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 STYCZEŃ Jan Kraków (Poland)
 WAMBACH Jochen  Darmstadt (Germany)
 WIDMANN Eberhard  Wien (Austria)
 ZAMFIR Victor-Nicolae Bucharest (Romania)

Chairman: Prof.Brian Fulton 
Physics Department, University of York, Heslington, York Y01 5DD, UK 

Tel.: +44 – 1904 – 43 2217 • Fax: +44 – 1904 – 43 2214: e-mail: brf2@york.ac.uk

Scientific Secretariat: Dr. Gabriele-Elisabeth Körner 
c/o Physikdepartment E12 der Technischen Universität München D-85748 Garching 

Tel.: +49 – 89 – 28 91 22 93; +49 – 172 – 89 15 011 • Fax: +49 – 89 – 28 91 22 98: e-mail: sissy.koerner@ph.tum.de

NuPECC

Nuclear Physics European Collaboration Committee
(an Expert Committee of the European Science Foundation)

(http://www.nupecc.org)



�

Acknowledgements   



7

The ECOS working group is very thankful to Sissy Körner (NuPECC) for the valuable advice 
and help she has provided us in every aspect of our work.

Special thanks for their contribution to this document to:
 J. Äystö JYFL-Jyväskylä
 J. Billowes Manchester University
 S. Brandenburg KVI-Groningen
 P. Campbell Manchester University
 L. Corradi LNL-Legnaro
 M. Freer                       University of Birmingham
 P. Greenless JYFL-Jyväskylä
 S. V. Harissopulos NCSR-Demokritos
 A. Jokinen JYFL-Jyväskylä
 H. Koivisto JYFL-Jyväskylä
 Zs. Podolyak University of Surrey
 D. Rifuggiato                    LNS-Catania
 Ph. Walker               University of Surrey

We would like to acknowledge the contribution of the French working group who started the 
discussion on the need in Europe of a dedicated facility that would provide high intensity 
stable ion beams:
 A. Astier CSNSM-Orsay 
 F. Azaiez IPN-Orsay
 B. Blank CENBG-Bordeaux 
 R. Dayras SPHN-DAPNIA/CEA
 O. Dorvaux IPHC-Strasbourg
 J. Genevey ISN-Grenoble
 S. Grévy LPC-Caen
 F. Hannachi CENBG-Bordeaux
 W. Korten SPHN-DAPNIA/CEA
 Y. Le Coz SPHN-DAPNIA/CEA
 A. Lopez-Martens CSNSM-Orsay
 O. Stézowski IPN-Lyon
 L. Stuttgé IPHC-Strasbourg
 A. Villari GANIL-Caen

Through much discussion and advice the following colleagues have contributed on shaping 
the ideas and conclusions of this work:
 D. Ackermann GSI-Darmstadt 
 W. Barth GSI-Darmstadt
 Ch. Beck IPHC-Strasbourg
 L. Corradi LNL-Legnaro
 L. Dahl GSI-Darmstadt
 B. Fulton University of York
 G. Fortuna LNL-Legnaro
 S. Galès IN2P3/GANIL
 S. Gammino                      LNS-Catania
 M. Harakeh KVI-Groningen
 W. Henning                  GSI-Darmstadt
 D. Hoffmann TU-Darmstadt
 F. P. Heßberger GSI-Darmstadt
 W. Gelletly                 University of Surrey
 B. Kindler GSI-Darmstadt
 M. Lattuada                       LNS-Catania
 B. Lommel GSI-Darmstadt
 R. Neumann GSI-Darmstadt
 P. Regan                     University of Surrey
 M. Schädel GSI-Darmstadt
 A. Schempp University of Frankfurt
 K. Tinschert GSI-Darmstadt
 W. Von Oertzen         HMI-Berlin



�



�

ECOS, the European COllaboration on Stable 
beams, grew out of a realisation by a group of 
nuclear physicists that our science was develop-
ing in a way that required much more intense 
beams.  As our understanding of the nucleus has 
developed, further advances increasingly require 
the study and understanding of more subtle as-
pects.  Probing these requires increasing experi-
mental ingenuity, to enable our measurements to 
select out the particular aspects of interest from 
the many other processes taking place.  Over the 
last decade or so the emphasis has been on de-
veloping the technology to produce beams of ra-
dioactive nuclei, as this gives access to new ways 
of approaching these studies.   This approach has 
lead to the building of major new facilities in Eu-
rope such as FAIR and SPIRAL2.

However there are certain areas when the key to 
further advance lies in having more intense beams 
available.  These are cases where the nuclei of in-
terest can only be produced with very small cross 
sections and with present beam intensities such 
studies are ruled out as they require unrealistical-
ly long measuring times.  Many of these are de-
tailed in the ECOS report, among them the most 
obvious being the study of super-heavy nuclei 
and drip-line nuclei.  However to make serious 
advances in these areas requires a major advance, 
with beam intensity increases of a thousandfold 
being required.

NuPECC has supported the ECOS collaboration 
since its inception as a relatively small group, whose 
initial intention was the realisation of a new, high-
intensity, stable-beam facility. As the work devel-
oped, and the realisation grew as to the scale of 
exciting new physics which would be accessible, 
so too did the size of the group.  Indeed the Town 
Meeting held in Paris 5-6 October 2006 to discuss 
this report, was attended by over a hundred scien-
tists from all over Europe.  It is clear that there is 
great science potential in this concept and a large 
and active group wishing to tackle it.  As well as 
working on the science potential, the collaboration 
has also explored the technical issues involved in 
producing high intensity beams and the challeng-
es of developing instruments and readout systems 
which can operate in the high count rate environ-

Preamble

ment these will produce.  The required develop-
ments have turned out to be challenging, although 
probably achievable.  This realisation has lead to 
a shift from the initial intention to build a dedi-
cated new facility, to a staged approach where the 
technologies will be developed on the existing 
European network of large scale facilities.  This 
of course has the added advantage of providing 
improvements to the capability of these facilities.  
The longer term goal of a new facility is not lost, 
and still remains a longer term aspiration.

NuPECC is proud of its role in supporting the 
ECOS collaboration and its work. Indeed this is a 
clear example of how NuPECC can help parts of 
the community to self organise to develop new 
ideas and bring them to the attention of the wid-
er community.  In this case the outcome has been 
particularly successful.  Not only has a large com-
munity been able to come together to define a com-
mon interest, but out of this have come practical 
proposals to take the field forward through tech-
nical development projects which will now be ad-
dressed on a European level through bids within 
FP7.  These developments will create new capa-
bilities at the existing research infrastructures in 
Europe, enabling the European community to lead 
advances in several areas.  Moreover a marker has 
been established for a possible future facility with 
even higher beam intensities.  NuPECC encour-
ages the community which has developed to con-
tinue work on this concept.  If the science is strong 
and the technology feasible, the concept might be 
brought into the considerations at the time of the 
next Long Rang Plan.

NuPECC is pleased to publish this report on be-
half of the ECOS collaboration and endorses the 
intention of the collaboration to develop Joint Re-
search Activities within FP7 to realise the technol-
ogy developments required to realise the exciting 
science which the report identifies can be done 
by the European nuclear physicists on our exist-
ing facilities.

Brian Fulton
Chairman of  NuPECC
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�� I    Introduction

The atomic nucleus has been studied for many 
years using heavy-ion accelerator facilities deliv-
ering stable ion beams with beam intensities that 
have increased over the years up to a few 1012 par-
ticles/sec along with increasingly sensitive in-
struments. Furthermore, small-scale low-energy 
accelerators have been used for the study of nucle-
ar reactions relevant to astrophysics. Using these 
conventional “stable beam” facilities radioactive 
species are produced by nuclear reactions at ener-
gies far below or close to the Coulomb barrier, i.e. 
by fusion and transfer reactions, as well as deep-
inelastic collisions. In this way rare nuclear phe-
nomena have been discovered, among them super-
deformation, nuclear super-fluidity, first hints for 
the existence of the “island of stability” for super-
heavy nuclei and others, many of which are still 
not well understood despite intense theoretical ef-
forts. Further experimental investigations of very 
weak signals typical for these rare phenomena re-
quire the development of more sensitive instru-
ments as well as facilities capable of higher beam 
intensities than those available today. The correct 
probe, coupled with the optimal detection equip-
ment is of paramount importance for improving 
the signal to noise ratio for studying nuclei close 
to the observation limits. The latter applies also 
to nuclear astrophysics investigations which do 
not necessarily requires experimental work deep 
underground. Intense heavy ion beams may be 
used in inverse kinematics to improve the signal 
to background ratios. 

In recent years, the advent of a first generation of 
RIB facilities which continue to operate at rather 
low intensities (< 108 particles/sec) has opened 
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up new possibilities to access still unexplored re-
gions in the chart of nuclei. Such regions are not 
or not easily accessible with stable beams. Nucle-
ar halos, shell quenching far from stability and 
new decay modes are some examples of the new-
ly discovered facets of nuclear behaviour. Present-
ly, higher intensity RIB facilities are planned and 
some are already under construction, though the 
maximum expected RIB currents in the medium-
term future will only be (for a few species) of the 
order of magnitude of those presently available 
for stable beams.

In the past a sufficiently large number of facilities 
has been available to the European Nuclear Phys-
ics Community delivering stable heavy ion beams 
at energies close to the Coulomb barrier with in-
tensities of up to a few 1012 particles/sec. Many 
of these facilities are being recognized as leading 
European research infrastructures. Nevertheless, 
the last decade has seen the phasing out of several 
of these facilities in Europe. Especially in the case 
of low-energy accelerators dedicated to nuclear 
astrophysics research this situation has reached 
a critical point. In the meantime new physics do-
mains have emerged that require the use of high-
er beam intensities than available today.

NuPECC has stressed on many occasions and par-
ticularly in its recommendations for the last two 
‘Long Range Plans’, the importance of the existing 
stable beams facilities for our field. Furthermore 
NuPECC has appointed, less the ECOS working 
group in order to examine the research perspec-
tives with high intensity stable ion beams, to help 
categorize existing facilities and their possible up-
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grades and to identify the opportunities for a ded-
icated new facility in Europe.
 
This document is produced by the ECOS work-
ing group. It contains, in its first section, a high-
light of many fascinating nuclear physics ques-
tions that can be better (or only) addressed with 
high intensity stable beams at energies close to the 
Coulomb barrier. From the requirements dictated 
by the various ‘research lines’ specifications for a 

desirable facility will be described in the second 
section together with the needed research and de-
velopment for ion sources, targets, spectrometers 
and detection systems. This document will also 
present the status and capabilities of some major 
facilities in Europe for producing high intensity 
stable ion beams as well as their future develop-
ments and up-grades. The ECOS working group 
came to some conclusions and recommendations 
that will be developed in the last section.

I    Introduction
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II   Research using stable ion beams 

In the following, we briefly describe some of 
the physics questions that will be uniquely ad-
dressed with a modern high-intensity stable 
beam facility:

1. The quest for super-heavy 
nuclei

The study of nuclei at the limits of stability is one 
of the main challenges faced by nuclear structure 
physics. Often the finer details of structure are iso-
lated and identified in the exploration of extremes. 
One such extreme is that of high mass and charge 
– the regime of super-heavy elements (SHE). The 
question whether an island of stability exists for 
nuclei beyond uranium and where the borders of 
such an island may lie has been at the centre of 
nuclear physics for nearly half a century and is 
still one of the most fascinating and elusive open 
questions in nuclear physics.

In a simple first step the liquid drop model in var-
ious parameterizations predicts the limits of sta-
bility somewhere around Z=100-106 where the 
long-range Coulomb repulsion between the pro-
tons overcomes the short range attraction of the 
strong nuclear force. Extra stability comes from 
the microscopic shell corrections and a lot of effort 
is focused on the best description and extrapola-
tion of the mean field far from the well studied nu-
clei around Z=92 to those with the largest masses. 
Here various approaches favour different spherical 

proton and neutron magic numbers: The macro-
scopic-microscopic models predict Z=114, N=184. 
Calculations using self-consistent mean-field ap-
proaches broadly fall into two categories, namely 
relativistic and non-relativistic approaches. With-
in each approach a large number of parameteri-
zations of the effective Skyrme and Gogny forces 
are commonly used. However, systematic compar-
isons show that most non-relativistic mean-field 
calculations favour Z=124 or 126 and N=184. In 
contrast, the relativistic mean-field models show 
an extended region of additional shell stabiliza-
tion, centred mainly around Z=120, N=172.  

