are 

Fig. 1. Block diagram of the full FERA readout system composed of three branches containing the Extender/Tagger modules, and controlled 
by a single Manager module equipped with auxiliary logic. 
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sent over a dedicated bus (at the speed of 100 ns 
per data word) to a pair of alternatively active 
buffering memories. The coordination of the full 
system (controlling the event cycle, switching the 
memories, issuing DAQ requests) is performed by 
a single FERA Manager, which is equipped with 
a logic system for distributing and multiplexing of 
the synchronization signals – see figure 1. The 
sub-events are uniquely marked by the 
Extender/Tagger module (synchronously in all 
branches), what allows to recombine them into 
full events by the processor controlling the 
acquisition.  
  Rate capability of the full FERA system 
depends clearly on a particular experimental 
implementation. For three sub-systems with 
a total of 2000 readout channels and a typical 
event size of 80 words, one obtains a conservative 

estimation for the event cycle duration of around 
25 µs. It follows, that an event rate of about 3·104 
per second can be processed by the system with 
dead-time losses of 3% only. A limitation on the 
rate capability could arise due to the memories 
emptying time, a slow procedure on the CAMAC 
DATAWAY. Even then the acceptable event rate 
is about 3·103 s-1. This restriction on the data 
throughput could be easily removed by replacing 
the CAMAC memory modules by their VME 
versions. In such a hybrid system the full rate 
capability can be restored, allowing for the data 
rates of about 5 MB/s (i.e. some 30000 moderate-
length events per second).  The described system 
has been, in various versions, successfully used in 
several fundamental research projects and proved 
its stable and reliable performance. 
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Identification of low-energy light charged 
particles and heavy ions requires application of E-
∆E telescopes with very thin transmission  ∆E 
detectors. The  new technology elaborated for 
production of thin strip ∆E detectors is named 
Planar Process Partially Performed on Thin Silicon 
Membrane (PPPP process) [1,2]. Using this 
technology the 52 and 22 µm thick strip detectors 
(of diameter 3 in) were elaborated, see Fig. 1. 

 
Fig. 1. Thin srtip detector with spral strips. 
 
       Combinning it with thicker silicon E detector, 
the E-∆E telescopes are formed. The result of 
heavy ions measurements with this telescopes is  
presented in Fig. 2.  

 
Fig. 2. E-∆E spectra measured by telescopes. 
 
For construction of silicon monolithic  E-∆E 
telescopes (pair of silicon detectors created on 
single silicon wafer) we have elaborated a new 

technological process named Quasi-Selective 
Epitaxy (QSE) [3,4,5] As a result of the QSE 
process, we have the silicon mesa epitaxially 
grown in the place of the SiO2 windows.  

Tests of monolithic E-∆E telescopes with 
heavy ions are illustrated by Fig. 3: 

 

 
Fig. 3. E-∆E spectrum measured by a monolithic  E-∆E telescope. 

 
PPPP proces and QSE can be applied to the 

new generation Si-balls as front detectors for light 
charged particles and heavy ion identification. 

Proces QSE can be applied to microelectronics 
for production transistors and ASIC's. 
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A. Konefał1, W.  Łobodziec3, A. Orlef2, K. Polaczek-Grelik1, W. Zipper1 

1Institute of Physics, University of Silesia, Katowice 
2Department of Medical Physics, Centre of Oncology, Gliwice 

3Radiotherapy Department of the Hospital – Memorial St. Leszczyński, Katowice 
 

The high-energy photons and electrons of 
the therapeutic beams used in the accelerator 
therapy induce the photonuclear (γ,n) and 
electronuclear (e,e’n) reactions mainly inside the 
primary beam. The direct consequence of these 
reactions is a production of undesirable neutrons 
and radioisotopes. In the vicinity of the accelerator 
head the contaminant-neutrons have a broad 
energy spectrum with the high-energy end of more 
than 10 MeV (Fig.1). The thermal and epithermal 
neutron radiation level is particularly important 
because of the simply capture reaction (n,γ) 
occurring at thermal and epithermal energies for 
most of isotopes. In this reaction, various 
radioisotopes can be produced, like in the photo- 
and electronuclear reactions. The radioisotope 
production induced by the neutrons is not limited 
to the primary beam but it takes place in the whole 
accelerator bunker (in the walls, floor and ceiling 
and in all objects inside the treatment room and in 
the maze etc.) because the neutron flux does not 
decrease significantly as the distance from the 
accelerator head increases. The originated 
radioisotopes can emit the penetrative gamma rays 
with energies of even several MeV during the 
disintegration of excited states of nuclei. 
Particularly unfavorable radioisotopes are those 
with metastable states since they cause 
radioactivity of accelerator components (Fig.1), 
accessories, air, walls and other objects in the 
bunker. This radioactivity can be accumulated and 
remain on measurable level even for several days 
after the last beam emission. It is the main factor of 
the dose to personnel operating the accelerator. The 
originated neutrons appear only when the beam is 
on because the single neutron life time in air is 
about several µs. However, the neutrons are source 
of the additional undesired total body dose to 
patients. This neutron dose is not calculated by the 
treatment planning system, thus the supplementary 
precise investigations are required.  

Our investigations started in 1999 have 
aimed at determination of distribution and energy 
spectrum of the neutrons and at identification of 
major radioactive sources inside the accelerator 
bunker. The study were and are carried out in 
cooperation with Department of Medical Physics of 
Centre of Oncology in Gliwice and with 
Radiotherapy Department of the Hospital-
Memorial St. Leszczyński in Katowice, for two 

widely used type of medical linacs: Primus Siemens 
and Varian Clinac-2300. Experimental methods as 
well as computer simulations were applied in the 
investigations. The spectral measurements of 
gammas were performed with the use of an high-
purity germanium detector connected to a 
multichannel analyzer installed in a PC computer 
(system for a field spectrometry). The thermal and 
epithermal neutrons were measured applying the 
induce activity method whereas the neutron 
spectra and doses were determined by the mean of 
the computer simulations based on the GEANT4 
libraries – one of the newest simulation software for 
the use in nuclear physics. In future we plan to 
apply out investigation for hadrontherapy.  

Fig. 1. The neutron spectrum in the plane the treatment couch, 
calculated for the 20 MV X-rays from Varian Clinac-2300 linac 
(highly) and the gamma spectrum measured under the Primus Siemens 
head after the short lasting emission of the 15 MV X-rays (low). 
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NATURAL RADIOACTIVITY STUDIES IN SOIL, WATER AND AIR 
 

J. Dorda, B. Kłos, B. Kozłowska, A. Walencik, W. Zipper 
Institute of Physics, University of Silesia, Katowice 

 
Experimental facility: Laboratory of Low Activities, University of Silesia 
 

Natural radionuclides are present in air, 
water, soil, plants and animals and in 
consequence in the human diet. In groundwater, 
their presence is determined by their activity 
concentration in soil and bedrock. Groundwater 
reacts with the surrounding rocks and releases 
elements which can be dissolved in it. Presence of 
radionuclides from uranium and thorium series in 
soil and rocks may also result in increased radon 
and thoron activity concentration in air, soil air 
and water. Radionuclides of natural decay chains 
enter the human body through ingestion and 
inhalation. 
 Investigations carried out in the 
Laboratory of Low Activities concern the 
distribution and migration of naturally occurring 
radionuclides, i.e. 234,236U, 226,228Ra, 222Rn in soil, 
water and air using nuclear spectrometry 
techniques. Naturally occurring uranium contains 
three alpha emitting radionuclides 238U, 235U and 
234U, each with a different half-life and mass 
abundance. Uranium 234U is a decay product of 
the 238U series and after a sufficient time the 234U 
isotope approaches a secular equilibrium with the 
238U activity. Radiological risk arising from 
uranium ingestion is small in comparison with its 
chemical toxicity. Uranium is deposited on the 
bones surfaces together with calcium but about 
90% is removed from the body within 24 h with 
urine. In nature there are four radium isotopes 
223Ra, 224Ra, 226Ra, 228Ra. The longest half-life equal 
to 1620 years has 226Ra so this isotope is the most 
important from the radiological point of view. 
Ingestion of both uranium and radium into 
humans may be toxic and dangerous. Similar 
behavior of radium as calcium may cause this 
element to incorporate in bones. In natural 
radioactivity studies one cannot omit radon 222Rn 
measurements. Radon is a noble gas present in 
soil air, air and also soluble in water. Radon itself 
is not harmful but its decay products are toxic 
heavy metals not neutral for human health.  

Laboratory of Low Activities carries 
environmental studies with the use of modern 
α,β,γ – spectrometry systems. The measurement of 
γ – radioactivity is performed with the use of γ – 
spectrometry systems with HPGe semiconductor 
detectors, both in the laboratory and directly in 
the field (In Situ Spectroscopy). Studies of γ – 
radioactive isotopes in environmental and non-
environmental condensed and liquid samples are 
carried out. Alpha and beta-radioactive isotopes 
(222Rn and 226,228Ra) are studied using WinSpectral 
1414 α/β liquid scintillation counter (LSC) from 
Wallac. Alpha radioactive isotopes of uranium are 
investigated with the use of alpha spectrometer 
7401VR  from Canberra – Packard with 
semiconductor detector from Ortec. Radon 
measurements are also carried out with portable 
detektor RAD7 from Durridge company.  

Laboratory of Low Activities carries not 
only research but also didactics.  
Liquid Scintillation Counter 1414 α/β from Wallac 
is presented at the figure below. 
 
 
 

 
 
 
Fig. 1. Liquid Scintillation Counter 1414 α/β from Wallac at the 
Laboratory of Low Activities. 
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APPLICATION OF THE MÖSSBAUER SPECTROSCOPY ON 
INVESTIGATION OF IRON MINERALS 

 
J. Komraus, E. Popiel 

Institute of Physics, University of Silesia, Katowice 
 

Mössbauer spectroscopy is an examination 
technique based on the resonant emission and 
absorption of gamma radiation. Thanks to high 
scopes of resolution, the Mössbauer spectroscopy 
is beginning to be used in variety of research 
concerning the examination of physical and 
chemical properties of solid state. The Laboratory 
of Mössbauer Spectroscopy  at the Institute of 
Physics, University of Silesia, possesses three 
Mössbauer spectrometers and one cryostat, which 
enable us to test samples of materials in 
temperatures ranging from 10 to 500 K. The 
laboratory is also equipment with a heat 
treatment furnace that is capable of testing 
samples in temperatures up to 1470 K. Due to the 
fact that we possess sources of radioactivity and 
detection equipment, the laboratory is a place 
where research based on the isotope of iron 57Fe is 
conducted. High presence of iron in the nature 
allows us to examine a wide spectrum of 
materials, both natural and artificial.  