One major challenge to experimental investiga-
tions is the increasing difficulty with which SHE 
can be produced. Fusion evaporation reactions are 
used. Two main approaches have been successful-
ly employed here. Firstly, reactions with medium 
mass ion beams impinging on stable Pb and Bi tar-
gets. These reactions have been successfully em-
ployed to produce elements up to Z=112 at GSI 
and to confirm these experiments at RIKEN and 
LBNL. Using a Bi target one isotope of element 113 
was recently synthesized at RIKEN. Secondly, re-
actions between lighter ions and radioactive acti-
nide targets have been employed. These combina-
tions, especially with 48Ca beams, have been used 
to produce more neutron rich isotopes of elements 
from Z=112 to 116 and 118 at FLNR. The figure 
below summarizes the data as they are presently 
known or under investigation. Besides the pure 
discovery of these elements with highest Z, two 
more important observations have emerged. First, 
the expectation that half-lives of the new isotopes 
should lengthen with increasing neutron number 
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as one approaches the island of stability seems to 
be fulfilled. Second, the measured cross-sections 
for the relevant nuclear fusion seem to be corre-
lated with the variation of the shell-correction en-
ergies and fission barriers.

The immediate future of SHE research is dictat-
ed by the request for stable and radioactive ion 
beams of highest intensity. The compound nuclei 
which can be reached with beams of stable ions 
and two representative targets 208Pb and 248Cm are 
shown in the figure above. Using beam intensities 
of about 1 pμA, which are presently available for 
stable ions, the production rate at a cross-section 
of 1 pb is one atom per week. These rates or vice 
versa the reachable cross-section limits could be 
considerably increased or decreased, respective-
ly, if beams of higher intensity were available. Im-
provements up to a factor of 100 are technically 
possible. 

In order to optimally use these high intensities in 
experiments, separators and detection systems of 
highest sensitivity and precision have to be devel-
oped further. With ever improving production yields 
and detectors, in-beam nuclear structure studies 
of SHE are also making rapid progress. For No 
and Lr (Z=102 and 103) experiments at ANL and 
JYFL have enabled important information on nu-
clear deformation, single particle properties, and 
resistance against fission under rotation (see fol-
lowing Chapter). Finally, by establishing nuclear 
chemistry of elements up to hassium (Z=108) one 
can hope that the other discovered elements may 
eventually be placed in the Periodic Table accord-
ing to their chemical properties.       

Ground-state shell 
correction energy and 
compound nuclei  
which can be reached 
in reactions with targets 
of 208Pb and ���Cm 
and stable projectile 
isotopes. The boxes 
show the isotopes in 
the region of heavy and 
SHE’s, which are known 
or presently under 
investigation

1-a Synthesis

What we need in the future for the study of su-
per-heavy elements are systematic measurements 
of highest accuracy and reliability both of the re-
action processes for synthesis of these nuclei as 
well as of their decay properties. Concerning the 
reaction process the new results on the synthesis 
of elements 112 to 116 and 118 obtained at FLNR 
Dubna using actinide targets open most interesting 
perspectives for further investigation of isotopes 
at and near the double magic shell closure at N = 
184 and Z = 114 to 126. Obviously, as revealed by 
the data, relationships exist between the stability 
of these nuclei which is determined by shell ef-
fects, and their production yield which increases 
up to 5 pb for the synthesis of element 114 and 116. 
The relatively long half-lives, up to minutes were 
measured for the most neutron rich isotopes and 
up to days for isotopes near N = 162, open possi-
bilities for the application of new techniques, for 
example the trapping of these ions in ion traps and 
measurement of the masses and of other atomic 
and nuclear properties with high precision.   

Continuation of experiments based on cold fusion 
reactions are of highest interest for the study of the 
reaction dynamics and synthesis of new isotopes 
and elements. The reason is that the isospin (neu-
tron excess) of the projectiles almost continuous-
ly increases up to 96Zr, which would result in the 
compound nucleus 304122. This nucleus is locat-
ed already two neutrons beyond the closed shell 
N = 184. Similarly, even more pronounced due to 
lower excitation energy than in the case of hot fu-
sion reactions, the survival probability of the com-
pound system should be increased by strong shell 
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effects which result in high and wide fission bar-
riers. However, cold fusion reactions resulting in 
compound nuclei at and beyond element 118 (86Kr 
beam) are endothermic at Coulomb barrier ener-
gy with continuously decreasing (negative) exci-
tation energy which reaches a value of −10 MeV 
for the reaction 96Zr + 208Pb. It remains one the in-
teresting questions, how an increase of the beam 
energy in order to make the reaction energetically 
possible, will influence the cross-section.       

The prerequisites for an extended program for 
the study of SHE’s are projectile beams of high-
est intensity, long term stability of accelerator and 
detection set-up and sufficiently long irradiation 
times. Accelerator upgrades for experiments at 
Coulomb barrier energies have the primary goal 
to provide optimum beams for study of SHEs.  
No estimate is possible of the number of new ele-
ments that can be produced with a new accelera-
tor. However, the quest to discover the existence 
of an island of stability and the exploration of its 
border lines, can be only attacked with a consid-
erable improvement of experimental equipment. 

1-b In-beam spectroscopy

For the most part, structure information has main-
ly been derived from the study of alpha decay fine 
structure. Here the selective population of states 
with a similar single-particle structure as the moth-
er state has allowed studies aimed at a systemat-
ic mapping of single-particle orbitals close to the 
ground-state in a large number of nuclei. The main 
difficulty in this approach lies in the assignment 
of spins and parities from just the alpha decay ob-
servables such as energies and hindrance factors. 
The heaviest nucleus in which a direct measure-
ment of the ground-state spin has been made is 
253Es. More commonly one has to rely on an evalu-
ation of decay chains over a wide range of nuclei 
and comparison with the theories one wishes to 
constrain.  Thus this method alone generally does 
not pin down configurations. 

 One further, indirect approach is open to the study 
of SHE. In the deformed nuclei around 254No152, 
the Nilsson orbitals, at the Fermi surface are built 
on single particle levels which come down in en-
ergy and lie at or close to the Fermi surface. Here 
the sequence of levels at a deformation b2≈0.3 

probes the strongly down-sloping low-V levels 
stemming from the spherical 1i11/2 and 1j15/2 orbit-
als well above Z=126. Thus, the structure of the 
well deformed nuclei in the nobelium region will 
depend strongly on variations in the energies of 
those spherical orbitals. 

In-beam spectroscopy is a powerful tool that al-
lows deep insights into the atomic nucleus. All ex-
periments follow the same principle: The nuclei of 
interest are produced and separated from unreact-
ed beam, fission fragments and products of other 
reactions. At the focal plane of the separator the 
recoiling nuclei are identified. Prompt radiation 
detected at the target position is then correlated 
with the recoils of interest via the characteristic 
time of flight. This method has been successfully 
employed to study nuclei produced with as little 
as 200 nb production cross-section and today cross-
sections of 20 nb allow successful experiments. 
An example from the study of 251Md is shown in 
the figure below.

The largest challenge in this area is to pick the ex-
tremely rare SHE events out of a background typ-
ically 106 – 109 larger than the signal. In addition, 
the decay properties of SHE’s vary strongly even 
between neighbouring isotopes. This makes it dif-
ficult to propose an one-size-fits-all approach that 
only looks at the available beam intensity. The brunt 
of the effort has to be borne by the instrumenta-
tion that should be able to handle the data rates 
associated with large beam currents while retain-
ing the high sensitivity and selectivity to pull the 
rare SHE events out of the background.  In the fol-
lowing a closer look at a few representative cases 
may serve to illustrate the interplay between ac-
celerator, beam, target, and detection system.

In SHE studies the main channels open in any re-
action are fast fission and compound nucleus fis-
sion with cross-sections of about 1 b. The result-
ing fission fragments produce a large number of 
high energy gamma rays which the detectors ar-
ray at the target needs to handle. Furthermore, 
the targets employed are typically Pb and Bi with 
low melting points and thus target wheels need 
to be used.

The rapid progress in the field has been achieved 
using tagging spectrometers such as GREAT that 
can detect radiation from all possible decay process-
es, operated alone or coupled with either a conver-
sion electron spectrometer or a g-ray spectrometer 
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array that measures the prompt radiation emitted 
following the synthesis of nuclei. Both types of in-
beam spectrometer are necessary because internal 
conversion competes strongly with g-ray emission 
in heavy nuclei, particularly for low transition 
energies and high multipolarities. Consequently, 
when detected individually, each radiation type 
can at best reveal only a partial picture. Future in-
struments such as the planned SAGE spectrom-
eter will allow the simultaneous measurement of 
prompt g rays and conversion electrons with high 
efficiency. This important development will be es-
sential for obtaining a deeper understanding of 
such complex quantum systems.

1-c Decay studies and 
isomers

The best way to deduce information on the single 
particle structure of SHE’s produced below the 1 
nb level where, in-beam studies are no longer pos-
sible, is to perform spectroscopy following alpha 
decay at the focal plane of a separator. Since no 
prompt radiation is detected, high currents of sev-
eral pμA can be used provided the targets with-
stand the thermal load. Here rotating wheels with 
more heat resistant compounds (e.g. PbS) can be 
used. The main limitation is the total rate of re-
action products and background particles arriv-

In-beam gamma-ray spectrum of 
���Md taken with JUROGAM. A 
rich structure of at least one rota-
tional band is seen. The highlighted 
transitions were confirmed to be in 
mutual coincidence. The inset shows 
the expected behavior of the E2 and 
M1 transitions in the band as a func-
tion of the single proton orbital upon 
which the band is built. In-beam 
gamma ray spectroscopy is only 
sensitive to the E2 transitions marked 
by vertical arrows in red, conversion 
electron spectroscopy is only sensi-
tive to the M1 transitions (diagonal 
arrows, green). Only a simultaneous 
measurement of conversion electron 
and gamma-ray decays will provide 
the full picture.

ing at the focal plane. The Si implantation detec-
tors can withstand heavy-ion implantation rates 
of 10 kHz for reasonable periods of time and may 
need to be replaced several times during a long 
run. This can be avoided if the suppression factor 
is good enough, a property which depends entire-
ly on the quality of the separator.

In order to make the most of the rare decays all 
possible types of radiation (alpha, conversion-
electron, gamma, X-ray, beta) need to be detected 
with high efficiency. The detector system at SHIP 
and the GREAT spectrometer are good examples 
of focal plane arrays with high Si pixellation and 
excellent efficiency for the detection of conver-
sion-electron, X-rays and gamma rays.

Based on these estimates one would conclude that 
spectroscopy studies following alpha decay are 
possible on nuclei produced at a level of several 
picobarns with beam currents of several tens of 
pμA. It will then be possible to perform detailed 
decay studies on those nuclei whose production 
was previously possible at the level of a few at-
oms only.

Another way to approach the single-particle struc-
ture of the SHE is via nuclear magnetic moments 
studies of fission isomers. The orbitals on which 
these isomers, located in the second (super de-
formed) well at lower Z (92 –97), are built, are ex-
pected to come to the Fermi surface at higher Z. 
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The ordering of the single-particle orbitals in the 
second well will provide a possibility to test the 
shell model for extreme nuclear deformations 
and will help us better understand the structure 
of the SHE close to the island of stability as well. 
Production cross section of the order of few μb 
makes the nuclear moments studies of fission iso-
mers still feasible.

1-d Coulomb and atomic 
excitations

With the increase of beam intensities new quanti-
ties such as the collectivity (B(E2) measurements) 
will also become measurable. By using inverse 
reactions to create the heavy residues, their Cou-
lomb excitation at the focal plane of the separator 
will be possible. Coulomb excitation is achieved 
after separation by passing the recoiling nucleus 
through a high-Z foil before the implantation de-
tectors. With a pμA beam the Coulomb excitation 
of nuclei produced with cross-sections down to 
the microbarn level becomes feasible.

Example of Coulomb excitation of 254No nuclei: 50 
(4+ “ 2+) electron transitions can be detected per 
day with a 1 pμA 208Pb beam (production cross-
section for 254No = 3 μb, 48Ca primary target thick-
ness = 100 μg/cm2, recoil transmission and detec-
tion of 50 %, 208Pb secondary target thickness = 10 
mg/cm2, Coulomb excitation cross-section for the 
4+ to 2+ transition = 5 b and electron detection ef-
ficiency  = 40 %).

Inverse reactions also result in proper residue en-
ergies for the creation of collision induced X-rays. 
In the region of heavy elements the cross-sections 
for emission of L electrons are on the order of 105 
barn at ion energies of 2 A.MeV. Using a proper-
ly chosen converter foil and high resolution X-
rays detectors in the focal plane of a separator, 
the emission of L X-rays can be studied in coin-
cidence with signals from residues subsequently 
implanted into a Si stop detector. Information is 
obtained from the X-ray energy on relativistic ef-
fects on the electron binding with increasing Z. 
In principle, the method can also be used for the 
identification of the produced nuclei.

1-e Chemical studies 

Nuclear chemistry experiments were among the 
first which were performed at the newly built 
UNILAC in 1975. During the first decade the re-
search programme concentrated on the search for 
SHE’s in a variety of heavy-ion reactions mainly 
with 238U and 248Cm targets and projectiles rang-
ing from 238U to 48Ca. In the mid-80’s the empha-
sis shifted towards chemical investigations of the 
transactinide elements including nuclear reaction 
and nuclear structure aspects. In this extremely 
successful and ongoing research programme only 
hot-fusion reactions with actinide targets were uti-
lized to synthesize the most n-rich, long-lived nu-
clides needed for chemical studies. 