For the past few years, the Laboratory of 
Mössbauer Spectroscopy has been doing research 
on the examination of minerals and rocks so as to 
determine which iron compounds are present in 
them and specify what kinds of changes these 
compounds undergo during different 
technological or geological processes. For 
instance, several examinations were done in the 
Laboratory, the aim of which was to identify iron 
compounds in hard coal obtained from different 
coal deposits and to specify what changes these 
compounds would undergo in such technological 
processes as: pyrolysis, hydropyrolysis and coal 
liquefaction [1, 2].  

The scope of analyses conducted in the 
Laboratory also includes determining the 
presence and composition of minerals that contain 
iron in various geological formations. Iron-
manganese concretions, granites and basalt’s were 
examined. Currently we are doing research the 
purpose of which is to examine changes of 
ferriferous minerals during heat treatment (Fig. 1) 
and other processes such as weathering and 
secondary mineralization [3-8].  

The Mössbauer Spectroscopy makes it 
possible to obtain accurate information 
concerning the crystalochemical features of iron 
atom and the influence of immediate neighbours 

within a crystalline network on properties of the 
entire alloy. The Mössbauer measurements allow 
us to specify the proportions of iron atoms in 
crystalline networks. They also make it possible 
for us to determine the influence of particular 
components of the alloy on crystallographical 
location. For many years, the Laboratory of 
Mössbauer Spectroscopy has been working on the 
examination of magnetic properties of there-
component alloys that contain lanthanides and 
transient metals, e.g. Sm2Fe17-xSix (0<x<4). The 
purpose of these examinations is to determine the 
influence of particular components and their 
proportions on magnetic properties of the alloy 
[9-12]. 

The investigations are conduced in 
cooperation with the Department of Solid State 
Physics, University of Silesia and Institute of 
Applied Geology, University of Silesia of 
Technology. 

 

Fig. 1. Relative contents of iron compounds as function of the 
temperature of annealing of the mineral (a) and coal (b) pyrite.  
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POSITRON ANNIHILATION LIFETIME SPECTROSCOPY STUDIES 
PERFORMED FOR POLYMERIC SYSTEMS 

 
A. Danch, W. Osoba 

Institute of Physics, University of Silesia, Katowice 
 

Positron annihilation lifetime spectroscopy 
(PALS) is widely used for investigations of 
different aspects of polymer properties. The 
thermalized positron can annihilate with an 
electron from the absorber (annihilation of free 
positrons) or it may form, with the electron, a 
bound system - positronium (Ps) and then 
annihilation from the bound state takes place. The 
ground state of  Ps atom consists of two substates: 
para-Ps (total spin of the particles is zero) and 
ortho-Ps (total spin of the particles is one). In 
vacuum a para-Ps lifetime is equal 125 ps and 
ortho-Ps lifetime is equal 140 ns. In condensed 
matter this long, ortho-Ps lifetime may be 
considerably reduced. In amorphous regions of a 
polymer substance free volumes exist where 
ortho-Ps may live for several nanoseconds. 
Positron lifetimes in polymer matter may be 
perturbated by different factors, for instance: 
changes in degree of crystallinity, blending of 
polymers, plasticization of polymers, aging of 
polymers, temperature, pressure and so on. The 
results of the positron lifetime measurements in 
polymers might be resolved into three or four 
exponentially decaying components. The shortest 
component (the mean lifetime equal to 125 ps), τ1 , 
is usually attributed to para-Ps annihilation. The 
intermediate component, τ2 , describes the 
annihilation of the free positrons. The third 
component, τ3 , is interpreted as the pick-off 
annihilation (annihilation of the positron, forming 
the ortho-Ps atom, with an electron from the 
surrounding polymer matter) of ortho-Ps in the 
crystalline regions of the polymer. Finally, the 
longest lived component, τ4 , is attributed to the 
pick-off annihilation of ortho-Ps in the amorphous 
regions of the polymer. According to a model 
proposed by Tao (J.Chem. Phys. 56, 5499(1972)) 
and Eldrup et al. (Chem. Phys. 63, 51 (1981)) , the 
longest lived component of the positron lifetime 
spectrum may be correlated with the mean radius 
of the free volume cavity in the polymer matter.  

They derived an equation: 
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where τl.lived is the o-Ps lifetime expressed in 
nanoseconds,  R is the mean radius of the 
spherical well expressed in nm, and 0.1656 nm is 
an empirical constant. 

 
A conventional slow-fast coincidence 

spectrometer with two cylindrical plastic 
scintillators is used in the laboratory.The time 
resolution of the spectrometer, approximated by 
two Gaussian curves, is determined by analysing 
the positron lifetimes in Kapton foils. Typical 
values of the full widths at half of the maximum 
(FWHMi) are : FWHM1 - 258.4 ps, (I1 - 73.58%); 
FWHM2 - 365.9 ps. A positron source (22Na, about 
0.2 MBq) is sealed between two Kapton foils. The 
source correction is taken into account during 
numerical evaluations. 

 
 
In Fig 1. the change of the longest lived 
component  I3  is presented,  as a function of the 
temperature in polyethylene. 
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VALIDATION OF NUCLEAR DATA AND MODELS FOR THE 
SPALLATION TARGET CALCULATIONS 

 
G. Domańska1, J. Janczyszyn1, W. Pohorecki1, A. Polański2, S. Taczanowski1 

1Faculty of Physics & Applied Computer Science, AGH-University of Science and Technology, Kraków 
2A. Sołtan Institute for Nuclear Studies, Warszawa 

 
Experimental facility: Fazotron – 660 MeV proton accelerator at the Dzhelepov Laboratory of Nuclear Problems in 
JINR, Dubna, Russia 
 

The experiments are a part of the verification 
of calculations used in the designing of accelerator 
driven systems (ADS), mainly for prediction of 
transmutations in construction materials and the 
resulting radioactivity. Samples of  materials as well 
as models of spallation target were exposed to 660 
MeV protons. Using γ-spectrometry, a number of 
radionuclides were identified and absolute activities 
determined. The experiments were also simulated 
with the MCNPX code. Comparison of the measured 
and computed activities was used for the validation 
of models of nuclear interactions in the MCNPX code. 
The models: CEM, Bertini-Dresner, Bertini-ABLA, 
Isabel-Dresner, Isabel-ABLA and INCL4-ABLA were 
evaluated 
 The experimentally determined cross 
sections for production of 17 radionuclides in (p,x) 
reactions on natural iron were compared with the 
computed ones and the conclusions were drawn: 1) 
The best agreement, for all applied physical models, 
is observed for 54Mn (∆ = 0.054 ± 0.023) and slightly 
worse for 44Sc (∆ = 0.084 ± 0.013). ∆ = 1 – C/E 
(calculation/experiment). 2) All model options 
strongly underestimate values for 24Na and 
overestimate for 56Co. 3) For even-even nuclides (44Ti, 
48Cr, 52Fe) and near ones (43Sc, 51Mn, 52Mn) there is 
remarkable difference between the ABLA (2 - 3 fold 
overestimation) and Dresner (2 - 3 fold 
underestimation) evaporation codes. 4) Values for 
41Ar, 42K, 43K, 46Sc (except CEM) and for 47Sc (except 
Bertini and Isabel with Dresner option) are 
underestimated. 

In another example the axial distributions of 
activity inside the Pb target were measured and 
compared with calculations [2]. Three types of the 
residual nuclides distribution shapes were 
distinguished: 1) of Bi isotopes, 2) of medium 
nuclides 3) of heavier ones. Examples are presented in 
the Figure. Some general regularities were found: 
1) Underestimated in calculations are values 
for fission fragments. 2) Better agreement is 
observed for heavier nuclides (A > 170). 3) At the 
worst, the comparison shows the discrepancy 
within one order of magnitude. 4) Almost always 
the C/E ratio remains between 3 and 1/3. 4) For 
the whole target activity differences as low as 10% 
are observed. In particular for the atomic mass 
differing by ~ 10 - 30 u from the original. 5) 
However, one cannot point out a single code 
and/or model yielding good results for all 
examined nuclides. 6) The model of Cugnon-
Schmidt gives the best agreement with our 
experimental values - about 70 % of results 
remain within 30 % difference. 
 
 
Fig. 1. Typical axial distributions of the specific activity of 

radionuclides along the Pb target. 
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LONG-RANGE PLAN OF POLISH NUCLEAR PHYSICS  
FOR THE YEARS 2008 – 2016 

 
  

Nuclear Physics Committee of the National Atomic Energy Agency1  
 
 

Polish nuclear physicists are involved in 
fundamental research, development of which is 
of great importance for future applications and for 
education of young generations of scientists that 
in the course of time will take the lead in the field 
of nuclear technologies in our country. Nuclear 
physicists in Poland have always recognized the 
need for contributing to nuclear physics 
applications.  

On the global scale, Polish nuclear 
physicists participate in many large, European 
projects, which grant the highest standards of 
scientific investigations. Very often they play 
leading role in these collaborations - this can be 
certified by a large number of citations of articles 
published in well-known international journals. 
Polish theoretical nuclear physicists, supporting 
experimentalists continuously stream into new 
research directions and play also the leading role 
in Europe.  

Nowadays the most important 
experiments are performed at the SIS accelerator 
at GSI (Gesellschaft für Schwerionenforschung) in 
Darmstadt, at COSY in Jülich, at the GANIL 
(Grand Accelerateur National d’Ions Lourds) 
laboratory in Caen (France), at the ALPI 
accelerator in Legnaro (Italy), at JYFL in Jyväskylä 
(Finland) and at ZIBJ in Dubna (Russia).  

Experiments in the field of nuclear 
physics are in part performed using the HEAVY 
ION CYCLOTRON at Heavy Ion Laboratory, 
Warsaw University (Polish acronym ŚLCJ). 
However, this cyclotron to deliver a large 
spectrum of heavy ion beams needs improvement 
- it is necessary to equip it with the new 
generation ion source (ECR, installation in 
progress), as well as to perform progressive 
modernization of the intensively used all 
accelerator facilities.  

For Polish scientists, one of the most 
interesting European project is the FAIR project – 
Facility for Antiproton and Ion Research – at GSI in 
Darmstadt. Considering scientific and technical 
reasons, the FAIR project is one of the most 
ambitious global programs. Its full cost is planned 

for 950 million Euros – 80% of the sum will be 
covered by the German government. The 
scientific studies at FAIR will be carried out in 
five main areas of physics:  

1) nuclear structure physics and nuclear 
astrophysics with the use of radioactive 
beams; 

2) hadron physics with antiproton beams; 
3) hadron matter of high density;  
4) plasma physics of high pressure and 

temperature; 
5) atomic physics and its applications.  

 
In the FAIR project, the most advanced 

technology will be employed - it should allow for 
parallel running of several experiments. The 
universal character of FAIR will make GSI the 
main scientific center of European nuclear physics 
for the next decades.  

Second ambitious project, involving a 
coniderable group of Polish physicists, is the 
SPIRAL 2 project (Systeme de Production d’Ions 
Radioactifs Acceleres en Ligne 2) at GANIL in Caen. 
SPIRAL 2 is a French initiative (financed by 
French government in amount of 135 million 
Euros) of global range. For the production of 
radioactive beams, a linear low energy accelerator 
will be used. The SPIRAL 2 project should be 
started in 2011 and will provide radioactive 
beams basing on the ISOL method (Isotope 
Separation On-Line). The beams will be used for 
nuclear structure and nuclear astrophysics 
investigations, as well as for the studies of new 
symmetries. This project has a strong support of 
European community because it is a predecessor 
for EURISOL – a large European project – planned 
after the year 2016.  
  In the context of the FAIR and SPIRAL 2 
projects, the AGATA (Advanced GAmma Tracking 
Array), a 4π array of highly segmented Ge 
detectors for γ-ray detection - new European 
device - attracts a considerable Polish 
involvement. It will be used in future experiments 
with the radioactive beams at both FAIR and 
SPIRAL 2 sites.  

1 Members of the  Nuclear Physics Committee of the National Atomic Energy Agency involved in the preparation of the lon-range plan: 
Jan Styczeń (IFJ PAN) – chair, Jerzy Jastrzębski (ŚLCJ UW), Marek Jeżabek (IFJ PAN) , Reinhard Kulessa (IF UJ), Adam Maj (IFJ PAN), 
Zbigniew Majka (IF UJ), Tomasz Matulewicz (IFD UW), Paweł Olko (IFJ PAN) – invited, Krzysztof Pomorski (UMCS), Grzegorz 
Wrochna (IPJ), Wiktor Zipper (UŚ) 
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In the nearest future, other possibilities 
for the Polish nuclear physics at relativistic 
energies will be offered by the large hadron 
collider LHC at CERN. It will be done mainly by 
using the ALICE, CMS and ATLAS detectors, 
built with the contribution of Polish institutes. 
One of the objectives will be investigation of 
quark-gluon plasma produced in relativistic 
heavy ion collisions in the TeV energy range. 
Nowadays, similar works, but at much lower 
energies than planned at LHC, are conducted on 
RHIC accelerator (USA).  

Among nuclear physics experiments 
which do not require accelerated beams, we have 
to mention the search for neutrino-less double 
beta decay. This kind of measurements, which are 
performed in the underground laboratories with 
low natural background, may give the 
information on basic properties of neutrinos. The 
interest of Polish nuclear physicists concentrates 
on the participation in the construction of 
SuperNEMO (Frejus) and GERDA (Gran Sasso) 
detectors. We plan also to start the Polish project 
of the low natural background laboratory. This 
would be done with the use of chambers with 
unique physico-chemical properties in the old 
copper mine in Sieroszowice-Polkowice. 

The theoretical investigations on nuclear 
physics are distributed among many academic 
centers, similarly as it is organized in other 
countries.  On the European scale, the Polish 
theoreticians play a very important role in the 
activity of the European Center for Theoretical 
Studies (ECT*) in Nuclear Physics in Trento. 

Radioactive isotopes, high-energy proton 
beams and heavy ions play vital role in medicine - 
in diagnostic and treatment of various diseases, 
particularly oncological. Consequently, the 
support for research projects aiming at 
applications of nuclear methods in medicine and 
the increase of funds for those projects should be 
of primary importance. A significant project is the 
Proton Therapy Center in Kraków. At this center, 
located at the Institute of Nuclear Physics PAN 
(IFJ PAN), the development of proton 

radiotherapy of the eye melanoma is already 
advanced. Also, the construction of the Center of 
Positron Tomography at ŚLCJ in Warsaw is of 
great importance. Those centers are vital both for 
the development of new medical diagnostic 
methods and for carrying out research in large 
scale of “life sciences”.  

It is inevitable that in the nearest future 
Poland, taking care of its energy self-dependence 
and of ecology, will have to introduce nuclear 
energy on the large scale. Recent events proved 
that Poland cannot be secure with respect to 
energy self-dependence. Therefore, to improve the 
safety, the construction of nuclear power plants is 
necessary. Polish science – particularly nuclear 
physics – may support the decision process by 
preparing various expert reports, education of 
high-qualified specialists and education of the 
society. Nowadays, we have to think about future 
technologies, which assume among other issues 
the construction of IV generation high-
temperature reactors. Preliminary studies on the 
above-mentioned reactors have been started at the 
Faculty of Physics and Applied Computer Science 
AGH and at the Heavy Ion Laboratory (ŚLCJ) in 
the Warsaw University, and several other 
institutions. The aim of the research program is 
the construction of the appropriate installations in 
Poland, about the year of 2015. Deeper 
investigations on the thermo-nuclear reactors 
have been undertaken. The Institute of Nuclear 
Studies and the Institute of Plasma Physics and 
Laser Micro-synthesis actively participate in the 
project of the European ITER reactor – it is done 
in the frame of the EURATOM program.  

A long-range plan of the development of 
Polish nuclear physics and the engagement of 
Polish physicists in the large, European research 
projects for the years 2007-2016 is presented 
below. Included are also large projects associated 
with the use of nuclear physics technologies in 
medicine, biology and interdisciplinary 
investigations, and in the studies on nuclear 
energy and environment. 
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ŚLCJ – Heavy  Ion Laboratory, Warsaw University, Warszawa 
IFJ PAN – H. Niewodniczański Institute of Nuclear Physics PAN, Kraków 
IPJ – A. Sołtan Institute of Nuclear Studies, Świerk-Warszawa 
AGH – AGH University of Science and Technology 
GIG – Central Mining Institute, Katowice 
IEA – Institute of Atomic Energy, Świerk 
IFPiLM – Institute of Plasma Physics and Laser Microfusion, Warszawa   
OBRI - Research and Development  IAE Radioisotope Centre POLATOM, Świerk 
IChTJ – Institute of Chemistry and Nuclear Technology  
 
 
 
 
PLANNED AVERAGE STAFF INVOLVEMENT 

 
 Number of scientists involved in particular projects – full time employees 

FAIR 43%

SPIRAL2 15%

ŚLCJ 30%ALICE 10%

theory 30%

 others 15%

Sieroszowice 10%

applications 15%
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THE OUTLINE OF BUDGET EXPENDITURES 
 

The necessary research expenditures of particular projects (not including yearly operation costs of the 
laboratories).  
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POLISH  NUCLEAR  PHYSICS  NETWORK 
 

List of participating laboratories
 
AGH University of Science and Technology 
Faculty of Physics and Applied Computer 
Science 
Reymonta 19 
Pl-30-059 Kraków 
Phone:  + 48  12  617 41 53 
Fax:  + 48  12  634 00 10 
www.ftj.agh.edu.pl 
Contact person: 
Prof.  Zbigniew Kąkol 
 
A. Sołtan Institute for Nuclear Studies 
Pl-05-400 Otwock – Świerk 
Phone:  + 48  22 718 05 83 
Fax:  + 48  22  779 34  81 
www.ipj.gov.pl 
Contact person: 
Prof.  Grzegorz Wrochna 
 
Copernicus Astronomical Center 
Bartycka 18 
Pl-00-716 Warszawa 
Phone:  + 48  22  329 61 39 
Fax:  + 48  22  841 00 46 
www.camk.edu.pl 
Contact person: 
Prof. Paweł Haensel 
 
Department of Nuclear Physics and its 
Applications 
Institute of Physics 
University of Silesia 
Uniwersytecka 4 
Pl-40-007 Katowice 
Phone:  + 48  032  359 18 88 
Fax:  + 48  032  258 84 31 
www.nuph.us.edu.pl 
Contact person: 
Prof. Wiktor Zipper 
 
Division of Nuclear Physics 
Institute of Experimental Physics 
Warsaw University 
Hoża 69 
Pl-00-681 Warszawa 
Phone:  + 48  22  553 21 39 
Fax:  + 48  22  626 14 96 
zfjavs.fuw.edu.pl 
Contact person: 
Prof. Krystyna Siwek-Wilczyńska 

Division of Nuclear Spectroscopy 
Institute of Experimental Physics 
Warsaw University 
Pasteura 7 
Pl-02-093 Warszawa 
Phone: + 48  22  554 68 47 
Fax:  + 48  22  823 76 47 
zsjlin.igf.fuw.edu.pl 
Contact person: 
Prof. Andrzej Płochocki 
 
Faculty of Physics and Applied Informatics 
University of Łódź 
Pomorska 149/153 
Pl-90-236 Łódź 
Phone:  + 48  042 635 56 29 
Fax:  + 48  042  6355621 
www.wfis.uni.Łódź.pl 
Contact person: 
Prof. Józef Andrzejewski 
 
Faculty of Physics 
Warsaw University of Technology 
Pl-00-662 Warszawa 
Koszykowa 75 
Phone:  + 48  22  660 73 43 
Fax:  + 48  22  628 21 71 
www.if.pw.edu.pl 
Contact person: 
Prof. Jan Pluta 
 
Heavy Ion Laboratory 
Warsaw University 
Pasteura 5 A 
Pl-02-093 Warszawa 
Phone:  + 48  22  822 21 23 
Fax:  + 48  22  659 27 14 
www.slcj.uw.edu.pl 
Contact person: 
Prof. Jerzy Jastrzębski 
 
Henryk Niewodniczański 
Institute of Nuclear Physics PAN 
Radzikowskiego 152 
Pl-31-342 Kraków 
Phone:  + 48  12  662 81 41 
Fax:  + 48  12  662 84 23 
www.ifj.edu.pl 
Contact person: 
Prof.  Marek Jeżabek 
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Institute of Physics 
Maria Curie – Skłodowska University  
Radziszewskiego 10 
Pl-20-031 Lublin 
Phone:  + 48  081  537 61 68 
Fax:  + 48  081  537 61 91 
kft.umcs.lublin.pl 
Contact person: 
Prof. Krzysztof Pomorski 
 
M. Smoluchowski Institute of Physics 
Jagiellonian University 
Reymonta 4 
Pl-30-059 Kraków 
Phone: + 48  012  663 91 68 
Fax:  + 48  012  633 70 86 
www.if.uj.edu.pl 
Contact person: 
Prof. Reinhard Kulessa 

 
Nuclear Structure Theory Division  
Institute of Theoretical Physics 
Warsaw University 
Hoża 69 
Pl-00-681 Warszawa 
Phone:  + 48  22  628 33 96 
Fax:  + 48  22  621 94 75 
www.fuw.edu.pl 
Contact person: 
Prof. Marek Napiórkowski 
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Nuclear Physics community in Poland 

Institution order 
 

AGH University of Science & Technology 
Faculty of Physics & Applied Computer Science 