The first two transactinide elements are ruther-
fordium and dubnium (Z=104 and 105). They are 
placed in group 4 and 5 of the Periodic Table, as 
it was shown in pioneering experiments by the 
Dubna and the Berkeley-Livermore groups in the 
course of or soon after the discovery of these el-
ements. The central question about the influence 
of relativistic effects on the chemical behaviour 
of these elements remained open and was only 
approached in the more recent experimental pro-
grammes. The increasingly strong relativistic ef-
fects when going to even heavier elements makes 
this field most thrilling for chemists. Continuous 
developments of new and constantly advanced 
techniques for many experimental facets, allowed 
sensitivity improvements over about four orders 
of magnitude from 10 nb to a few pb. 

Quite naturally, because of relatively high cross-sec-
tions and long half-lives, the most detailed knowl-
edge is now available for Rf and Db. While the 
GSI group started – together with the collaborat-
ing partners from Bern, Mainz and Berkeley – the 
first detailed investigations, the centre of gravity 
for studies in the aqueous phase has shifted now 
to experiments performed at Tokai. This was es-
tablished and is continued in the course of a very 
fruitful GSI-JAERI collaboration. Right from the 
very first experiments Db and Rf showed surpris-
ing properties as compared with empirical extrap-
olations. Fully relativistic theoretical calculations 
are now able to explain many of these unexpected 
findings. However, we are far away from a good 
understanding of the chemistry of Rf and Db in 
a general sense.

A very large international collaboration, consist-
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ing of 16 institutes from 8 countries, joined at the 
GSI to perform over several years in a series of 
beam times all experiments which establish today‘s 
knowledge about the Sg chemistry – in the gas-
phase and in the aqueous phase. They placed Sg 
into group 6 of the Periodic Table. Sg is the heavi-
est element for which information about the behav-
iour in aqueous solution is available and more de-
tailed studies are in preparation. For the first time, 
chemistry experiments provided samples for nu-
clear decay studies of the most n-rich Sg isotopes 
265Sg (T1/2=7.4 s) and 266Sg (T1/2=21 s).

The first chemical property of bohrium (Z=108) 
was investigated at the Paul Scherrer Institut (PSI), 
Villigen, in collaboration with the GSI group and 
others. The determined volatility puts BhO3Cl 
into group 7 of the Periodic Table. The isotopes 
266Bh and 267Bh were discovered and investigated 
in the preparation and during the Bh chemistry 
experiments.

One of the more recent highlights are the two 
Hs gas-phase chemistry experiments both per-
formed at the GSI. The first experiment, headed 
by the group of PSI Villigen and University Bern, 
showed the formation of the volatile compound 
HsO4 with typical group 8 properties. Moreover, 
this experiment not only provided an independ-
ent confirmation of the discovery of element 112 
(by the study of the alpha decay of the grand 
daughter of 277112) but also yielded new informa-
tion on the nuclear decay properties of 261Rf and 
269Hs and an indication for the new nuclide 270Hs 
at N=162. Chemical and nuclear investigations of 
Hs are continuing.
 
The most recent and most exciting experimental 
programme is the gas-adsorption study of element 
112 in comparison with Hg and Rn – presumably 
the two extremes in the range of possible element 
112 properties. While first experiments were per-
formed at Dubna, a much more detailed, ongoing 
investigation began at GSI. First results indicate 
that element 112 shows a significantly different 
behaviour compared to Hg. These experiments 
will be continued and will be extended to cover 
also the element 114 behaviour. These experiments 
also have the potential to independently confirm 
results obtained with recoil separators.

In the future, this research field will fully take ad-
vantage of the availability of higher intensity stable 
ion beams in Europe and will expand further. 

2. Nuclear structure studies at 
low, medium and high-spin

         

Identifying and characterizing nuclear states as 
a function of excitation energy (E*) and spin (I) is 
crucial to understand the underlying single par-
ticle and/or collective structure of the nucleus. 
Questions such as how different nuclear shapes 
and associated motions develop and disappear, 
how shell effects and residual interactions sur-
vive with spin and temperature and how chaos 
sets into the nucleus can only be answered by a 
study of the nuclear properties in the (E*, I) plane. 
Gamma-ray emission constitutes a unique probe 
of the nuclear structure. In recent years, large ar-
rays of gamma-ray detectors have been exploited 
at several accelerator facilities. Among many oth-
er phenomena they have allowed the discovery 
of super-deformation and of the first hints of hy-
per-deformation at the highest angular momenta 
a nucleus can sustain.  

The third important variable which needs to be 
evaluated is isospin (T), related to the difference 
in the number of protons and neutrons.  In the fol-
lowing, we will focus on a few selected physics 
topics, which will benefit most from more intense 
stable beams than used today. The main experi-
mental limitations are the finite resolving power 
of the multi-detector arrays and the constraints 
on beam intensity associated with overloading 
their high resolution analogue electronics. Further 
progress can only be made by combining future 
4p tracking arrays, such as AGATA, with more 
intense stable beams than those used today. Both 
components are needed if we want to answer the 
burning questions related to the study of discrete 
nuclear states at extreme spins.

2-a Exotic shapes and decay 
modes.

High spin states of the nucleus are accessible 
through fusion-evaporation reactions using heavy 
ion projectiles. Much progress has been achieved 
in investigating the evolution of nuclear struc-
ture with increasing angular momentum with ad-
vanced gamma-ray detectors: Alignment effects, 
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band termination, shape transition and rotational 
damping are some of the fascinating features that 
can be studied in this way.

The observation of super-deformed (SD) nuclei con-
stitutes an important confirmation of shell struc-
ture in the nucleus and the study of excitations in 
the SD well allows to characterization of the ac-
tive orbitals and their correlations. In the past 5 
years, several new regions of super-deformed nu-
clei have been discovered near mass number A ~ 
60, 90, 110. Octupole “pear-shaped” vibrational 
modes have been identified in super-deformed 
nuclei with masses around 150 and 190 and first 
evidence has been found for very extended triaxial 
shapes near A ~ 170. In lighter nuclei, very elon-
gated shapes in the N = Z nuclei 36Ar and doubly 
magic 40Ca provided the opportunity to study the 
microscopic origin of collective rotation through 
the detailed comparison of mean field and shell 
model calculations. Many unexpected and surpris-
ing phenomena have been investigated and have 
yet to be explained and generalised. 

Although more than 200 super-deformed bands 
are known, only a handful have known spins and 
excitation energies. Despite intense experimental 
and theoretical efforts, there are still many open 
questions regarding the population of super-de-
formed states, in particular, their observed inten-
sity, which are orders of magnitude larger than 
that of normally deformed states of similar spin, 
is still not understood. Knowing the population 
mechanisms of super-deformed states will cer-
tainly influence the understanding of the popu-
lation mechanisms of more exotic nuclear shapes 
and those of very heavy nuclei.

Hyper-deformation is also strongly related to the 
important issue of how much spin the nucleus can 
sustain since in most nuclei these states are thought 
to be only observable at very high spins (70-80 h). 
In such angular momentum region they are pre-
dicted to become the lowest excited states of a giv-
en spin. However, even with today’s most power-
ful gamma spectrometers such as Euroball and 
GammasphErE, it has not been possible to popu-
late and identify nuclear states above spin 139/2 
hbar. The main experimental limitations are the 
finite resolving power of the multi-detector ar-
rays and the amount of beam one can use with-
out overloading their associated high resolution 
analogue electronics. Further progress can only 
be made by combining future 4p tracking arrays, 

such as AGATA with more intense stable beams 
than those used today. 

2-b Structure of neutron-rich 
nuclei

One of the critical ingredients in determining the 
properties of a nucleus from a given effective in-
teraction, is the overall number of nucleons and 
the ratio N/Z of neutrons to protons. It is the ex-
tremes in these quantities, which define the lim-
its of existence for nuclear matter that is going to 
be opened up for study with present and future 
radioactive ion beam accelerators. High intensi-
ty beams of heavy ions can also be used to reach 
both proton rich and neutron rich systems where 
new exciting phenomena are expected to happen. 
The interest in the study of nuclei with large pro-
ton/neutron ratios is in the changes of the nucle-
ar density and size, which are expected to lead to 
different nuclear symmetries and excitations. A 
relevant aspect related to changes in size and dif-
fusivity encountered in neutron rich nuclei is the 
modification of the average field experienced by 
a single nucleon. This is a basic ingredient in the 
many-body theories used to describe nuclear prop-
erties. The experimental study of the single-par-
ticle levels with neutron excess is therefore very 
important, inducing changes in the standard mag-
ic numbers and, possibly, even the breakdown of 
shell gaps and magicity.

In the last few years, the use of binary reactions, 
quasi-elastic (multi-nucleon transfer) or deep ine-
lastic scattering, combined with modern g-ray ar-
rays (GASP, Gammasphere, Euroball, etc.) with or 
without efficient ancillary detectors, has increased 
substantially the amount of information available 
on the structure of previously inaccessible nuclei 
far from stability. Due to the large number of fi-
nal products it is extremely important to provide 
the necessary selectivity to identify the mass and 
charge of the produced systems. Such selectivi-
ty can be achieved combining highly segmented   
g-ray detector arrays with large acceptance spec-
trometers. 
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Recently a major breakthrough has been achieved 
with a new gamma-detector array (CLARA) dedi-
cated to such binary reactions. The array has started 
operation at Legnaro National Laboratories in com-
bination with a magnetic spectrometer (PRISMA). 
PRISMA is a large acceptance magnetic spectrom-
eter for heavy ions. The use of the PRISMA spec-
trometer coupled to an anti-Compton gamma-ray 
detector array marks a step forward with respect 
to the previous spectroscopy studies with deep in-
elastic or multi-nucleon transfer reactions.

High intensity beams of stable heavy ions (like 
Xe, Pb or U) offer the interesting possibility to fur-
ther extend our knowledge of neutron rich nuclei. 
The figure below shows the production of neu-
tron rich nuclei calculated using the programme 
GRAZING. 

Mass distributions at the focal plane of the 
PRISMA spectrometer for the different elements 
populated in the ��Se + ���U reaction at 505 
MeV of beam energy.

Presently available beam intensities for medium 
or heavy beams hardly reach the value of one 
pnA. Even using large acceptance spectrometers 
and large gamma detector arrays a sensible rate 
of double gamma coincidences is only seldom 
reached for those reactions. Future perspectives 
in the field are therefore based on the use of high 
intensity (I~100 pnA) beams of stable heavy ions 
with large A/Z ratios (as for example Pb or U) to-
gether with new gamma-ray detectors based on 
gamma ray tracking (AGATA). This would push 
the present sensitivity limit of ~100-10 microbarn 
(CLARA-PRISMA) down to 1 microbarn-100 na-
nobarn allowing to investigate at medium and 
high spin very exotic neutron rich systems as for 
example 78Ni.

2–c Structure of nuclei at and 
beyond the proton drip-line 

The study of nuclei along the N=Z line is of spe-
cial interest due to the particular symmetries be-
tween protons and neutrons that can be explored, 
such as proton-neutron pairing correlations, ex-
otic deformations, coupling to the continuum for 
drip-line nuclei, isospin symmetry in mirror nu-
clei and isobaric multiplets. The structure of the 
nuclei along the N=Z line is also of significant as-
trophysical interest, as the path of the rp process of 
stellar burning passes through these nuclei. These 
studies are often linked to the use of radioactive 
ion beams. While this is certainly true for neutron 
rich isotopes, proton rich nuclei at the N=Z line 
can also be produced in fusion evaporation reac-
tions with stable beams. As long as the intensity 
of proton-rich radioactive ion beams does not ap-
proach the pnA range, the use of very high inten-

The theoretical predic-
tions for the production 
cross-sections of neu-
tron rich nuclei using 
multi-nucleon transfer 
reactions from both 
���Xe and ���Xe beams.
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sity stable beams can be competitive in a number 
of well-chosen cases. Of specific interest in this 
context are cold reactions at even below the Cou-
lomb barrier where only very few particles are 
evaporated. Under these circumstances evapora-
tion channels involving up to two neutrons can 
become rather important. Since the total reaction 
cross-section is very small at sub-barrier energies 
(10 mbarn or less) a very high primary beam in-
tensity can be used (up to pμA) leading to a larg-
er production rate of exotic nuclei than is possible 
with beams from the first generation RIB facilities. 
An advanced detector system is required consist-
ing of a high-efficiency Ge array and light charged 
particle as well as neutron detectors. In order to 
reach the most proton rich nuclei the quality (effi-
ciency and sensitivity) of the neutron detector sys-
tem is of utmost importance. For nuclei that can be 
reached by pure xn reaction channels an efficient 
charged particle (proton and a) anti-coincidence 
detector should be utilised. As an alternative a 
very high efficiency recoil spectrometer could be 
employed. In special cases a device for measuring 
conversion electrons is also needed.