Kraków 
 

Bolewski  Andrzej bolewski@ novell.ftj.agh.edu.pl 
Cetnar Jerzy cetnar@novell.ftj.agh.edu.pl 
Chruściel  Edward chrusciel@novell.ftj.agh.edu.pl 
Ciechanowski Marek marek@novell.ftj.agh.edu.pl 
Czapliński  Wilhelm czaplinski@novell.ftj.agh.edu.pl 
Domańska  Grażyna domanska@novell.ftj.agh.edu.pl 
Duliński  Marek dulinski@novell.ftj.agh.edu.pl 
Furman Leszek furman@novell.ftj.agh.edu.pl 
Gorczyca Zbigniew gorczyca@novell.ftj.agh.edu.pl 
Janczyszyn Jerzy janczyszyn@novell.ftj.agh.edu.pl 
Jodłowski Paweł jodlowski@novell.ftj.agh.edu.pl 
Kalita  Stefan kalita@novell.ftj.agh.edu.pl 
Kopeć Mariusz mariusz@novell.ftj.agh.edu.pl 
Korus Adam korus@novell.ftj.agh.edu.pl 
Kreft Andrzej kreft@novell.ftj.agh.edu.pl 
Kuc Tadeusz kuc@novell.ftj.agh.edu.pl 
Lankosz Marek lankosz@novell.ftj.agh.edu.pl 
Lenda  Andrzej lenda@novell.ftj.agh.edu.pl 
Nęcki  Jarosław necki@novell.ftj.agh.edu.pl 
Nguyen Dinh Chau chau@novell.ftj.agh.edu.pl 
Ostachowicz Jerzy ostachowicz@novell.ftj.agh.edu.pl 
Petryka Leszek petryka@novell.ftj.agh.edu.pl 
Rosiek  Janusz rosiek@novell.ftj.agh.edu.pl 
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Braziewicz Janusz IP janusz.braziewicz@pu.kielce.pl 
Broda Rafał IFJ PAN Rafal.Broda@ifj.edu.pl 
Broniowski Wojciech IP Wojciech.Broniowski@ifj.edu.pl 
Bryś Tomasz IP JU tomasz.brys@psi.ch 
Brzychczyk Janusz IP JU ufbrzych@cyf-kr.edu.pl 
Bubak  Arkadiusz IP US abubak@nuph.us.edu.pl 
Budzanowski Andrzej IFJ PAN Andrzej.Budzanowski@ifj.edu.pl 
Cetnar Jerzy AGH FPACS cetnar@novell.ftj.agh.edu.pl 
Chmielewska Danuta IPJ danka@ipj.gov.pl 
Choiński Jarosław HIL UW jch@nov.slcj.uw.edu.pl 
Chruściel  Edward AGH FPACS chrusciel@novell.ftj.agh.edu.pl 
Ciechanowski Marek AGH FPACS marek@novell.ftj.agh.edu.pl 
Ciepał Izabela IP JU ciepal@wp.pl 
Cydzik Izabela HIL UW ice@nov.slcj.uw.edu.pl 
Cyz Antoni IFJ PAN Antoni.Cyz@ifj.edu.pl 
Czakański Jacek IP US czakansk@us.edu.pl 
Czapliński  Wilhelm AGH FPACS czaplinski@novell.ftj.agh.edu.pl 
Czech Bronisław IFJ PAN Bronisław.Czech@ifj.edu.pl 
Czerski Piotr IFJ PAN Piotr.Czerski@ifj.edu.pl 
Czerski Konrad USz czerski@physik.tu-berlin.de 
Czerwiński Eryk IP JU eryk.czerwinski@uj.edu.pl 
Czyżykiewicz Rafał IP JU r.czyzykiewicz@fz-juelich.de 
Dąbrowski Janusz IPJ Dabrnucl@fuw.edu.pl 
Dobaczewski Jacek IFT UW Jacek.Dobaczewski@fuw.edu.pl 
Dobrowolski Artur IP UMCS arturd@kft.umcs.lublin.pl 
Domańska  Grażyna AGH FPACS domanska@novell.ftj.agh.edu.pl 
Dorda Jerzy IP US dorda@us.edu.pl 
Droste Chrystian IEP UW droste@zfja-gate.fuw.edu.pl 
Duda Przemysław PhF WUT duda@if.pw.edu.pl 
Dudek Wanda PhF WUT wanda@if.pw.edu.pl 
Duliński  Marek AGH FPACS dulinski@novell.ftj.agh.edu.pl 
Dybczak Adrian IP JU adybczak@gmail.com 
Fidelus Małgorzata IP JU puchala@if.uj.edu.pl 
Florkowski Wojciech IP Wojciech.Florkowski@ifj.edu.pl 
Fornal Bogdan IFJ PAN Bogdan.Fornal@ifj.edu.pl 
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Furman Leszek AGH FPACS furman@novell.ftj.agh.edu.pl 
Gasik Piotr IEP UW gasik@japc50.fuw.edu.pl 
Gawlikowicz Wojciech HIL UW wojtek@slcj.uw.edu.pl 
Gaździcki Marek IP marek@ikf.uni-frankfurt.de 
Gil Damian IP JU damian.gil@if.uj.edu.pl 
Gładysz-Dziaduś  Ewa IFJ PAN  Ewa.Gladysz@ifj.edu.pl 
Golak Jacek IP JU ufgolak@cyf-kr.edu.pl 
Gorczyca Zbigniew AGH FPACS gorczyca@novell.ftj.agh.edu.pl 
Gójska Aneta IPJ gojska@ipj.gov.pl 
Góźdź Andrzej IP UMCS gozdz@tytan.umcs.lublin.pl 
Góźdź Marek IP UMCS mgozdz@kft.umcs.lublin.pl 
Grebieszkow Katarzyna PhF WUT kperl@if.pw.edu.pl 
Grębosz Jerzy IFJ PAN Jerzy.Grebosz@ifj.edu.pl 
Grodner Ernest IEP UW egrodner@npdaxp.fuw.edu.pl 
Grzeszczuk Andrzej IP US grzeszcz@us.edu.pl 
Haensel Paweł CAC haensel@camk.edu.pl 
Hawranek Piotr IP JU hawranek@if.uj.edu.pl 
Hechner Dorota HIL UW dorotah@slcj.uw.edu.pl 
Hodana Małgorzata IP JU m.hodana@gmail.com 
Holeczek Jacek IP US holeczek@us.edu.pl 
Ilkiv  Irina IPJ irina.ilkiv@fuw.edu.pl 
Iwanicki Jędrzej HIL UW iwanicki@slcj.uw.edu.pl 
Jakiel Jacek IFJ PAN Jacek.Jakiel@ifj.edu.pl 
Janas Zenon IEP UW janas@mimuw.edu.pl 
Janczyszyn Jerzy AGH FPACS janczyszyn@novell.ftj.agh.edu.pl 
Janusz Michał IP JU m.janusz80@wp.pl 
Jany Benedykt IP JU b.jany@fz-juelich.de 
Jaracz Piotr IEP UW pja@fuw.edu.pl 
Jarczyk Lucjan IP JU jarczyk@if.uj.edu.pl 
Jaskóła Marian IPJ jaskola@fuw.edu.pl 
Jastrzębski Jerzy HIL UW jastj@nov.slcj.uw.edu.pl 
Jaworski Grzegorz PhF WUT           tatrofil@slcj.uw.edu.pl 
Jeżabek Marek IFJ PAN Marek.Jezabek@ifj.edu.pl 
Jodłowski Paweł AGH FPACS jodlowski@novell.ftj.agh.edu.pl 
Kaczarowski Rościslaw IPJ slawek@ipj.gov.pl 
Kaczmarczyk Maria IP UL marykacz@uni.lodz.pl 
Kadziołka Mariola IP US marioloa@nuoh.us.edu.pl 
Kalita  Stefan AGH FPACS kalita@novell.ftj.agh.edu.pl 
Kamińska Agnieszka IFJ PAN Agnieszka.Kaminska@ifj.edu.pl 
Kamiński Grzegorz IFJ PAN Grzegorz.Kaminski@ifj.edu.pl 
Kamiński Wiesław IP UMCS kaminski@neuron.umcs.lublin.pl 
Kamys Bogusław IP JU ufkamys@cyf-kr.edu.pl 
Karabowicz Radosław IP JU r.karabowicz@if.uj.edu.pl 
Karcz Waldemar IFJ PAN Waldemar.Karcz@ifj.edu.pl 
Karny Marek IEP UW karny@mimuw.edu.pl 
Keeley Nicholas IPJ keeley@fuw.edu.pl 
Kicińska-Habior Marta IEP UW marta@fuw.edu.pl 
Kikoła Daniel  PhF WUT           kikola@if.pw.edu.pl 
Kilian Krzysztof HIL UW kilian@nov.slcj.uw.edu.pl 
Kirejczyk Marek IEP UW mkir@fuw.edu.pl 
Kisiel Jan IP US kisielj@us.edu.pl 
Kisiel Adam PhF WUT kisiel@if.pw.edu.pl 
Kisieliński Maciej HIL UW kisiel@slcj.uw.edu.pl 
Kistryn Małgorzata IFJ PAN Malgorzata.Kistryn@ifj.edu.pl 
Kistryn Stanisław IP JU skistryn@if.uj.edu.pl 
Klaja Paweł IP JU klajus@poczta.onet.pl 
Kleban Małgorzata IP UMCS kleban@kft.umcs.lublin.pl 
Kliczewski Stanisław IFJ PAN Stanislaw.Kliczewski@ifj.edu.pl 
Klimkiewicz Adam IP JU A.klimkiewicz@gsi.de 
Kłos Barbara IP US Barbara.Klos@us.edu.pl 
Kmiecik Maria IFJ PAN Maria.Kmiecik@ifj.edu.pl 
Komraus Józef IP US komraus@us.edu.pl 
Konefał Adam IP US akonefal@us.edu.pl 
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Kopeć Mariusz AGH FPACS mariusz@novell.ftj.agh.edu.pl 
Kordyasz Andrzej HIL UW kord@slcj.uw.edu.pl 
Korejwo Andrzej IP UL akorejwo@kfj.fic.uni.lodz.pl 
Korgul Agnieszka IEP UW korgul@fuw.edu.pl 
Korman Andrzej IPJ aak@fuw.edu.pl 
Korus Adam AGH FPACS korus@novell.ftj.agh.edu.pl 
Kowal Michał IPJ michal.kowal@fuw.edu.pl 
Kowalczyk Michał IEP UW Michal.Kowalczyk@fuw.edu.pl 
Kowalczyk Anna IP JU kowalczyk@pisa.if.uj.edu.pl 
Kowalski Marek IFJ PAN Marek.Kowalski@ifj.edu.pl 
Kowalski Seweryn IP US skowalsk@us.edu.pl 
Kownacki Jan HIL UW JKO@nov.slcj.uw.edu.pl 
Kozela Adam IFJ PAN Adam.Kozela@ifj.edu.pl 
Kozik Ewa IFJ PAN Ewa.Kozik@ifj.edu.pl 
Kozik Tomasz IP JU ufkozik@cyf-kr.edu.pl 
Kozłowska Beata IP US bkozlows@us.edu.pl 
Kozłowski Tadeusz IPJ kozlowski@ipj.gov.pl 
Kożuch Anna IP JU annakozuch@wp.pl 
Kraśkiewicz Jerzy IP UMCS Jerzy.Kraskiewicz@umcs.lublin.pl 
Krauze Maciej IP US meszik@nuph.us.edu.pl 
Kreft Andrzej AGH FPACS kreft@novell.ftj.agh.edu.pl 
Król Adam IP UL adamkrol@uni.lodz.pl 
Królas Wojciech IFJ PAN Wojciech.Krolas@ifj.edu.pl 
Krzemień Wojciech IP JU wojciech.krzemien@if.uj.edu.pl 
Kuc Tadeusz AGH FPACS kuc@novell.ftj.agh.edu.pl 
Kulessa Reinhard IP JU kulessa@if.uj.edu.pl 
Kulessa Paweł IFJ PAN Pawel.Kulessa@ifj.edu.pl 
Kupczak Radomir PhF WUT kupczak@if.pw.edu.pl 
Kupść Andrzej IPJ Andrzej.Kupsc@tsl.uu.se 
Kurashvili Podist IPJ podist.kurashvili@fuw.edu.pl 
Kurcewicz Jan IEP UW jkurc@fuw.edu.pl 
Kurcewicz Wiktor IEP UW kurcewic@mimuw.edu.pl 
Kurpeta Jan IEP UW jkurpeta@mimuw.edu.pl 
Kuźniak Marcin IP JU kuzniak@if.uj.edu.pl 
Lach Małgorzata IFJ PAN Malgorzata.Lach@ifj.edu.pl 
Lankosz Marek AGH FPACS lankosz@novell.ftj.agh.edu.pl 
Lenda  Andrzej AGH FPACS lenda@novell.ftj.agh.edu.pl 
Lesiak Mariola IP JU m.lesiak@fz-juelich.de 
Leszczyński Piotr  PhF WUT           leszczu@if.pw.edu.pl 
Lubiński Piotr CAC piotr@camk.edu.pl 
Łasoń Lech IP JU llason@uni.lodz.pl 
Łasoń Lech IP UL llason@uni.lodz.pl 
Łojek Konrad IP JU lojek@netmail.if.uj.edu.pl 
Łojewski Zdzislaw IP UMCS loe@tytan.umcs.lublin.pl 
Łukasik Jerzy IFJ PAN Jerzy.Lukasik@ifj.edu.pl 
Magiera Andrzej IP JU magiera@if.uj.edu.pl 
Magierski Piotr PhF WUT magiersk@if.pw.edu.pl 
Maj Adam IFJ PAN Adam.Maj@ifj.edu.pl 
Majka Zbigniew IP JU ufmajka@cyf-kr.edu.pl 
Marcinkowska Zuzanna IEA zussska@gmail.com 
Marganiec Justyna IP UJ justmarg@uni.lodz.pl 
Mariański Bohdan IPJ bohdan@fuw.edu.pl 
Matulewicz Tomasz IEP UW Tomasz.Matulewicz@fuw.edu.pl 
Mazurek Katarzyna IFJ PAN Katarzyna.Mazurek@ifj.edu.pl 
Melnychuk  Dimitro IPJ dimam@fuw.edu.pl 
Męczyński Witold IFJ PAN Witold.Meczynski@ifj.edu.pl 
Michalska Beata IP JU michalskabeata@poczta.onet.pl 
Miernik Krzysztof IEP UW kmiernik@fuw.edu.pl 
Mierzejewski Jan HIL UW jmierz@slcj.uw.edu.pl 
Mierzyński Paweł IP UMCS PMIERZYN@tytan.umcs.lublin.pl 
Misiaszek Marcin IP JU misiaszek@zefir.if.uj.edu.pl 
Miskiewicz Marek IP UMCS miskiewicz@kft.umcs.lublin.pl 
Miszczak Jan HIL UW miszczak@nov.slcj.uw.edu.pl 
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Morek Tomasz IEP UW morek@npdaxp.fuw.edu.pl 
Moskal Paweł IP JU ufmoskal@if.uj.edu.pl 
Mrówczyński   Stanisław IP mrow@fuw.edu.pl  
Muntian Igor IPJ Mountian@fuw.edu.pl 
Myalski Szymon IFJ PAN Szymon.Myalski@ifj.edu.pl 
Napiorkowski Paweł HIL UW pjn@slcj.uw.edu.pl 
Nazarewicz Witold IFT UW witek@utk.edu 
Nerlo-Pomorska Bożena IP UMCS Bozena.Pomorska@umcs.lublin.pl 
Nęcki  Jarosław AGH FPACS necki@novell.ftj.agh.edu.pl 
Nguyen Dinh Chau AGH FPACS chau@novell.ftj.agh.edu.pl 
Niedzielska Małgorzata IP US niedziel@nuoh.us.edu.pl 
Nowak Marek IP UMCS nowakm@golem.umcs.lublin.pl 
Okołowicz Jacek IFJ PAN Jacek.Okolowicz@ifj.edu.pl 
Olbratowski Przemysław IFT UW Przemyslaw.Olbratowski@fuw.edu.pl 
Olejniczak Urszula IP UL ulkaol@uni.lodz.pl 
Oleniacz Janusz PhF WUT oleniacz@if.pw.edu.pl 
Olko Paweł IFJ PAN Pawel.Olko@ifj.edu.pl 
Osoba Wojciech IP US osoba@us.edu.pl 
Ostachowicz Jerzy AGH FPACS ostachowicz@novell.ftj.agh.edu.pl 
Otwinowski Jacek IP JU otwinow@psja1.if.uj.edu.pl 
Palacz Marcin HIL UW palacz@slcj.uw.edu.pl 
Pałka Marek IP JU marcus.fm@wp.pl 
Parkhomenko Oleksander IPJ shura@fuw.edu.pl 
Patyk Zygmunt IPJ Patyk@fuw.edu.pl 
Pawlak Tomasz PhF WUT Pawlak@if.pw.edu.pl 
Pawła Tomasz IFJ PAN Tomasz.Pawlat@ifj.edu.pl 
Pawłowski Piotr IFJ PAN Piotr.Pawlowski@ifj.edu.pl 
Perkowski Jarosław IP UL jarekper@uni.lodz.pl 
Peryt Wiktor PhF WUT peryt@if.pw.edu.pl 
Petryka Leszek AGH FPACS petryka@novell.ftj.agh.edu.pl 
Pfűtzner Marek IEP UW pfutzner@mimuw.edu.pl 
Piasecki Ernest HIL UW Piasecki@fuw.edu.pl 
Piasecki Krzysztof IEP UW krzysztof.piasecki@fuw.edu.pl 
Pieńkowski Ludwik HIL UW pienkowsk@jasio.slcj.uw.edu.pl 
Pietrow Marek IP UMCS mrk@kft.umcs.lublin.pl 
Piskor-Ignatowicz Cezary IP JU c.piskor-ignatowicz@fz-juelich.de 
Piskor-Ignatowicz Borys IP JU piskor@if.uj.edu.pl 
Pluta Jan PhF WUT pluta@if.pw.edu.pl 
Płaneta Roman IP JU ufplanet@cyf-kr.edu.pl 
Płochocki Andrzej IEP UW plohocki@mimuw.edu.pl 
Podkopal Paweł IP JU p.podkopal@fz-juelich.de 
Polaczek-Grelik Kinga IP US polaczek@nuoh.us.edu.pl 
Pomorski Krzysztof IP UMCS Krzysztof.Pomorski@umcs.lublin.pl 
Popiel Eustachy IP US popiel@us.edu.pl 
Próchniak Leszek IP UMCS Leszek.prochniak@umcs.lublin.pl 
Przerwa Joanna IP JU j.przerwa@fz-juelich.de 
Przygoda Witold IP JU przygoda@if.uj.edu.pl 
Pulut Jacek IP JU pulut@if.uj.edu.pl 
Pysz Krzysztof IFJ PAN Krzysztof.Pysz@ifj.edu.pl 
Redlich Krzysztof UWr redlich@rose.ift.uni.wroc.pl 
Rejdych Barbara IP JU brejdych@gmail.com 
Rohoziński Grzegorz IFT UW Stanislaw-G.Rohozinski@fuw.edu.pl 
Rosiek  Janusz AGH FPACS rosiek@novell.ftj.agh.edu.pl 
Rozmej Piotr UZG P.Rozmej@if.uz.zgora.pl 
Rozpędzik Dagmara IP JU dagmara.rozpedzik@if.uj.edu.pl 