Mirror nuclei (those with opposite proton and neu-
tron numbers) are expected to reveal nearly iden-
tical energy level structures. This is an immediate 
consequence of the charge independence of the 
nuclear force. Therefore, the differences in ener-
gy levels with the same spin and isospin in mirror 
nuclei shall arise from the different contribution 
of the Coulomb energy, which breaks the isospin 
symmetry. The study of the mirror symmetry has 
so far been limited to light nuclei and low spins; 
the heaviest pair with Tz= ±1 being 50Fe and 50Cr. 
At an advanced stable beam facility with highly ef-
ficient Ge and ancillary detector systems, it would 
be possible to extend these studies considerably to 
higher masses and/or angular momenta. 

Another very important issue related to the struc-
ture of proton rich nuclei is to find the origin of the 
coexisting nuclear shapes and exotic excitations ob-
served in medium-mass and heavy nuclei close to 
the proton drip line, and to understand their rela-
tion to the fundamental interactions between the 
nucleons. Nuclei at the proton drip-line and be-
yond can be produced in fusion-evaporation re-
actions with stable ion beams and stable targets. 
The production cross-sections quickly go down 
when approaching the drip-line and the reaction 
channel of interest typically represents only a very 
small fraction (down to 10-8) of the total cross-sec-

tion. Therefore, special devices and methods are 
needed to resolve the weak events from the vast 
background. A major breakthrough was achieved 
recently when Ge-detector arrays (JUROGAM = 43 
Compton suppressed large Ge detectors from the 
EUROBALL array) were combined with the RITU 
separator for Recoil-Decay-Tagging (RDT) exper-
iments at JYFL. For the first time, it was shown 
that in-beam gamma-ray spectroscopic studies of 
alpha-decaying proton drip-line nuclei with pro-
duction cross-sections down to approximately 20 
nbarn are possible. The scientific results include 
first observations of excited states in 50 isotopes 
with Z = 52-103 involving exotic shapes. 

One of the main discoveries in these studies is that 
the triple-shape-coexistence is common for these 
nuclei close to the mid-neutron shell. Most strik-
ing is the result for mid-shell Pb and Po isotopes, 
which reveals that the energy minima correspond-
ing to the spherical, oblate and prolate shapes all 
lie within two hundred keV in excitation energy, 
one of them forming the ground-state.  More de-
tailed spectroscopic studies are needed to under-
stand the origin of these and other exotic struc-
tures in proton drip line nuclei. 

Flight times in recoil separators limit the search 
for proton emitters to cases with lifetimes longer 
than 1 microsecond. the extension of these studies 
to much shorter time scales by detecting protons 
directly from the target would be a revival of the 
methods used in the discovery of the 109I and 113Cs 
proton emitters. In the region of relatively heavy 
nuclei the resulting daughter nucleus of such a 
proton emitter is often an alpha- or proton emit-
ter of a longer lifetime. Consequently, identifica-
tion of the exotic ultra-fast proton emitter can be 
done by employing the RDT technique. These pro-
ton emitters give information about very weakly 
bound systems beyond the proton drip line. 

In general, it is important to combine information 
extracted both from in-beam and decay studies. 
The beam intensity in in-beam studies is limited 
by the counting rates of the detectors at the target 
area. In case of gamma-ray detection this limit is 
typically 10.000 counts per second per Ge-detec-
tor. Today several projects are ongoing to develop 
digital front-end electronics for such detectors. It 
is expected that in this way the detector rate lim-
its can be increased up to 100,000 counts per sec-
ond. In terms of beam intensity this increase rep-
resents a step from approximately 10 pnA to 100 
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pnA on a 1 mg/cm2 target. Such an increase will 
push the limit of in-beam spectroscopy down to 
the level of a few nanobarns in the production 
cross-section. 

In off-beam studies of medium-heavy proton rich 
nuclei the maximum beam intensity is typically 
limited by the counting rate of the recoil detector 
at the focal plane of a separator. In the case of fo-
cal plane studies of heavy nuclei (Z > 80), where 
the dominant decay channel of the compound nu-
cleus is fission, the maximum beam intensity (up 
to several pμA) is typically set by the durability 
of the target. 

2-d Clusters and molecules 
in nuclei

Neutron rich and weakly bound nuclei show a 
strong tendency to clustering. This appears to be 
partially due to the properties of the residual inter-
action which can saturate better the nuclear forces 
in such a way that a maximum number of protons 
can interact with neutrons. In light nuclei this leads 
to the formation of shape isomers as covalent mo-
lecular structures for weakly bound systems. Since 
1968 it has been realized that clustering in nuclei 
will become relevant for states close to the thresh-
old for their decomposition into clusters. Nuclear 
clustering based on alpha particles and strongly 
bound substructures with N=Z has been studied 
since many decades. The physics of the drip-line 
nuclei, where single nucleon and cluster binding 
energies are very small, is strongly related to the 
clustering phenomenon observed at the single 
nucleon and cluster threshold in normal nuclei. 
The latter species have the advantage, that often 
the properties of the relevant states can be stud-
ied with high precision, because the experiments 
can be based on the recent advances in detector 
technologies. The existence of strongly deformed 
shapes in light nuclei has also been recognized to 
be related to clustering phenomena. Recent inter-
est focuses on extreme deformations, in the de-
formed shell model these are referred to as super- 
and hyper-deformation. The alpha chain states in 
the carbon isotopes are the first examples of such 
structures. The structure of the strongly clustered 
states is very peculiar, and there are many exam-
ples which show that they can not be obtained even 

in the largest shell-model calculations. Theoreti-
cal approaches based on model independent cal-
culations of nuclear properties, like the antisym-
metrised molecular dynamics (AMD), are able to 
reproduce the extremely clustered states in light 
nuclei. Other approaches are developed which are 
based directly on a basis with clusters as centers 
of orbitals for single nucleons. This gives rise to 
multi-center molecular structures. The spectros-
copy of strongly deformed shapes in N=Z nu-
clei has so far been the domain of charged parti-
cle spectroscopy. Various decay studies with the 
emission of alpha particles, 8Be and heavier frag-
ments are known, however, new detector set-ups 
with a combined particle-gamma detection are 
expected to give new insight into exotic shapes 
in nuclei related to clustering. For instance, the 
observation of the gamma-decays of these clus-
ter states is a big challenge as their branches are 
expected to be rather small at these excitation en-
ergies (in the range of 10-5 10-6 fractions of the to-
tal width) but will provide stronger evidence of 
their existence.

The physics of loosely bound and extremely de-
formed nuclear systems is an emerging field, which 
has been triggered in recent years by the new in-
sights gained into the structure of exotic nuclei. The 
role of dedicated accelerators with stable beams be-
comes decisive for this field. As in the case of very 
heavy nuclei (new elements), the big advances are 
expected from dedicated and sufficiently long ex-
periments. A stable beam facility with higher beam 
intensities than usually used and longer experi-
ments, is a pre-requisite for such studies.

3. Ground-state properties.

Ground-state properties of atomic nuclei such as 
masses, half-lives, radii and moments are direct 
observables that can provide crucial information 
on the structure of nuclei. These properties are of-
ten well-determined for nuclei close to the valley 
of beta-stability but an extension of their knowl-
edge towards extreme proton and neutron num-
bers far from stability is a real challenge in modern 
nuclear physics research. The presently operating 
stable beam facilities have played a key role in this 
endeavour, as described shortly below. In the fu-
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ture, such facilities will continue to make impor-
tant contributions to the field. The combination of 
stable high-intensity light or heavy-ion beams and 
an ISOL or in-flight separator equipped with a gas 
catcher technique can provide intense and exotic 
beams of low-energy radioactive ions complement-
ing the planned radioactive beam facilities. Espe-
cially, heavy-ion induced fusion evaporation reac-
tions and light-ion induced fission reactions that 
employ a high-intensity driver accelerator can be 
truly competitive in producing neutron-deficient 
nuclei up to the proton drip-line above A=60 all 
the way up to the superheavy element region as 
well as in producing neutron-rich nuclei near and 
between the doubly-magic 78Ni and 132Sn. Another 
interesting and reachable region is located in the 
neutron-rich side of the nuclide chart above the 
fission production region. This can be reached by 
transfer reactions induced by neutron-rich stable 
beams. The experimental techniques described be-
low are easily adaptable to highest intensities. 

3-a Atomic masses 

The mass is a fundamental property of a nucleus 
and depends on the masses of its constituent nu-
cleons and the total binding energy. The latter is 
directly connected to the structure or the ground 
state wave function of the nucleus. From this point 
of view systematic mass measurements probing 
the variations in the binding energy at different 
levels of accuracy can unreveal both global and 
local microscopic features with changing proton 
and neutron numbers. Despite of their importance 
the accurately known atomic masses are still rath-
er rare and already a few neutron numbers away 
from the valley of stability the masses are known 
with modest accuracies only.

Physics questions that can be investigated via mass 
measurements are, for example, the evolution of 
shell structures and appearance of new shell clo-
sures, influence of pairing between like nucleons as 
well as proton-neutron interaction and the role of 
spin-orbit interaction at extreme proton and neu-
tron numbers. In nuclear astrophysics, the bind-
ing energies are one of the most important ingre-
dients for reliable nucleosynthesis calculations. 
They affect the rates of relevant reactions and they 
influence the time-scale and energy production of 

nucleosynthesis. In high temperature conditions, 
they adjust the balance, which defines the process 
paths. Precision measurements provide important 
data for fundamental studies of the weak interac-
tion. Of particular interest are the measurements 
related to the super-allowed beta decays, which 
test the CVC hypothesis and the unitarity of the 
CKM-matrix. 

In the past accurate mass measurements apply-
ing traditional techniques, like reaction kinemat-
ics and magnetic spectrometry, were restricted 
to stable or almost stable nuclei. Decay studies, 
in principle, allow extraction of masses further 
from the stability, but often a poor knowledge of 
the mass of the daughter nucleus and complex de-
cay schemes seriously prevent accurate mass de-
termination. Penning trap technology has shown 
ability to provide high resolving power (R) and 
accuracy – typical values being R=107 and dm/
m=10-8 for medium mass ions, respectively. A pi-
oneering work at ISOLTRAP combining the ISOL-
method and Penning trap technology has extend-
ed direct precision measurements to radioactive 
isotopes. Since then various projects relying on 
ion traps have been initiated at stable beam fa-
cilities as well. In the University of Jyväskylä, an-
other approach where Penning trap was coupled 
to IGISOL-separator was chosen. There the avail-
ability of refractory isotopes allows extension of 
detailed mass spectroscopic studies to the new re-
gions which were not accessible at conventional 
facilities. As a result, around 120 atomic masses of 
neutron-rich fission products were recently meas-
ured with and accuracy of the order of 10 keV or 
better. In addition to two ISOL-based, but produc-
tion-wise complementary projects, precise masses 
of radioactive isotopes are measured also by ap-
plying the RF-spectrometer MISTRAL at ISOLDE. 
Although less accurate than Penning trap method 
this approach has an advantage of the very short 
delay time, which makes it suitable for very short-
lived isotopes. An excellent example of this is the 
recent determination of the mass of 11Li which has 
a half-life less than 9 ms. 

While the masses are important for understanding 
the nuclear landscape and its limits among neu-
tron-deficient and neutron-rich nuclei they are also 
important in the region of the heaviest elements 
where the interplay between the collective struc-
tures and shell effects are important in defining 
the limits of existence of the heaviest elements, 
for example. The SHIPTRAP project at GSI is de-
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voted to measure the masses of the heaviest iso-
topes produced in fusion reactions. It combines 
the isotopic identification and primary beam sup-
pression by the velocity filter SHIP with the gas 
catcher method which stops and subsequently in-
jects exotic heavy isotopes into the Penning trap 
for precision measurements. Due to the extreme-
ly efficient suppression of unwanted species this 
combination provides a unique approach for pre-
cision measurements of atomic masses of heavi-
est elements. The performance of this facility can 
straightforwardly be improved by the increase of 
the primary stable beam intensity. 

European efforts in the field of precision mass 
measurements are closely connected to the run-
ning stable beam facilities. Despite major progress 
during the last few year, much work is still to be 
done. The existing projects, like ISOLTRAP and JY-
FLTRAP, should be vigorously continued and ex-
ploration of the upper part of the nuclear chart by 
SHIPTRAP should be pursued. Extension of these 
experiments farther from the valley of stability 
sets new requirements for the facilities. There the 
limiting factors are shortening half-lives and low 
production rates. The first problem is of experi-
mental nature and is to be addressed by individu-
al experimental setups. The second limitation, low 
production rates of exotic species is related to the 
performance of the production and measurement 
schemes but above all to the intensities of stable 
primary beams. It is obvious that a vast amount of 
new data is within reach by the intensity increase 
of the primary accelerator beams. 