Rożynek Jacek IPJ Rozynek@fuw.edu.pl 
Różański  Kazimierz AGH FPACS rozanski@novell.ftj.agh.edu.pl 
Ruchowska Ewa IPJ ewa@ipj.gov.pl 
Rudy Zbigniew IP JU ufrudy@cyf-kr.edu.pl 
Rusek Krzysztof IPJ rusek@fuw.edu.pl 
Rybczyński Maciej IP Maciej.Rybczynski@pu.kielce.pl  
Rybicki Andrzej IFJ PAN Andrzej.Rybicki@ifj.edu.pl 
Rzadkiewicz Jacek IPJ jacek@ipj.gov.pl 
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Rząca-Urban Teresa IEP UW rzaca@@fuw.edu.pl 
Salabura Piotr IP JU Salabura@if.uj.edu.pl 
Sankowska Iwona IEP UW zalewska@npdaxp.fuw.edu.pl 
Satuła Wojciech IFT UW Wojciech.Satula@fuw.edu.pl 
Schmidt Katarzyna IP US kschmidt@nuph.us.edu.pl 
Seyboth Peter IP pxs@mppmu.mpg.de 
Sieja Kamila IP UMCS ksieja@hektor.umcs.lublin.pl 
Siemaszko Marek IP US siemaszk@us.edu.pl 
Siemiarczuk Teodor IPJ Teodor.Siemiarczuk@fuw.edu.pl 
Sikora Brunon IEP UW sikora@npdaxp.fuw.edu.pl 
Simon Anna IP JU simon@if.uj.edu.pl 
Siudak Regina IFJ PAN Regina.Siudak@ifj.edu.pl 
Siwek-Wilczyńska Krystyna IEP UW siwek@npdaxp.fuw.edu.pl 
Skalski Janusz IPJ jskalski@fuw.edu.pl 
Skibiński Roman IP JU skibinsk@if.uj.edu.pl 
Skrzypczak Ewa IEP UW Ewa.Skrzypczak@fuw.edu.pl 
Skwira-Chalot Izabela IEP UW skwira@npdaxp.fuw.edu.pl 
Skwirczyńska Irena IFJ PAN Irena.Skwirczynska@ifj.edu.pl 
Słodkowski Marcin PhF WUT           slodkow@if.pw.edu.pl 
Słowiński Bronisław PhF WUT slowb@if.pw.edu.pl 
Smolańczuk Robert IPJ smolan@fuw.edu.pl 
Smoliński Tytus IP JU t.smolinski@fz-juelich.de 
Smyrski Jerzy IP JU smyrski@if.uj.edu.pl 
Sobczak Kamil IP UJ ksobczak@uni.lodz.pl 
Sobiczewski Adam IPJ sobicz@fuw.edu.pl 
Sosin Zbigniew IP JU ufsosin@cyf-kr.edu.pl 
Srebrny Julian HIL UW Julian.Srebrny@poczta.tp.pl 
Srokowski Tomasz IFJ PAN Tomasz.Srokowski@ifj.edu.pl 
Staranowicz Agnieszka PhF WUT           starana@if.pw.edu.pl 
Staszczak Andrzej IP UMCS STAS@tytan.umcs.pl 
Staszel Paweł IP JU ufstasze@if.uj.edu.pl 
Steczkiewicz Olga HIL UW osteczk@nov.slcj.uw.edu.pl 
Stefanek Grzegorz IP Grzegorz.Stefanek@pu.kielce.pl  
Stepaniak Joanna IPJ Joanna.Stepaniak@fuw.edu.pl 
Stephan Elżbieta IP US Stephan@us.edu.pl 
Stęgowski Zdzisław AGH FPACS stegowski@novell.ftj.agh.edu.pl 
Stolarz Anna HIL UW anna@slcj.uw.edu.pl 
Strojek Izabela IPJ strojek@fuw.edu.pl 
Strzałkowski Adam IP JU ufstrzal@cyf-kr.edu.pl 
Styczeń Jan IFJ PAN Jan.Styczeń@ifj.edu.pl 
Sura Józef HIL UW Sura@nov.slcj.uw.edu.pl 
Surowiec Agnieszka IP UMCS a.surowiec@pollub.pl 
Surówka Grzegorz IP JU surowka@th.if.uj.edu.pl 
Sworst Rafał IP JU sworst@pisa.if.uj.edu.pl 
Syntfeld Agnieszka IPJ syntfeld@ipj.gov.pl 
Szałański Paweł IP UL pjszalan@uni.lodz 
Szczurek Antoni IFJ PAN Antoni.Szczurek@ifj.edu.pl 
Szefliński Zygmunt IEP UW szef@fuw.edu.pl 
Szpikowski Stanisław IP UMCS szp@tytan.umcs.lublin.pl 
Szuba Marek PhF WUT           cyberman@if.pw.edu.pl 
Szweryn Beata IEP UW szweryn@mimuw.edu.pl 
Śmiechowicz Michał IP JU smiechowicz@pisa.if.uj.edu.pl 
Taczanowski Stefan AGH FPACS taczanowski@novell.ftj.agh.edu.pl 
Tańczyk Roman HIL UW tanczyk@nov.slcj.uw.edu.pl 
Targosz Natalia USz natalia.targosz@wmf.univ.szczecin.pl 
Traczyk Tomasz  PhF WUT           ttraczyk@ia.pw.edu.pl 
Trębacz Radosław IP JU rtrebacz@gmail.com 
Trzcińska Agnieszka HIL UW agniecha@jasio.slcj.uw.edu.pl 
Trzciński Andrzej IPJ trzcinsk@fuw.edu.pl 
Turos Małgorzata IP UMCS kleban@kft.umcs.lublin.pl 
Turowiecki Adam IEP UW atr@zfja-gate.fuw.edu.pl 
Tymińska  Katarzyna IEA kasia.tyminska@gmail.com 
Tys Jan HIL UW tys@nov.slcj.uw.edu.pl 
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Urban Waldemar IEP UW urban@fuw.edu.pl 
Wachniew Przemysław AGH FPACS wachniew@novell.ftj.agh.edu.pl 
Walencik Agata IP US awalencik@nuoh.usedu.pl 
Waluś Władysław IP JU wladyslaw.walus@uj.edu.pl 
Warczak Andrzej IP JU ufwarcza@cyf-kr.edu.pl 
Warda Michał IP UMCS Warda@tytan.umcs.lublin.pl 
Wasilewski Adam IPJ adamw@ipj.gov.pl 
Werner Tomasz IFT UW Tomasz.Werner@fuw.edu.pl 
Węglorz Wojciech IP US weglorz@nuoh.us.edu.pl 
Węgrzynek Dariusz AGH FPACS dw@agh.edu.pl 
Wieloch  Andrzej IP JU ufwieloc@cyf-kr.edu.pl 
Wilczyński Janusz IPJ wilczynski@ipj.gov.pl 
Wilhelmi Zdzisław IEP UW wilhelmi@zfja-gate.fuw.edu.pl 
Wilk Grzegorz IPJ wilk@fuw.edu.pl 
Wisniowski Marcin IP JU wisnia@hades.if.uj.edu.pl 
Wiśniewski Krzysztof IEP UW krzysiek@@npdl.fuw.edu.pl 
Witała Henryk IP JU witala@if.uj.edu.pl 
Włodarczyk   Zbigniew IP Zbigniew.Wlodarczyk@pu.kielce.pl  
Wodecki Andrzej IP UMCS andrzej.wodecki@puw.pl 
Wojciechowski Mariusz IP JU Wojciech@if.uj.edu.pl 
Wojtasiewicz Andrzej  IEP UW wojtas@nov.slcj.uw.edu.pl 
Wojtaszek Agnieszka IP wojtaszek@pu.kielce.pl 
Wojtkowska Jolanta IPJ jola@india.ipj.gov.pl 
Wolińska-Cichocka  Marzena HIL UW mala@slcj.uw.edu.pl 
Wolski Roman IFJ PAN Roman.Wolski@ifj.edu.pl 
Wosińska Krystyna PhF WUT wosinska@if.pw.edu.pl 
Woźniak Jan AGH FPACS wozniak@ftj.agh.edu.pl 
Wójcik Tomasz IP JU twojcik@if.uj.edu.pl 
Wrochna Grzegorz IPJ Grzegorz.Wrochna@fuw.edu.pl 
Wrońska Aleksandra IP JU wronska@if.uj.edu.pl 
Wrzesiński Jacek IFJ PAN Jacek.Wrzesinski@ ifj.edu.pl 
Wrzosek Katarzyna HIL UW wrzosek@slcj.uw.edu.pl 
Wycech Sławomir IPJ Wycech@fuw.edu.pl 
Zabierowski Janusz IPJ janzab@zpk.u.lodz.pl 
Zając Krystyna IP UMCS zajac@tytan.umcs.lublin.pl 
Zawisza Marcin  PhF WUT           zawisza@if.pw.edu.pl 
Zbroszczyk Hanna PhF WUT           gos@if.pw.edu.pl 
Zejma Jacek IP JU zejma@jetta.if.uj.edu.pl 
Zielińska  Magdalena HIL UW magda@slcj.uw.edu.pl 
Ziębliński Mirosław IFJ PAN Mirosław.Zieblinski@ifj.edu.pl 
Zimnoch  Mirosław AGH FPACS zimnoch@agh.edu.pl 
Zipper Wiktor IP US zipper@us.edu.pl 
Zuzel Grzegorz IP JU Grzegorz.Zuzel@mpi-hd.mpg.de 
Zwięglinski Bogusław IPJ bzw@fuw.edu.pl 
Zych Włodzimierz PhF WUT zych@if.pw.edu.pl 
Zychor Izabella IPJ Zychor@ipj.gov.pl 
Żak Andrzej IP UL anzak@uni.lodz.pl 
Żuprański Paweł IPJ zupran@fuw.edu.pl 
Żylicz Jan IEP UW zylicz@fuw.edu.pl 
 