3-b Charge radii and 
moments 

High resolution laser spectroscopy is a well-estab-
lished method for measuring nuclear moments and 
charge radii of nuclei. The ground-state magnetic 
dipole and electric quadrupole moments are ob-
tained from the observed hyperfine structures of 
optical transitions of the atom or ion. The nuclear 
spin can be deduced from the same data. Thus the 
valence nucleon configurations and static quad-
rupole shapes of ground states and even isomer-
ic states can be deduced.

The change in the nuclear mean square charge ra-
dius between two isotopes may be deduced from 

the frequency difference (isotope shift) of the op-
tical transition in the two isotopes. Nuclear shape 
changes along an isotope chain are clearly seen from 
the isotope shift systematics and nuclear shapes 
can be deduced even if the hyperfine quadrupole 
interaction is small or absent. The subtle differ-
ence in the shape parameter measured by these 
two methods (the moment provides the mean 
deformation parameter; the isotope shift gives a 
root mean square value) opens up the possibility 
of studying the proton diffuseness at the nuclear 
surface, which may be affected by changes in the 
nuclear pairing or proton binding energies.

There is therefore great potential to learn about 
shapes and structures of exotic nuclei provided 
the laser techniques have sufficient sensitivity and 
production rates of the nuclei are adequate. There 
are many variants of the general technique of la-
ser spectroscopy which could be applied to exot-
ic nuclei. The key requirement is that the radioac-
tive atoms are prepared predominantly in a single 
atomic or ionic state with a precisely defined ve-
locity (the Doppler broadening of the transition 
should be less than a part per million). In prac-
tice this means the initial reaction products must 
be stopped in a gas or solid catcher as part of the 
preparation process. The efficiency and timescale 
of the preparation process will determine the scope 
for laser measurements. To date most laser meas-
urements have been carried out at ISOL facilities 
using intense light-ion beams (usually protons) to 
produce the nuclei. Experiments have been possible 
on ion beam fluxes of tens of ions per second with 
lifetimes down to a millisecond. This timescale en-
compasses many interesting isomeric systems as 
well as ground states out to the proton drip line 
and neutron-rich nuclei produced by fission.

The extraction time of ions from conventional 
ion sources can limit studies of the most exotic 
nuclei. The shortest-lived species could be pro-
vided for measurement by a combination of a re-
coil mass spectrometer with a gas-catcher at the 
focal plane. Such a technique is suitable for me-
dium and heavy mass isotopes near the proton 
drip line.  High intensity heavy-ion beams are re-
quired to maximise production. Key advantages 
over ISOL techniques is that there is no chemical 
dependence on efficiency, and the nuclear life-
times that can be studied are limited only by the 
flight time through the separator and extraction 
time from the gas cell.
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4. Near barrier transfer and 
fusion reactions

The use of stable beams with intensities one to 
two orders of magnitude higher than the present 
available ones would lead to very significant ad-
vances in the field of reaction mechanisms close 
to the Coulomb barrier. Below we discuss repre-
sentative physics cases in the field of multi-nucle-
on transfer and sub-barrier fusion reactions which 
would benefit from the availability of such high 
intensity beams.       

4-a  Transfer reactions  

Transfer reactions between heavy ions at energies 
close to the Coulomb barrier provide invaluable 
information for both nuclear structure and reaction 
dynamics studies. From the stripping and pick-up 
of neutrons and protons one can deduce informa-
tion about the shell structure close to the Fermi sur-
face (one-particle transfer) of the two reactants or 
one can study nuclear correlations in the nuclear 
medium (multi-nucleon transfer reactions). 

From the extensive work performed at LNL dur-
ing the last years one could study detailed mass 
and nuclear charge yields, differential and total 
cross sections and total kinetic energy loss distri-
butions of transfer products in several systems. 
From the comparison of experimental observables 
with theoretical models incorporating surface vi-
brations and successive transfer processes, one ob-
serves a good agreement with the inclusive data 
obtained for pure neutron transfer channels and 
for the stripping of one proton. However the cal-
culations miss the massive proton transfer chan-
nels under-predicting the two-proton stripping by 
an order of magnitude. The discrepancies indicate 
that the theory should incorporate more complex 
transfer degrees of freedom. By adding to the re-
action mechanism the transfer of correlated pairs 
of protons and neutrons, in the macroscopic ap-
proximation, and fixing the strength of  the form 
factors to reproduce the pure -2p channel, the pre-
dictions for all other charge transfer channels be-
come much better. 

The microscopic justification for these pair transfer 

degrees of freedom, and, more generally, the un-
derstanding of the effect of nucleon-nucleon cor-
relation, would be very much improved by per-
forming experiments able to extract the strength 
distribution of transfer products among specific 
excited states.  Interesting hints in this direction 
are coming from recent investigations on nuclei 
near closed shells, in particular in the 40Ca+208Pb, 
40Ca+96Zr, 90Zr+208Pb reactions, the last two stud-
ied with the PRISMA+CLARA set-up at LNL. The 
Figure below (top) shows the total kinetic energy 
loss distributions at three bombarding energies for 
the two-neutron pick-up channel in comparison 
with CWKB calculations. The two neutron pick-
up channel displays at all measured energies a 
well defined maximum, which, within the energy 
resolution of the experiment, is consistent with a 
dominant population in 42Ca of states with exci-
tation energy at around 6 MeV.  These results are 
discussed in terms of two neutrons filling the  p3/2 
orbital, which correspond to the main component 
of the excited 0+ states interpreted as multi (addi-
tional and removal) pair-phonon states. This is also 
visible in the bottom part of the figure, where the 
strength distribution S(E) coming from large scale 
shell model  calculations is shown. More detailed 
studies performed via gamma-particle coincidenc-
es (bottom part of the figure below) allowed to ob-
serve weak transitions that open the road to study 
these multi pair-phonon excitations. 

Heavy ion reactions, though in general less selec-
tive than light ion reactions in populating specific 
final states, have the advantage to provide a mech-
anism for the transfer of multiple nn, pp, and np 
pairs. The transfer strength may be spread over 
several final states and to make detailed studies of 
the corresponding weak gamma decays, gamma-
gamma-particle correlations are needed, in order 
to identify the spin and multipolarity of the in-
teresting levels. At the same time, with the pres-
ently maximum available beam intensities in the 
range of few tenths of pnA extremely high sta-
tistics is required. A definite increase of primary 
heavy ion beam intensity, together with the avail-
ability of a wide variety of nuclear beams, which 
should range from closed shell, to superfluid and 
deformed nuclei, and the optimum use of large sol-
id angle spectrometers coupled to powerful gam-
ma arrays would enormously extend the knowl-
edge in the field.  

The energy region far below the Coulomb barrier 
is another interesting area to investigate the role of 

II   Research using stable ion beams 



30

Left : experimental (histograms) and theoreti-
cal (curves) total kinetic energy loss distribu-
tions of the two neutron pick-up channel in the 
40Ca+208Pb system at the indicated energies. The 
arrows correspond to the energies of 0+ states in 
��Ca with an excitation energy lower than 7 MeV. 
Bottom panel shows the strength function S(E) 
from shell model calculations. Top Right : experi-
mental gamma spectrum for ��Ca obtained in the 
reaction 40Ca+��Zr in a recent experiment with 
PRISMA+CLARA. Bottom right : level scheme of 
interesting transitions. 

transfer channels in determining the total reaction 
cross section and to study nucleon correlation in 
the nuclear medium. At sub-barrier energies only 
the extreme tail of the nucleon wavefunctions en-
ter into play and this provides a much simpler 
analysis of the data. To give an hint of why it is 
so, we recall that the nuclear part of the inelastic 
form factor is well described by the derivative of 
the optical potential and thus has a decay length 
of ~ 0.65 fm, while the transfer form factors have a 
decay length of ~ 1.3 fm being related to the bind-
ing energies of the transferred nucleon. In the very 
low energy domain, the two ions probe their mu-
tual interaction only at large distances, where the 
nuclear couplings are dominated by transfer proc-
esses (one particle transfer).  The multi-nucleon 
transfer is here dominated by a successive mech-
anism, in fact, the collective form factor for a pair 
transfer mode has a decay length that mirrors the 
one of the optical potential and thus should play 
a minor role in this energy region. 
 
The possibility to perform measurements at far 
sub-barrier energies depends on the availabili-
ty of extremely high efficiency devices. In fact, in 
this energy regime, angular distributions result, 
in the center of mass frame, in a strong backward 
peaking, with a maximum at ucm  = 180o  and the 
absolute yield gets very small. At the same time, 
mass and nuclear charge resolutions must be 
maintained at a level sufficient to distinguish the 
different reaction channels. In the past, few ex-
periments in this direction have been performed 

making use of recoil mass spectrometers, but one 
or at most two particle transfer channels could be 
identified. With the new generation large solid an-
gle spectrometers these efficiency problems can be 
now overcome, and the use of high intensity sta-
ble beams would allow to push the detection sen-
sitivity to below the μb cross section level. At far 
sub-barrier energies, the Q-value distributions get 
much narrower and the strength for multiple par-
ticle transfer should be concentrated within a few 
MeV close to the ground states. This fact would 
allow observing, for instance, an odd-even stag-
gering in the final yields, giving evidence of the 
effect of nucleon correlations. The combined use 
of powerful spectrometers and a definite increase 
of beam intensity would also allow to quantita-
tively probing if any (long standing problem in 
nuclear physics) effect like Josephson or diabolic 
pair transfer exists.   
 

4-b   Sub-barrier fusion

The influence of the different reaction channels 
in sub-barrier fusion processes is well known in 
literature. Nuclear structure properties like sur-
face vibrations or nuclear rotations, and possibly,  
nucleon transfer channels, can strongly affect the 
behaviour of the fusion excitation functions. This 
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is reflected in the large enhancements and isotop-
ic effects seen in the fusion excitation functions. 
Very recently, contrary to usual expectations, it 
has been observed that at energies well below 
the Coulomb barrier the fusion cross sections are 
strongly hindered, namely they drop much more 
strongly than the prediction of coupled channel 
calculations. This has been seen in systems like 
58Ni+58Ni, 64Ni+64Ni, 60Ni+89Y and is best character-
ized by determining the maximum in the S-factor 
curve of the fusion excitation function. An example 
is given in the figure below for a case measured 
in ANL (Argonne). In the most recent theoretical 
interpretation it has been shown that taking into 
account the nuclear incompressibility in the dou-
ble folding model, one obtains a potential much 
shallower than the previous one and that is able 
to explain the behaviour of the fusion excitation 
functions in the full energy range.  More into de-
tail, it was used an M3Y nucleon-nucleon inter-
action that includes a direct isoscalar plus isovec-
tor part and an exchange part that is treated as a 
contact interaction. In addition, to simulate the 
nuclear incompressibility, the NN interaction is 
supplemented by a repulsive contact interaction. 
The results are shown in the same figure and the 
agreement obtained shows the possibility to probe 
the nuclear potential at very short distances. No-
tice that fusion cross sections need to be meas-
ured at a level of some tenths on nb, namely two 
orders of magnitude lower than the range usually 
investigated to observe isotopic effects. To reach 
this level of sensitivity a recoil mass spectrome-

ter with extremely high background suppression 
and a focal plane gas detector system with multi-
ple segmentation have been used. Clearly, a sig-
nificant increase of beam intensity would allow to 
explore these sub-sub-barrier fusion phenomena 
even lower in bombarding energy and for a wid-
er range of nuclear combinations.  

5. Nuclear astrophysics

Nuclear astrophysics research is strongly related 
to nuclear structure studies: the profound impact 
of nuclear structure on astrophysical processes 
can be envisaged in many cases of stellar burn-
ing and the associated nucleosynthesis and ener-
gy production. The evolution of nuclear structure 
as a function of mass, deformation and isospin is 
of special interest in nuclear astrophysics since it 
determines the evolution of the nucleosynthetic 
mechanisms, the most characteristic one being that 
of the r process. Moreover, global nuclear proper-
ties like nuclear masses, level densities and defor-
mations play a decisive role in large scale nucleo-
synthesis calculations. 

Under these conditions, many of the research top-
ics presented in the preceding paragraphs are of 
importance in nuclear astrophysics. However, they 

Measured excitation 
functions and S-factors 
at ANL for the indicated 
system compared with 
coupled channel calcu-
lations (CC) based on the 
Akyuz-Winther potential 
(AW) and the M3Y+ 
repulsion potential. The 
NOC curve represents 
the no-coupling limit.
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form only part of the nuclear astrophysics pro-
gramme outlined in the last NuPECC Long Range 
Plan 2004. In this direction, the proposed high-in-
tensity stable beam facility will be of benefit for the 
community of nuclear astrophysics. Such a facility 
will provide intense heavy-ion beams for indirect 
measurements, mostly based on transfer reactions 
or Coulomb break-up, or capture reactions in in-
verse kinematics. The latter technique will certain-
ly provide a solution to the problem of reducing 
the beam-induced background, from which many 
nuclear astrophysics measurements suffer. In par-
allel to these techniques, the “classical” method, 
i.e. the acceleration of light ion beams at low en-
ergies can still provide a direct “approach” (mod-
el independent) to a variety of fundamental ques-
tions of astrophysical relevance that still remain 
open.  Some of these cases are given below

Many nuclear reactions across the periodic table 
play an important role in the aspects of nucleo-
synthesis. However, there are about 20 reactions 
among light nuclides which play a decisive role 
in the energy production: hydrogen burning via 
the p-p chain and CNO cycles in main sequence 
stars and helium burning via 3a“12C, 12C(a,g)16O, 
16O(a,g)20Ne and 14N(a,g)18F in red giants. These, 
helium burning reactions together with the 12C+12C, 
12C+16O and 16O+16O fusion reactions are also cru-
cial for the evolution of a star of given mass and 
chemical composition, i.e. whether the star evolves 
into an early carbon-detonation supernova or into 
other supernovae of type I or type II. These H-, He- 
and C/O burning reactions are considered there-
fore as “key reactions” for nuclear astrophysics. 
Clearly, they need to be known with fairly high 
precision if we want to understand the structure 
and evolution of stars and galaxies. These key re-
actions are extremely difficult to measure using 
the existing facilities and instrumentation.

Example 1: The 12C(a,g)16O reaction has been 
investigated for more than 45 years (notably 
by Caltech, Bochum and Stuttgart) with a slow 
progress, where the aim of a 10% precision at 
the Gamow energy E0=0.3 MeV is by far from 
being reached. The present low energy limit 
is at Ecm=1.5 MeV and the present uncertain-
ty at E0 exceeds 50%. Additional efforts with 
new techniques are needed to solve this prob-
lem in the future.

Example 2: The 12C+12C fusion reaction has 
been measured down to Ecm=2.5 MeV, while 

the Gamow peak Eo is at 1.2 MeV; as shown 
in the figure above, the extrapolation to E0 has 
presently an uncertainty of almost 200%.

The situation is similar for all other key reac-
tions, where the low energy limit was deter-
mined so far by beam-induced background. The 
exceptions are the hydrogen-burning reactions 
d(p,g)3He, 3He(3He,2p)4He and 14N(p,g)15O (cru-
cial for solar neutrinos and cosmochronometry) 
where the low-energy limit was given by cos-
mic-ray background: by removing this back-
ground essentially in an underground labo-
ratory such as LUNA at Gran Sasso, Italy, we 
were indeed able to measure these reactions 
at E0 or very close to it, thus no extrapolation 
was needed any more. For most other key re-
actions solutions have to be found to minimize 
first the beam-induced background in a labo-
ratory at the earth surface. 

The origin in the cosmos of the so-called p nuclei 
is one of the most puzzling tasks to be solved by 
any model of heavy-element nucleosynthesis. These 
nuclei are by-passed by the s- and r-process path-
ways. To date, these nuclei have been observed 
only in the solar system. Understanding the syn-
thesis of these p-process nuclei on the basis of as-
trophysical processes occurring outside the solar 
system, like e.g. in exploding supernovae (SNII) 
or on He-accreting white dwarves with sub-Chan-
drasekhar mass, which are both thought to be the 
most possible p-process sites, will enable us not 
only to understand the nuclidic composition of the 
solar system but also to further elucidate our fun-

Experimental data of the astrophysical S-factor for 
the ��C+��C fusion reaction and theoretical predic-
tions (curves).
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damental picture of its creation. Abundance cal-
culations of the p nuclei make an extensive use of 
the nuclear statistical model for the calculation of 
the rates of an extended reaction network. Com-
parisons with (p,g) and/or (n,g) cross sections in-
dicate that these rates can be predicted within a 
factor of two. However, some of the very few (a,g) 
data show that the reaction rates calculated using 
phenomenological alpha-particle optical potentials 
can be wrong by a factor of ten or more (see figure 
below). These uncertainties might be reduced sub-
stantially by putting constraints in the so far poor-
ly known alpha-particle optical potentials at such 
low energies (E<12 MeV). It is worth mentioning 
that the relevant cross-section data are scarce. To 
achieve this goal, there exist different approaches, 
amongst which the direct (a,g) measurements at 
sub-Coulomb energies using state-of-the art detec-
tors is the most transparent. Detailed theoretical 
studies of this problem have shown that the most 
sensitive mass region to distinguish between dif-
ferent alpha-particle optical potentials is around 
A=100 and A=200 (see figure below).

It is a fact that nuclear astrophysics has tradition-
ally focussed on measurements, often very time-
consuming, that have been realized at small-scale 
low-energy accelerators with the aim to deter-
mine accurate reaction cross sections at energies 
as close as possible to the relevant stellar energies, 
i.e. around the Gamow energy E0. So far, many 
nuclear reactions occurring at various evolution 
stages of stars have been systematically investi-
gated and our fundamental picture of stellar evo-
lution and nucleosynthesis has been considerably 
elucidated. Unfortunately, leading nuclear astro-

physics laboratories in Europe (mainly in Germa-
ny, such as Karlsruhe, Stuttgart and Bochum) are 
already closed or will be closed in the very near 
future. Thus, there is an urgent need for Europe 
to create a new and upgraded low-energy stable 
beam facility (such as a high-current 5 MV tan-
dem) with modern detection techniques (such as 
a crystal ball and a recoil detector setup). Such a 
facility will complement the present impressive ef-
forts in Europe on the development of radioactive 
ion-beam facilities aiming at investigating among 
others the r-process nucleosynthesis. Without such 
a stable-beam low-energy high current facility, we 
will not be in position to improve our fundamen-
tal understanding of the evolution of stars.

6. Ion-ion collisions 
in a plasma

Motivated by two applications of energy deposi-
tion in matter by heavy ions (damage creation in 
materials and energy transfers in dense plasmas), 
a project was studied a few years ago for the im-

Left: Experimental S-factor data for the 
144Sm(a,g)148Gd reaction compared with the 
Hauser-Feshbach predictions using different 
alpha-particle optial model potentials. 
Right:  Ratios of calculated (a,g) rates <sv> for 
different alpha-particle optical potentials (OMP) 
as a function of the mass number A. 
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plementation at GANIL of an experimental device 
dedicated to ion–ion collision experiments. Moti-
vations for the realisation of such experiments is 
of great importance and should be regarded with 
attention in the perspective of the increase by two 
orders of magnitude of the available stable ion 
beam intensities.

As far as modifications of materials are concerned, 
the observed effects are mainly produced at ve-
locities of the incident ions corresponding to the 
maximum of stopping power. In this velocity do-
main, the elementary collision processes which 
are at the origin of energy deposition - exchange 
(capture), loss (ionisation) and excitation of elec-
trons - have typical cross-section values close to 
their maximum and of the same order of magni-
tude. While remarkable progress was made in re-
cent years on the theoretical side, Complications 
made by the fact that, under these conditions, the 
coupling between the elementary processes has 
to be treated explicitly, these cross sections still 
cannot be accurately predicted.  Such treatments 
cannot furthermore be properly tested using the 
results of ion atom collision where (out of the col-
lision of a bare ion on an atomic hydrogen target) 
the presence of numerous electrons on the target 
atom comes to complicate the mechanisms into 
play. Ion-ion collision experiments appear as the 
only way to allow a direct comparison to test the 
validity of existing models and encourage the de-
velopment of new models.

Concurrently, studies about the interaction of high 
energy heavy ions and ionised matter (dense plas-
mas) were developed at different places (GSI Darm-
stadt and IPN Orsay) in connection with research 
activities in the domain of fusion by inertial con-
finement. Experiments concerning comparison of 
charge states and stopping powers of heavy ions 
observed in plasmas with those observed in gas-
es and solids lead to conclusive results as far as 
hydrogen or deuterium plasmas are considered. 
Their extension to plasmas of higher atomic number 
species leads to greater difficulties due to the fact 
that such plasmas contain species with different 
degrees of ionisation. The observed effects corre-
spond to mean effects induced by a series of si-
multaneous phenomena from which it is difficult 
to extract quantitative information about elemen-
tary processes. Here again direct and quantitative 
measurements will only be possible by directly 
studying ion-ion collision processes.

The ideal experimental apparatus to perform such 
experiments would be obtained by crossing a high-
ly stripped and charge state selected intermedi-
ate energy beam (2-20 A.MeV) with a low energy 
beam (produced by an ECR source for instance). 
The experiments would simply consist in record-
ing, in coincidence, the change of charge states in 
both beams.

One should consider the opportunity offered by 
the high intensity beams for the study of rapid 
processes following high energy losses in solids. 
Transient species with intrinsic lifetimes, reaction 
or diffusion times of the order of nanoseconds to 
milliseconds and even more, may indeed play a 
very important role as precursors of permanent 
defects observed after electronic slowing down of 
high energy heavy ions in materials. Since some 
years now, detection and following the time evo-
lution of such species has been demonstrated to 
be feasible at GANIL in the frame of a series of 
experiments dedicated to the study of water ra-
diolysis. In the course of these experiments single 
pulse excitation with high energy carbon and ar-
gon ions has, in particular, allowed to follow the 
kinetics of formation and disappearance of sol-
vated electrons. 

The main limitations to the time resolution and sen-
sitivity of such experiments are the amount of en-
ergy which can be deposited by a single pulse and 
the duration of that pulse. As compared to existing 
facilities the CSS1 and CSS2 beams at GANIL, a 
one order of magnitude increase of beam particles 
per pulse is expected from a future high intensity 
stable ion beam facility. The time structure is also 
expected to be much shorter (0.2 ns instead of 2 
ns), so very rapid processes could be investigat-
ed. The high intensity stable beam facility should 
allow to study the time dependence of high ener-
gy loss phenomena. 

Intense quasi-continuous ion beams are of enor-
mous interest for solid-state and materials re-
search for cases where high-dose-rate implan-
tations are required. There is a broad spectrum 
of aspects, including phase transformations, de-
velopment of novel compound  materials, heavy 
doping of semi-conductors, generation of nanos-
tructures, commercial applications such as filter 
production, etc.
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The performance of the proposed high intensi-
ty stable beam facility, will provide the Europe-
an low-energy physics community with a world 
class stable ion beam capability. This facility will 
benefit from the tremendous improvements that 
have been achieved, over the last decade, in accel-
erator technology making accelerators highly re-
liable and cost-effective to operate. The stable ion 
beam facility will be designed to meet the science 
needs outlined in the previous sections and will 
have capabilities beyond those presently availa-
ble in Europe. 

III  Technical performance and readiness for a high      
 intensity stable ion beam facility

1. Existing European stable 
beam facilities and their 
up-grades

For comparison, the performances of existing ma-
jor European facilities and their possible upgrade 
regarding high intensities are described. 

Layout of the 
GANIL facility
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1-a Status and future 
developments at GANIL

The GANIL facility shown in the two figures, is 
composed of a set of 5 cyclotrons, one of them is 
part of the radioactive beam facility SPIRAL, that 
can be used independently for stable beam pro-
duction. The present GANIL facility offers a broad 
range of ions and energies: ions from carbon to 
uranium, and energies from 0.5 to 95 A.MeV, de-
pending on the ion q/A ratio, and on the number 
of cyclotrons chosen for the acceleration. After the 
stripper, two simultaneous beams are produced, 
with two different charge states: one at medium 
energy (5-13 A.MeV), and one which is sent to-
wards CSS2 or directly to the experimental are-
as. In parallel, the CIME cyclotron, designed for 
the acceleration of radioactive beams, can also be 
used for the production of stable beams, for ions 
ranging from carbon to xenon, with energies from 
2 to 25 A.MeV, depending on the q/A ratio. All 
these beams can then be sent towards the differ-
ent GANIL experimental areas.

The CSS1 beams can be used, in the following 
domain: from 12C (4 to 13.5 A.MeV) to 238U (4 to 8 
A.MeV). The intensities range from several pµA 
for light ions to less than 1 pμA for A > 40. 

The CIME cyclotron beams can range from He to 
Xe, with energies between 2 and 25 A.MeV depend-
ing on q/A, and with a maximum intensity of 80 
pnA (mainly because of safety limitation).     

There is a continuous development on new ion 
production methods at GANIL, and to increase 
existing beam intensities such as Ni, Ca, Ge, etc. 
Concerning Pb and U beams, an intensity in-

Ion Energy in A MeV Intensity in pµA

48Ca8+ 4.5 0.5

58Fe8+ 4.9 0.65

58Ni9+ 4.3 0.22

76Ge10+ 5 0.85

86Kr12+ 4.5 0.83

208Pb25+ 5 0.016

238U28+ 5.5 0.003

In the following 
table, are listed 
some beam 
intensities pro-
duced these last 
years on targets:

crease of a factor of 5 to 10 could be considered 
(≈ 0.1pμA), using new source types (like Phoenix, 
Venus, etc…), and developing the high tempera-
ture oven method for uranium beam production. 
It is possible to increase the light gaseous ion (up 
to Kr) intensity on target by adding a re-buncher 
at the entrance of the C01 injector cyclotron. The 
intensity of light gaseous ions transmitted by the 
injector cyclotron C01 is presently limited, due to 
the space charge forces in the injection line. One 
has to keep in mind that this re-buncher would 
also be necessary for 0.1 pμA Pb and U beams. 