Name 
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E-mail 

Adamczak Andrzej IFJ PAN Andrzej.Adamczak@ifj.edu.pl 
Adrich Przemysław IP JU adrich@gsi.de 
Andrzejewski Jozef IP UL jozefan@uni.Łódź.pl 
Augustyniak Witold IPJ witeka@fuw.edu.pl 
Bałanda Andrzej IP JU balanda@if.uj.edu.pl 
Banaś Dariusz IP d.banas@pu.kielce.pl 
Baran Andrzej IP UMCS baran@tytan.umcs.lublin.pl 
Bartke Jerzy IFJ PAN Jerzy.Bartke@ifj.edu.pl 
Bednarczyk Piotr IFJ PAN Piotr.Bednarczyk@ifj.edu.pl 
Berej Waldemar IP UMCS berej@kft.umcs.lublin.pl 
Berłowski  Marcin IPJ marcin.berlowski@fuw.edu 
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Białkowska Helena IPJ Helena.Bialkowska@fuw.edu.pl 
Białkowski Edward IFJ PAN Edward.Bialkowski@ifj.edu.pl 
Biegun Aleksandra IFJ PAN Aleksandra.Biegun@ifj.edu.pl 
Błocki Jan IPJ J.Blocki@ipj.gov.pl 
Bobyk Andrzej IP UMCS Andrzej.Bobyk@lubman.pl 
Bodek Kazimierz IP JU ufbodek@if.uj.edu.pl 
Boimska Bożena IPJ Bozena.Boimska@fuw.edu.pl 
Bolewski  Andrzej AGH FPACS bolewski@ novell.ftj.agh.edu.pl 
Bożek Piotr IFJ PAN Piotr.Bozek@ifj.edu.pl 
Braziewicz Janusz IP janusz.braziewicz@pu.kielce.pl 
Broda Rafał IFJ PAN Rafal.Broda@ifj.edu.pl 
Broniowski Wojciech IP Wojciech.Broniowski@ifj.edu.pl 
Bryś Tomasz IP JU tomasz.brys@psi.ch 
Brzychczyk Janusz IP JU ufbrzych@cyf-fr.edu.pl 
Bubak  Arkadiusz IP US abubak@nuph.us.edu.pl 
Budzanowski Andrzej IFJ PAN Andrzej.Budzanowski@ifj.edu.pl 
Cetnar Jerzy AGH FPACS cetnar@novell.ftj.agh.edu.pl 
Chmielewska Danuta IPJ danka@ipj.gov.pl 
Choiński Jarosław HIL UW jch@nov.slcj.uw.edu.pl 
Chruściel  Edward AGH FPACS chrusciel@novell.ftj.agh.edu.pl 
Ciechanowski Marek AGH FPACS marek@novell.ftj.agh.edu.pl 
Ciepał Izabela IP JU ciepal@wp.pl 
Cydzik Izabela HIL UW ice@nov.slcj.uw.edu.pl 
Cyz Antoni IFJ PAN Antoni.Cyz@ifj.edu.pl 
Czakański Jacek IP US czakansk@us.edu.pl 
Czapliński  Wilhelm AGH FPACS czaplinski@novell.ftj.agh.edu.pl 
Czech Bronisław IFJ PAN Bronisław.Czech@ifj.edu.pl 
Czerski Piotr IFJ PAN Piotr.Czerski@ifj.edu.pl 
Czerski Konrad USz czerski@physik.tu-berlin.de 
Czerwiński Eryk IP JU eryk.czerwinski@uj.edu.pl 
Czyżykiewicz Rafał IP JU r.czyzykiewicz@fz-juelich.de 
Dąbrowski Janusz IPJ Dabrnucl@fuw.edu.pl 
Dobaczewski Jacek IFT UW Jacek.Dobaczewski@fuw.edu.pl 
Dobrowolski Artur IP UMCS arturd@kft.umcs.lublin.pl 
Domańska  Grażyna AGH FPACS domanska@novell.ftj.agh.edu.pl 
Dorda Jerzy IP US dorda@us.edu.pl 
Droste Chrystian IEP UW droste@zfja-gate.fuw.edu.pl 
Duda Przemysław PhF WUT duda@if.pw.edu.pl 
Dudek Wanda PhF WUT wanda@if.pw.edu.pl 
Duliński  Marek AGH FPACS dulinski@novell.ftj.agh.edu.pl 
Dybczak Adrian IP JU adybczak@gmail.com 
Fidelus Małgorzata IP JU puchala@if.uj.edu.pl 
Florkowski Wojciech IP Wojciech.Florkowski@ifj.edu.pl 
Fornal Bogdan IFJ PAN Bogdan.Fornal@ifj.edu.pl 
Furman Leszek AGH FPACS furman@novell.ftj.agh.edu.pl 
Gasik Piotr IEP UW gasik@japc50.fuw.edu.pl 
Gawlikowicz Wojciech HIL UW wojtek@slcj.uw.edu.pl 
Gaździcki Marek IP marek@ikf.uni-frankfurt.de 
Gil Damian IP JU damian.gil@if.uj.edu.pl 
Gładysz-Dziaduś  Ewa IFJ PAN  Ewa.Gladysz@ifj.edu.pl 
Golak Jacek IP JU ufgolak@cyf-kr.edu.pl 
Gorczyca Zbigniew AGH FPACS gorczyca@novell.ftj.agh.edu.pl 
Gójska Aneta IPJ gojska@ipj.gov.pl 
Góźdź Andrzej IP UMCS gozdz@tytan.umcs.lublin.pl 
Góźdź Marek IP UMCS mgozdz@kft.umcs.lublin.pl 
Grebieszkow Katarzyna PhF WUT kperl@if.pw.edu.pl 
Grębosz Jerzy IFJ PAN Jerzy.Grebosz@ifj.edu.pl 
Grodner Ernest IEP UW egrodner@npdaxp.fuw.edu.pl 
Grzeszczuk Andrzej IP US grzeszcz@us.edu.pl 
Haensel Paweł CAC haensel@camk.edu.pl 
Hawranek Piotr IP JU hawranek@if.uj.edu.pl 
Hechner Dorota HIL UW dorotah@slcj.uw.edu.pl 
Hodana Małgorzata IP JU m.hodana@gmail.com 
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Holeczek Jacek IP US holeczek@us.edu.pl 
Ilkiv  Irina IPJ irina.ilkiv@fuw.edu.pl 
Iwanicki Jędrzej HIL UW iwanicki@slcj.uw.edu.pl 
Jakiel Jacek IFJ PAN Jacek.Jakiel@ifj.edu.pl 
Janas Zenon IEP UW janas@mimuw.edu.pl 
Janczyszyn Jerzy AGH FPACS janczyszyn@novell.ftj.agh.edu.pl 
Janusz Michał IP JU m.janusz80@wp.pl 
Jany Benedykt IP JU b.jany@fz-juelich.de 
Jaracz Piotr IEP UW pja@fuw.edu.pl 
Jarczyk Lucjan IP JU jarczyk@if.uj.edu.pl 
Jaskóła Marian IPJ jaskola@fuw.edu.pl 
Jastrzębski Jerzy HIL UW jastj@nov.slcj.uw.edu.pl 
Jaworski Grzegorz PhF WUT           tatrofil@slcj.uw.edu.pl 
Jeżabek Marek IFJ PAN Marek.Jezabek@ifj.edu.pl 
Jodłowski Paweł AGH FPACS jodlowski@novell.ftj.agh.edu.pl 
Kaczarowski Rościslaw IPJ slawek@india.ipj.gov.pl 
Kaczmarczyk Maria IP UL marykacz@uni.Łódź.pl 
Kadziołka Mariola IP US marioloa@nuoh.us.edu.pl 
Kalita  Stefan AGH FPACS kalita@novell.ftj.agh.edu.pl 
Kamińska Agnieszka IFJ PAN Agnieszka.Kaminska@ifj.edu.pl 
Kamiński Grzegorz IFJ PAN Grzegorz.Kaminski@ifj.edu.pl 
Kamiński Wiesław IP UMCS kaminski@neuron.umcs.lublin.pl 
Kamys Bogusław IP JU ufkamys@cyf-kr.edu.pl 
Karabowicz Radosław IP JU r.karabowicz@if.uj.edu.pl 
Karcz Waldemar IFJ PAN Waldemar.Karcz@ifj.edu.pl 
Karny Marek IEP UW karny@mimuw.edu.pl 
Keeley Nicholas IPJ keeley@fuw.edu.pl 
Kicińska-Habior Marta IEP UW marta@fuw.edu.pl 
Kikoła Daniel  PhF WUT           kikola@if.pw.edu.pl 
Kilian Krzysztof HIL UW kilian@nov.slcj.uw.edu.pl 
Kirejczyk Marek IEP UW mkir@fuw.edu.pl 
Kisiel Jan IP US kisielj@us.edu.pl 
Kisiel Adam PhF WUT kisiel@if.pw.edu.pl 
Kisieliński Maciej HIL UW kisiel@slcj.uw.edu.pl 
Kistryn Małgorzata IFJ PAN Malgorzata.Kistryn@ifj.edu.pl 
Kistryn Stanisław IP JU skistryn@if.uj.edu.pl 
Klaja Paweł IP JU klajus@poczta.onet.pl 
Kleban Małgorzata IP UMCS kleban@kft.umcs.lublin.pl 
Kliczewski Stanisław IFJ PAN Stanislaw.Kliczewski@ifj.edu.pl 
Klimkiewicz Adam IP JU A.klimkiewicz@gsi.de 
Kłos Barbara IP US Barbara.Klos@us.edu.pl 
Kmiecik Maria IFJ PAN Maria.Kmiecik@ifj.edu.pl 
Komraus Józef IP US komraus@us.edu.pl 
Konefał Adam IP US akonefal@us.edu.pl 
Kopeć Mariusz AGH FPACS mariusz@novell.ftj.agh.edu.pl 
Kordyasz Andrzej HIL UW kord@slcj.uw.edu.pl 
Korejewo Andrzej IP UL akorejewo@kfj.fic.uni.Łódź.pl 
Korgul Agnieszka IEP UW korgul@fuw.edu.pl 
Korman Andrzej IPJ aak@fuw.edu.pl 
Korus Adam AGH FPACS korus@novell.ftj.agh.edu.pl 
Kowal Michał IPJ michal.kowal@fuw.edu.pl 
Kowalczyk Michał IEP UW Michal.Kowalczyk@fuw.edu.pl 
Kowalczyk Anna IP JU kowalczyk@pisa.if.uj.edu.pl 
Kowalski Marek IFJ PAN Marek.Kowalski@ifj.edu.pl 
Kowalski Seweryn IP US skowalsk@us.edu.pl 
Kownacki Jan HIL UW JKO@nov.slcj.uw.edu.pl 
Kozela Adam IFJ PAN Adam.Kozela@ifj.edu.pl 
Kozik Ewa IFJ PAN Ewa.Kozik@ifj.edu.pl 
Kozik Tomasz IP JU ufkozik@cyf-kr.edu.pl 
Kozłowska Beata IP US bkozlows@us.edu.pl 
Kozłowski Tadeusz IPJ kozlowski@ipj.gov.pl 
Kożuch Anna IP JU annakozuch@wp.pl 
Kraśkiewicz Jerzy IP UMCS Jerzy.Kraskiewicz@umcs.lublin.pl 
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Krauze Maciej IP US meszik@nuph.us.edu.pl 
Kreft Andrzej AGH FPACS kreft@novell.ftj.agh.edu.pl 
Król Adam IP UL adamkrol@uni.Łódź.pl 
Królas Wojciech IFJ PAN Wojciech.Krolas@ifj.edu.pl 
Krzemień Wojciech IP JU wojciech.krzemien@if.uj.edu.pl 
Kuc Tadeusz AGH FPACS kuc@novell.ftj.agh.edu.pl 
Kulessa Reinhard IP JU kulessa@if.uj.edu.pl 
Kulessa Paweł IFJ PAN Pawel.Kulessa@ifj.edu.pl 
Kupczak Radomir PhF WUT kupczak@if.pw.edu.pl 
Kupść Andrzej IPJ Andrzej.Kupsc@tsl.uu.se 
Kurashvili Podist IPJ podist.kurashvili@fuw.edu.pl 
Kurcewicz Jan IEP UW jkurc@fuw.edu.pl 
Kurcewicz Wiktor IEP UW kurcewic@mimuw.edu.pl 
Kurpeta Jan IEP UW jkurpeta@mimuw.edu.pl 
Kuźniak Marcin IP JU kuzniak@if.uj.edu.pl 
Lach Małgorzata IFJ PAN Malgorzata.Lach@ifj.edu.pl 
Lankosz Marek AGH FPACS lankosz@novell.ftj.agh.edu.pl 