Concerning the use of parallel beams at GANIL, 
a design study of a direct line between CIME and 
the G1-G2 experimental areas is in progress. This 
line should be constructed in the coming years, 
and will give the possibility to send in the exper-
imental areas, beams accelerated by CIME, simul-
taneously to beams coming from GANIL.

The SPIRAL2 facility, based on LINAG-Phase 1 
study, is aimed at accelerating deuteron beams 
up to 20 A.MeV and 5 mA intensity, in order to 
produce neutrons in a carbon converter, which 
are then used in the fission process of an urani-
um carbide target, for the production of a broad 
band of fission products. The SPIRAL2 driver ac-
celerator has also the capability of accelerating  
q/A=1/3 stable ions, up to 14.5 A.MeV and with 
intensities varying from few tens to few hundreds 
of pμA, in a first step. In a second step, a second 
injector will be added, in order to produce heav-
ier ions of q/A=1/6, up to 6 A.MeV and equiva-
lent intensities.
    
In a first step, light beams will be available, like 
O, Ne, Ar up to 1 mA. For beams like Ca, Cr, Ni, 
further R&D is necessary to estimate, via meas-
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urements, the maximum intensity achievable for  
q/A=1/3. This intensity is expected be at least of 
the order of few tens of pμA. Then, when the sec-
ond stage of the SPIRAL2 project is built, heav-
ier ions up to mass 160 will be available, with  
q/A=1/6. In that case also, R&D is needed to in-
crease the intensities of the produced beams, the few 
tens of pμA will be available at the beginning. The 
construction of SPIRAL2 approved by the French 
government in May 2005 is in progress. 

Presently, the GANIL beam time dedicated to high 
energy stable beam experiments, in the high en-
ergy experimental area is around 2/3 of the total 
time dedicated to nuclear physics, which means 
around 1600 hours per year. Thus, long period ex-
periments like studies of SHE’s are difficult to plan. 
One of the goals of the direct line G1-G2 is thus 
to have the possibility to send stable beams from 
CIME when GANIL is running, and in the future, 
to send for instance GANIL beams in parallel to 
radioactive beams produced by SPIRAL2. In that 
case, the number of stable beam hours will be sub-
stantially increased, and will enable long period 
experiments. In the presently planned scheme of 
the operation of  SPIRAL2  three to four “4 weeks” 
periods (12 to 16 weeks per year) would be dedi-
cated for the use of stable heavy ion beams of very 
high intensity in the dedicated experimental area, 
that will come in addition to the possible stable 
beams produced by GANIL.

Layout of the SPIRAL2 
facility

1-b Status and future 
developments at GSI

Experiments for the investigation of phenomena, 
which determine the limits of stability, will always 
need relatively long irradiation time. This will be 
the case also at higher beam currents and soon 
after realization of the proposed upgrades. In re-
cent years the activity of work at SHIP was con-
centrated on the investigation of heavy elements. 
This strategy will be kept in the future. Howev-
er, the investigation of heavy-ion fusion reactions 
by SHIP is promising also in the region of light-
er nuclei. Examples are the proton radioactivity, 
isomeric states and other phenomena. Even con-
centrating on reactions with beams of stable pro-
jectiles only, the demand for beam time will in-
crease in the future.

The combination of an ECR ion-source and an ac-
celerator capable of delivering DC beams instanta-
neously results in an increase of the beam intensity 
at minimal consumption of source material. An in-
tensity increase by a factor of 3.5 would arise from 
the prolongation of the duty factor from now 28 % 
to 100 %. Another factor of ≈5 can be expected from 
the use of new generation ECR ion sources.

Three possible versions of accelerator upgrades 
for the GSI heavy element programme have been 
worked out. Specific properties, advantages and 

III    Technical performance and readiness for a high intensity stable ion beam facility



��

disadvantages have been extensively studied. All 
three upgrades are based on a new high charge 
state injector (see figure below) consisting of a 28-
GHz ECR source and improved versions of RFQ 
and IH-structure accelerators providing a beam en-
ergy of 1.4 A.MeV. Version 1, will use the present 
or upgraded Alvarez sections for further acceler-
ation. In this version the duty factor is increased 
from now 28 to 50 % for medium heavy projectiles 
like 70Zn, for example. The two other versions, rep-
resent stand alone linear accelerators, both with a 
100 % duty factor. In version 2, the maximum en-
ergy is 6 A.MeV achieved by normal conducting 
IH structures subsequent to the 1.4 A.MeV injec-
tor. Finally, version 3 uses a superconducting linac 
behind the normal conducting injector resulting 
in a maximum energy of 7.5 A.MeV.  

   

1-c Status and future 
developments at JYFL

The facility at the Accelerator Laboratory of the 
Department of Physics of the University of Jy-
väskylä (JYFL), Finland, consists of a K=130 AVF 
cyclotron equipped with two ECR ion sources for 
heavy ions and a multi-cusp ion source for pro-

tons. It is a relatively new facility used for nucle-
ar physics experiments since 1994. Its reliability 
is reflected in the annual operation time, which 
during the last years has been close to 7000 hours.  
As a university laboratory attached to the Depart-
ment of Physics it forms an ideal training site for 
PhD students and young researchers. 

As the maximum energy for the ion beam from 
the JYFL cyclotron is E/A = 130(q/A)2 A.MeV, the 
availability of  various beams strongly depend on 
the performance of the ion sources.  Heavy ions 
are delivered by a 6.4 GHz or a 14 GHz ECR ion 
source. Available  and so far used beams and in-
tensities from the cyclotron for ions with energies 
above 5 MeV per nucleon are as follows:

 ~  1pμA        p, He, B, C, N, O, Ar
 ~  100 pnA F, Ne, Mg, Al, Si, S, Cl, Ca, Fe, Cr,  
 Ni, Cu, Zn, Kr 
 ~  10 pnA  Ti, Mn, Ge, Sr, Zr, Ru, Xe

Intensities for various isotopes depend on the iso-
topic enrichment of the available material. Metal-
lic beams are extracted from a furnace or a MIVOC 
chamber. The MIVOC method (based on the use 
of volatile compound) was developed at JYFL. 
Negative H ions for high-intensity proton beams 
up to 50 μA from the cyclotron are extracted from 
the multi-cusp source. 

Front end of the 
new high charge 
state injector at 
GSI.
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The main experimental facilities using the beam 
time at JYFL are the RITU recoil separator with de-
tector arrays at the target (JUROGAM Ge detector 
array) and the focal plane (GREAT spectrometer) 
and the IGISOL separator with ion traps and la-
ser spectroscopy systems. The former uses heavy 
ions and is at the moment the most efficient sys-
tem in the world for tagging experiments of heavy 
exotic nuclei. The latter mainly uses high-inten-
sity proton beams to produce various species of 
cooled and bunched radioactive ion beams via fis-
sion for studies of ground-state and decay proper-
ties of exotic nuclei. Beam lines and instrumenta-
tion for nuclear reaction studies are also available. 
Special beam lines have been designed for various 
applications and test experiments. 

Continuous development of the ECR ion sources is 
going on to improve the beam intensity at JYFL. It 
is done in collaboration with Argonne (ANL) and 
within the EURONS-JRA-ISIBHI project. In the near 
future the JYFL 14 GHz source will be equipped 
with a TWTA RF-source enabling it to run with two 
frequencies at the same time.  A new type of mag-
netic multipole structure for better confinement of 
the ECR ion plasma will be tested. The transmis-
sion, which at the moment through the cyclotron 
is approximately only 5 %, will be improved by 
better design of the injection line. 

To increase the available beam time with heavy-ion 
beams, a dedicated cyclotron will be constructed 

to deliver high-intensity light ion beams for the 
production of radioactive ions for IGISOL and ra-
dioisotopes for medical purposes.   

1-d  Status and future 
developments at KVI

The facility at the KVI, centered around the super-
conducting cyclotron AGOR, provides beams of 
all stable elements of the periodic table. Protons 
can be accelerated in the energy range 120 - 190 
MeV, for ions with Q/A = 0.5 the maximum ener-
gy is 90 A.MeV, while in general heavy ion beam 
can be delivered in the energy range between  
5.5 A.MeV and 600 (Q/A)2 A.MeV. 

The cyclotron is equipped with a source for polar-
ised protons and deuterons (both vector and tensor 
polarisation) and an ECR source for heavy ions. 

At present the intensities of heavy ion beams are 
in the range 1010 – 1012/s, depending on the mass 
and charge state. An upgrade programme aiming 
at a very significant increase of the intensities has 
been started. In first phase, which is planned for 
2005 and 2006, the existing CAPRICE-type ECR 
will be replaced by an AECR-type source similar 
to that in Jyväskylä and the injection beam-line 
will be upgraded. This should increase the beam 

Layout of the 
accelerator 
facility at JYFL

III    Technical performance and readiness for a high intensity stable ion beam facility



40

intensities for most beams by one order of mag-
nitude, resulting in a maximum beam power of 
about 200 W.

In the second phase, which is planned for 2008 – 
2009, a second ECR source, based on the results 
of  R&D in the framework of EU-FP6, will be in-
stalled. The goal of this phase is increase of the in-
tensity to at least 5 . 1012 pps for all ions.

The experimental facilities at the AGOR facili-
ty are 

• the TRIμP fragment separator for the produc-
tion of secondary, radioactive beams. A setup 
for experiments with low-energy secondary 
beams is presently being commissioned.

• the BBS magnetic spectrometer with detec-
tion systems for light and heavy ions.

• the BINA-setup for experiments in few body 
physics

• a general purpose beam-line, 
where user-provided setups can 
be installed.

1-e Status and future 
developments of the Tandem-
ALPI facility at LNL

ALPI is a linac for heavy ions operating at Legnaro 
since 1994. It consists of an array of 70 supercon-
ducting QWRs (Quarter Wave Resonators) aimed 
at accelerating beams, ranging from C to U, at en-
ergies around the Coulomb barrier. Many improve-
ments were realized with respect to the original 
ALPI design. The low b section is equipped with 
bulk Nb cavities; sputtered Nb on Cu QWRs are 
installed in the high b section. Concerning the me-
dium_ b section, in the last few years the previous-
ly installed medium b, Pb/Cu resonators had their 
superconductor layer replaced by Nb. The use of 
Nb for these resonators allows operating them at 
an average accelerating field higher than 4.4 MV/
m. ALPI equivalent voltage is about 50 MV.

Operating diagram of the 
AGOR cyclotron indicating the 
energy range as a function of 
the charge-to-mass-ration Q/A 
and layout of the AGOR-facil-
ity at the KVI.
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A large variety of beams can be accelerated to and 
above the Coulomb barrier. The heaviest acceler-
ated beam being, so far, 127I(21+).  A list of currents 
and energies of some beams accelerated in 2004 is 
presented below. 

ALPI has been used so far as a booster for a 15 MV 
XTU Tandem, which is devoted to ALPI injection 
for about 30 % of its beam time. The Tandem-ALPI 
complex provides about 6000 hours beam time per 
year to users. The use of a tandem as an injector 
limits both the mass (A#100) and the beam current 
(I#10-20 pnA), which can be injected into ALPI. 
These limits are now overcome by PIAVE, the new 
positive ion injector, which was commissioned in 
2005 and became operational in 2006.

PIAVE includes an ECR ion source on a 350 kV plat-
form, ALICE, two superconducting RFQs (A/q = 
8.5) and eight superconducting QWRs.  ALPI does 
not change the beam output energy by the PIAVE 
beam injection, but can substantially increase the 
beam intensity up to 100 pnA for most ions. 

The available current on target is presently limit-
ed, by the authorization limits, to 30 pnA and 20 
MV/m for ions heavier than Si and to 2 pnA and 26 
MV/m for light ions (from C to Al): An extension 

to higher beam intensities can be asked as soon as 
we will provide the current request by the author-
ization tests. An accurate analysis of the required 
radiation shielding upgrading is necessary.

The values of ALICE output current for some ion 
species, tested up to now is listed below.

Improvements are foreseen, both in ion species 
and intensities, but the acquisition of a more up-
dated source is necessary to saturate the current 
limit of the SRFQs and to reach the intensities of 
100 pnA for the all ion species required by nucle-
ar physics experiments. 

When PIAVE injects into ALPI, the Tandem can con-
tinue to operate as stand-alone accelerator, sending 
the beam into a different experimental hall, dou-
bling in this way the available beam time.
    
By the beginning of 2006, the setting up of a new 
ECR (funded) will allow injecting enough current 
in PIAVE to reach the goal of 100 pnA on target 
for all the required ions. As mentioned, a new au-
thorization limit needs to be requested.