Lenda  Andrzej AGH FPACS lenda@novell.ftj.agh.edu.pl 
Lesiak Mariola IP JU m.lesiak@fz-juelich.de 
Leszczyński Piotr  PhF WUT           leszczu@if.pw.edu.pl 
Lubiński Piotr CAC piotr@camk.edu.pl 
Łasoń Lech IP JU llason@uni.Łódź.pl 
Łasoń Lech IP UL llanos@uni.Łódź.pl 
Łojek Konrad IP JU lojek@netmail.if.uj.edu.pl 
Łojewski Zdzislaw IP UMCS loe@tytan.umcs.lublin.pl 
Łukasik Jerzy IFJ PAN Jerzy.Lukasik@ifj.edu.pl 
Magiera Andrzej IP JU magiera@if.uj.edu.pl 
Magierski Piotr PhF WUT magiersk@if.pw.edu.pl 
Maj Adam IFJ PAN Adam.Maj@ifj.edu.pl 
Majka Zbigniew IP JU ufmajka@cyf-kr.edu.pl 
Marcinkowska Zuzanna IEA zussska@gmail.com 
Marganiec Justyna IP UJ justmarg@uni.Łódź.pl 
Mariański Bohdan IPJ bohdan@fuw.edu.pl 
Matulewicz Tomasz IEP UW Tomasz.Matulewicz@fuw.edu.pl 
Mazurek Katarzyna IFJ PAN Katarzyna.Mazurek@ifj.edu.pl 
Melnychuk  Dimitro IPJ dimam@fuw.edu.pl 
Męczyński Witold IFJ PAN Witold.Meczynski@ifj.edu.pl 
Michalska Beata IP JU michalskabeata@poczta.onet.pl 
Miernik Krzysztof IEP UW kmiernik@fuw.edu.pl 
Mierzejewski Jan HIL UW jmierz@slcj.uw.edu.pl 
Mierzyński Paweł IP UMCS PMIERZYN@tytan.umcs.lublin.pl 
Misiaszek Marcin IP JU misiaszek@zefir.if.uj.edu.pl 
Miskiewicz Marek IP UMCS miskiewicz@kft.umcs.lublin.pl 
Miszczak Jan HIL UW miszczak@nov.slcj.uw.edu.pl 
Morek Tomasz IEP UW morek@npdaxp.fuw.edu.pl 
Moskal Paweł IP JU ufmoskal@if.uj.edu.pl 
Mrówczyński   Stanisław IP mrow@fuw.edu.pl  
Muntian Igor IPJ Mountian@fuw.edu.pl 
Myalski Szymon IFJ PAN Szymon.Myalski@ifj.edu.pl 
Napiorkowski Paweł HIL UW pjn@slcj.uw.edu.pl 
Nazarewicz Witold IFT UW witek@utk.edu 
Nerlo-Pomorska Bożena IP UMCS Bozena.Pomorska@umcs.lublin.pl 
Nęcki  Jarosław AGH FPACS necki@novell.ftj.agh.edu.pl 
Nguyen Dinh Chau AGH FPACS chau@novell.ftj.agh.edu.pl 
Niedzielska Małgorzata IP US niedziel@nuoh.us.edu.pl 
Nowak Marek IP UMCS nowakm@golem.umcs.lublin.pl 
Okołowicz Jacek IFJ PAN Jacek.Okolowicz@ifj.edu.pl 
Olbratowski Przemysław IFT UW Przemyslaw.Olbratowski@fuw.edu.pl 
Olejniczak Urszula IP UL ulkaol@uni.Łódź.pl 
Oleniacz Janusz PhF WUT oleniacz@if.pw.edu.pl 
Olko Paweł IFJ PAN Pawel.Olko@ifj.edu.pl 
Osoba Wojciech IP US osoba@us.edu.pl 
Ostachowicz Jerzy AGH FPACS ostachowicz@novell.ftj.agh.edu.pl 
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Otwinowski Jacek IP JU otwinow@psja1.if.uj.edu.pl 
Palacz Marcin HIL UW palacz@slcj.uw.edu.pl 
Pałka Marek IP JU marcus.fm@wp.pl 
Parkhomenko Oleksander IPJ shura@fuw.edu.pl 
Patyk Zygmunt IPJ Patyk@fuw.edu.pl 
Pawlak Tomasz PhF WUT Pawlak@if.pw.edu.pl 
Pawła Tomasz IFJ PAN Tomasz.Pawlat@ifj.edu.pl 
Pawłowski Piotr IFJ PAN Piotr.Pawlowski@ifj.edu.pl 
Perkowski Jarosław IP UL jarekper@uni.Łódź.pl 
Peryt Wiktor PhF WUT peryt@if.pw.edu.pl 
Petryka Leszek AGH FPACS petryka@novell.ftj.agh.edu.pl 
Pfűtzner Marek IEP UW pfutzner@mimuw.edu.pl 
Piasecki Ernest HIL UW Piasecki@fuw.edu.pl 
Piasecki Krzysztof IEP UW krzysztof.piasecki@fuw.edu.pl 
Pieńkowski Ludwik HIL UW pienkowsk@jasio.slcj.uw.edu.pl 
Pietrow Marek IP UMCS mrk@kft.umcs.lublin.pl 
Piskor-Ignatowicz Cezary IP JU c.piskor-ignatowicz@fz-juelich.de 
Piskor-Ignatowicz Borys IP JU piskor@if.uj.edu.pl 
Pluta Jan PhF WUT pluta@if.pw.edu.pl 
Płaneta Roman IP JU ufplanet@cyf-kr.edu.pl 
Płochocki Andrzej IEP UW plohocki@mimuw.edu.pl 
Podkopal Paweł IP JU p.podkopal@fz-juelich.de 
Polaczek-Grelik Kinga IP US polaczek@nuoh.us.edu.pl 
Pomorski Krzysztof IP UMCS Krzysztof.Pomorski@umcs.lublin.pl 
Popiel Eustachy IP US popiel@us.edu.pl 
Próchniak Leszek IP UMCS Leszek.prochniak@umcs.lublin.pl 
Przerwa Joanna IP JU j.przerwa@fz-juelich.de 
Przygoda Witold IP JU przygoda@if.uj.edu.pl 
Pulut Jacek IP JU pulut@if.uj.edu.pl 
Pysz Krzysztof IFJ PAN Krzysztof.Pysz@ifj.edu.pl 
Redlich Krzysztof UWr redlich@rose.ift.uni.wroc.pl 
Rejdych Barbara IP JU brejdych@gmail.com 
Rohoziński Grzegorz IFT UW Stanislaw-G.Rohozinski@fuw.edu.pl 
Rosiek  Janusz AGH FPACS rosiek@novell.ftj.agh.edu.pl 
Rozmej Piotr UZG P.Rozmej@if.uz.zGóra.pl 
Rozpędzik Dagmara IP JU dagmara.rozpedzik@if.uj.edu.pl 
Rożynek Jacek IPJ Rozynek@fuw.edu.pl 
Różański  Kazimierz AGH FPACS rozanski@novell.ftj.agh.edu.pl 
Ruchowska Ewa IPJ ewa@india.ipj.gov.pl 
Rudy Zbigniew IP JU ufrudy@cyf-kr.edu.pl 
Rusek Krzysztof IPJ rusek@fuw.edu.pl 
Rybczyński Maciej IP Maciej.Rybczynski@pu.kielce.pl  
Rybicki Andrzej IFJ PAN Andzrej.Rybicki@ifj.edu.pl 
Rzadkiewicz Jacek IPJ jacek@ipj.gov.pl 
Rząca-Urban Teresa IEP UW rzaca@@fuw.edu.pl 
Salabura Piotr IP JU Salabura@if.uj.edu.pl 
Sankowska Iwona IEP UW zalewska@npdaxp.fuw.edu.pl 
Satuła Wojciech IFT UW Wojciech.Satula@fuw.edu.pl 
Schmidt Katarzyna IP US kschmidt@nuph.us.edu.pl 
Seyboth Peter IP pxs@mppmu.mpg.de 
Sieja Kamila IP UMCS ksieja@hektor.umcs.lublin.pl 
Siemaszko Marek IP US siemaszk@us.edu.pl 
Siemiarczuk Teodor IPJ Teodor.Siemiarczuk@fuw.edu.pl 
Sikora Brunon IEP UW sikora@npdaxp.fuw.edu.pl 
Simon Anna IP JU simon@if.uj.edu.pl 
Siudak Regina IFJ PAN Regina.Siudak@ifj.edu.pl 
Siwek-Wilczyńska Krystyna IEP UW siwek@npdaxp.fuw.edu.pl 
Skalski Janusz IPJ jskalski@fuw.edu.pl 
Skibiński Roman IP JU skibinsk@if.uj.edu.pl 
Skrzypczak Ewa IEP UW Ewa.Skrzypczak@fuw.edu.pl 
Skwira-Chalot Izabela IEP UW skwira@npdaxp.fuw.edu.pl 
Skwirczyńska Irena IFJ PAN Irena.Skwirczynska@ifj.edu.pl 
Słodkowski Marcin PhF WUT           slodkow@if.pw.edu.pl 
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Słowiński Bronisław PhF WUT slowb@if.pw.edu.pl 
Smolańczuk Robert IPJ smolan@fuw.edu.pl 
Smoliński Tytus IP JU t.smolinski@fz-juelich.de 
Smyrski Jerzy IP JU smyrski@if.uj.edu.pl 
Sobczak Kamil IP UJ ksobczak@uni.Łódź.pl 
Sobiczewski Adam IPJ sobicz@fuw.edu.pl 
Sosin Zbigniew IP JU ufsosin@cyf-kr.edu.pl 
Srebrny Julian HIL UW Julian.Srebrny@poczta.tp.pl 
Srokowski Tomasz IFJ PAN Tomasz.Srokowski@ifj.edu.pl 
Staranowicz Agnieszka PhF WUT           starana@if.pw.edu.pl 
Staszczak Andrzej IP UMCS STAS@tytan.umcs.pl 
Staszel Paweł IP JU ufstasze@if.uj.edu.pl 
Steczkiewicz Olga HIL UW osteczk@nov.slcj.uw.edu.pl 
Stefanek Grzegorz IP Grzegorz.Stefanek@pu.kielce.pl  
Stepaniak Joanna IPJ Joanna.Stepaniak@fuw.edu.pl 
Stephan Elżbieta IP US Stephan@us.edu.pl 
Stęgowski Zdzisław AGH FPACS stegowski@novell.ftj.agh.edu.pl 
Stolarz Anna HIL UW anna@slcj.uw.edu.pl 
Strojek Izabela IPJ strojek@fuw.edu.pl 
Strzałkowski Adam IP JU ufstrzal@cyfr-kr.edu.pl 
Styczeń Jan IFJ PAN Jan.Styczeń@ifj.edu.pl 
Sura Józef HIL UW Sura@nov.slcj.uw.edu.pl 
Surowiec Agnieszka IP UMCS a.surowiec@pollub.pl 
Surówka Grzegorz IP JU surowka@th.if.uj.edu.pl 
Sworst Rafał IP JU sworst@pisa.if.uj.edu.pl 
Syntfeld Agnieszka IPJ syntfeld@ipj.gov.pl 
Szałański Paweł IP UL pjszalan@uni.Łódź 
Szczurek Antoni IFJ PAN Antoni.Szczurek@ifj.edu.pl 
Szefliński Zygmunt IEP UW szef@fuw.edu.pl 
Szpikowski Stanisław IP UMCS szp@tytan.umcs.lublin.pl 
Szuba Marek PhF WUT           cyberman@if.pw.edu.pl 
Szweryn Beata IEP UW szweryn@mimuw.edu.pl 
Śmiechowicz Michał IP JU smiechowicz@pisa.if.uj.edu.pl 
Taczanowski Stefan AGH FPACS taczanowski@novell.ftj.agh.edu.pl 
Tańczyk Roman HIL UW tanczyk@nov.slcj.uw.edu.pl 
Targosz Natalia USz natalia.targosz@wmf.univ.szczecin.pl 
Traczyk Tomasz  PhF WUT           ttraczyk@ia.pw.edu.pl 
Trębacz Radosław IP JU rtrebacz@gmail.com 
Trzcińska Agnieszka HIL UW agniecha@jasio.slcj.uw.edu.pl 
Trzciński Andrzej IPJ trzcinsk@fuw.edu.pl 
Turos Małgorzata IP UMCS kleban@kft.umcs.lublin.pl 
Turowiecki Adam IEP UW atr@zfja-gate.fuw.edu.pl 
Tymińska  Katarzyna IEA kasia.tyminska@gmail.com 
Tys Jan HIL UW tys@nov.slcj.uw.edu.pl 
Urban Waldemar IEP UW urban@fuw.edu.pl 
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