PIAVE was designed for a current I # 5 μA, a val-
ue at which the space charge effect in the SRFQs 

Layout of the 
TANDEM+ALPI 
facility at LNL
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Ion I [pnA]
on target

Linac Trans-
mission [%]

I target/I 
source

E [A.MeV]  Resonators

36S9+ 6.6 24 0.37 6.25 12
58Ni11+ 0.5 27 0.42 6.03 31
82Se12+ 6.7 26 0.32 6.16 46
90Zn13+ 3.1 30 0.27 6.17 46
64Ni11+ 5.5 29 0.40 6.25 35

is negligible. In the SRFQs, beam losses need an-
yway to be limited both for thermal load reasons 
and for avoiding superconducting surface contam-
ination. A current limit of 100 pnA accelerated by 
the complex ALPI-PIAVE is achievable, but fur-
ther substantial increases in the accelerated beam 
current can hardly be reached.

The replacement of the Pb with Nb in the super-
conducting QWR allowed operating ALPI reso-
nators at average accelerating fields substantial-
ly higher than the design ALPI value. Filling the 
8 cryostat places left empty would increase the 
ALPI equivalent Voltage by about 25%. 

A new sputtering cycle of medium b resonators 
would certainly increase the average accelerating 

Beams accelerated by ALPI in 2004

Ion
ALICE 

currents 
[pµA]

16O3+ 13
16O6+ 2

40Ar12+ 0.2
63Cu11+ 0.1
84Kr13+ 0.2
84Kr15+ 0.1
120Sn16+ 0.04
129Xe18+ 0.03
132Xe18+ 0.03
120Sn19+ 0.01
141Pr18+ 0.03

Alice typical currents

field up to an average value between 5.5 and 6 
MV/m, values routinely obtained in the last pro-
duced sputtered resonators. 

A further increase in the available beam energy 
can be obtained by beam stripping in proximity 
of ALPI U-Bend. This will clearly reduce the beam 
current, although this effect can be partially com-
pensated by acceleration of multicharge beams.
A technical design for an Advanced Exotic Ion 
beam Facility at LNL, named SPES, was proposed 
in June 2002. The project is aimed at producing 
neutron-rich isotopes via the fission process in-
duced by neutrons in an UCx target material. Neu-
trons are generated by an intense (up to 5 pmA) 
primary proton and deuteron beam with energy 
up to 100 MeV hitting a thick C target. Second-
ary, high intensity beams (with A = 80-160) can be 
accelerated by the ALPI LINAC up to 20 A.MeV 
and can reach an intensity of 108-109 ions/s on tar-
get, for experiments. The facility includes a sever-
al pmA ion source, an RFQ to accelerate protons 
and deuterons up to 5 MV, an ISCL (Independ-
ent Phased Superconducting Linac) to accelerate 
the beam up to 100 MeV, a converter and a U tar-
get. The radioactive ion species are produced in 
an ECR source, and analysed in a high-resolution 
spectrometer. They are then accelerated by an ar-
ray of three RFQ’s, two of which are supercon-
ducting and finally by ALPI. An extraction chan-
nel after the RFQ allows delivering the 5 MeV 
proton beam to a 9Be target for the production of 
high intensity neutron flux to be used in a Boron 
Neutron Capture Therapy (BNCT) plant for skin 
melanoma treatment. The ISCL linac has the pos-
sibility to accelerate ions up to a q/A ratio of 1/3. 
The use of ALPI as the SPES booster implies the 
completion of the whole ALPI cryostats (as pre-
viously mentioned) and the building of an array 
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of 3 RFQs following an ECRIS at ground poten-
tial. The latter could be used as a second injector 
in alternative to PIAVE.  The better capture effi-
ciency of the RFQ’s array (about 95%), due to the 
adiabatic bunching in the first RFQ, and a devot-
ed ECRIS, can significantly improve the beam in-
tensity injected into ALPI. 

1-f Status and future 
developments at LNS

The study of nuclear collisions at intermediate and 
low energy is the main research line at the Labora-
tori Nazionali del Sud (LNS). In order to fulfil its 
scientific goals LNS mainly relies on two acceler-
ators: an electrostatic HVEC MP Tandem, with a 
maximum terminal voltage of 15 MV, and a K800 
Superconducting Cyclotron.

The Superconducting Cyclotron accelerates pos-
itive ions with q/A ranging from 0.1 to 0.5. Two 
ECR sources, one of which is a superconducting 
one (SERSE), are the injectors of the Cyclotron. 
The nominal maximum energy for q/A=0.5 is 100  
A.MeV, the present operating maximum value 

being 80 A.MeV. For the heaviest ions the maxi-
mum energy depends upon the source perform-
ance. The present operating maximum energy for 
Au is 23 A.MeV, obtained accelerating the charge 
state 36+. 

A list of the beam types developed to date is avail-
able at  http://www.lns.infn.it/accelerator/beam-
list.htm. Intensity is less than 1 pnA for beams re-
quested to have a good timing quality (time peak 
with FWHM 1 nsec) and a large time separation 
(120–150 nsec). In the other cases intensity de-
pends upon the ion species and the final energy. 
Additionally, particular care must be devoted to 
the extraction process: the cyclotron compactness 
implies a consistent beam loss in the first electro-
static deflector. Therefore in the last three years 
a concerted upgrading program has developed 
around the electrostatic deflectors, with the aim 
of extracting a light ion beam with a power of 500 
watt, to be used as a primary beam for production 
of radioactive ion beams in the Isol facility EXCYT. 
Presently the maximum beam intensity for a 13C4+ 
beam, accelerated to 45 A.MeV, is 240 pnA, cor-
responding to a beam power of 140 watt and to a 
rate of 1.5 . 1012 pps.
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Similar values of primary beam intensity are also 
required for in-flight production of radioactive 
fragments (FRIBS). Recently a 20Ne beam accel-
erated to 45 A.MeV, with an intensity of 60 pnA, 
was sent to a Be target to produce 18Ne fragments 
to be used as projectiles in an experiment.

A significant number of interdisciplinary research 
lines have come up in the most recent years. Among 
all them, it is worth to mention the proton-thera-
py activity, which started several years ago as the 
CATANA project, and became a clinical activity in 
2002, when the first patient was irradiated. Since 
then patients have regularly been treated, and at 
the same time a lot of experiments, concerning 
proton-therapy, have been performed.

CATANA, the first proton-therapy facility in Ita-
ly, is a collaboration between LNS, University of 
Catania, Azienda Policlinico of Catania; it consists 
of a dedicated beam line for the treatment of eye 
tumours by means of 62 MeV protons. 

2. Future developments

An important challenge is the development of ap-
propriate ion sources, recoil separators, target sys-
tems, instrumentation and electronics that needs 
to keep step with the increasing beam currents. 

2-a Ion sources

The size of an accelerator depends a lot on the 
charge state provided by the ion source. There 
are three main classes of ion sources as shown in 
the figure. 

Only in the case of extremely high beam current 
needs (in the order of tens of mA) it is still neces-
sary to start with a 1+ charge state from a discharge 
driven volume ion source such as CHORDIS. An-
other possibility would be a Metal Vapour Vacu-
um Arc source (MEVVA), which is used at GSI 
to deliver uranium beams up to 100 emA at a 4+ 
charge state. The Penning – type ion source was 
and still is a work horse at several places and can 
provide intermediate charge states like 10+ for ura-
nium. The highest charge states can be provided 
by Electron Beam driven Ion Sources EBIS – very 
efficiently in pulsed mode like demonstrated at 
BNL, Upton, NY, USA with the new gold 32+ - 
injector for RHIC.

Electron Cyclotron Resonance Ion Sources (ECRIS) 
will continue to play a key role in the delivery of 
high-intensity highly charged heavy ion beams 
for various types of accelerators. 

According to a semi-empirical scaling law for ECR 
ion sources, the ion beam intensity increases with 
the square of the applied microwave frequency. 
However, to properly fulfil the magnetic field scal-
ing laws the higher microwave frequency must 
be combined with a stronger magnetic field. The 
other key factor is the power density absorbed by 
the ECR plasma. Consequently, powerful ECR ion 
sources utilise superconducting magnets to opti-
mize electron confinement, high frequency heating 
to reach high electron density, efficient rf-coupling, 
a large plasma chamber leading to a long ion life-
time, efficient cooling of the plasma chamber and 
finally a high efficiency extraction system.

The maximum intensity of an ion beam extracted 
from a modern ECR ion source for elements avail-
able in gaseous mode can be up to 250 pμA (e.g. 
40Ar8+). The higher the atomic number the more 
difficult it is to reach a certain charge-to-mass ra-
tio. The figure below shows the performance of 
ECR ion sources for Xe ions (isotope enrichment 
close to 100 %). Extraction voltages of 10 – 20 kV 
have been used. Presently the most advanced ECR 
ion sources are VENUS, which has been built for 
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Xe ion beam intensities 
in pμA from different 
ECR ion sources

RIA at LBNL and SERSE at INFN-LNS in Catania. 
Both of them are based on the use of fully super-
conducting magnets and use microwave frequen-
cies up to 28 GHz. 

The next generation European ECR ion sources 
(MS-ECRIS: Multipurpose Superconducting ECR 
Ion Source and A-PHOENIX ECR source) will be 
designed and built by a collaboration working for 
the FP6-I3-EURONS-JRA-ISIBHI project. The ob-
ject of this activity is to improve the performance 
of the ECR ion sources by a factor of ten compared 
to present 14 GHz ECR ion sources. This will open 
a new era for nuclear physics experiments.

Ion beams from gases like H, He, O, N, Ne, Ar, Kr 
and Xe can easily be extracted from an ECRIS (if 
needed, using isotopically enriched material). In 
the case of metallic elements the availability and 
the ion beam intensity strongly depend on the el-
ement. Some of them are available in the form of 
gaseous molecules such as CO2, SO2 and SiH4. For 
the production of other metal ion beams a meth-
od of feeding the element into the ECR ion source 
plasma has to be used. The most common tech-
niques are: evaporation ovens, sputtering and the 
MIVOC method.

The MIVOC method, utilizing volatile compounds, 
is nowadays widely used to produce metal ion 

beams from ECR ion sources.  Such beams are 
Fe11+; 13.6 pμA (RIKEN) from ferrocene, Ni11+; 8.2 
pμA (RIKEN) from nickelocene and Ti10+; 4.5 pμA 
(JYFL) from (CH3)5C5Ti(CH3)3. The method can 
also be used for B, Mg, Ga, Zr, Ru and W. Some 
of these volatile compounds (like Ti) are not avail-
able for enriched isotopes, which seriously lim-
its the available intensity. In this case, oven tech-
niques are preferable. 

The transmission of an ECR beam through an ac-
celerator depends on the emittance of the beam. 
In the case of the VENUS and the JYFL ECR ion 
sources emittance values of the order of 50 – 150 
p mm mrad have been measured. For example, 
the acceptance of the K130 cyclotron at JYFL is ap-
proximately 100 p mm mrad. The emittance is re-
lated to the acceleration voltage, the mass of the 
ion, the charge state of the ion, the magnetic field 
and the ion temperature. 

Higher microwave frequencies and stronger mag-
netic fields are needed to produce higher intensi-
ty highly-charged ion beams. However, there are 
many other, still unknown parameters having an 
influence not only on the intensity but also on the 
quality of the extracted ECR beam. As ionization 
in the ECR ion source is a complicated and not ful-
ly understood process, it is important to develop 
methods to determine those parameters. An ex-
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ample of such a method is that developed at JYFL 
to measure the ECR plasma potential. 

In order to meet the requirements of the future 
experiments with high-intensity beams, further 
development is needed, especially in the produc-
tion of metal-ion beams. Consequently, the devel-
opment of ECR ion sources will be one of the most 
active areas in accelerator physics.

2-b Accelerators

Intense stable ion beams at high duty factors, high 
beam transmission and with flexible beam energies 
can be provided by linear rf accelerators. At low 
beam energies, up to few hundred A.keV, electro-
static solutions are possible. Cyclotrons can reach 
quite high performance, as demonstrated, for ex-
ample in Dubna, GANIL and RIKEN, but show 
some limitations in beam intensity when com-
pared to rf linacs.
There are many R&D activities in Europe, North 
America and Asia based on rf linac improve-
ments, which will be described briefly in the fol-
lowing section.

In the last two decades the Radio Frequency Quad-
rupole (RFQ) has been established as the front end 
of rf ion linacs. New RFQs, operating at high duty 
cycle and CW, have been built using both normal 
conducting and superconducting (sc) structures. 

The use of the RFQs has shifted the transition be-
tween electrostatic and rf acceleration substan-
tially towards lower energies as illustrated. The 
acceleration up to a few A.MeV can be provided 
quite efficiently by room temperature (rt) H - type 
– structures (IH-DTL and CH - DTL) – even for  
100 % duty cycle operation.

After the great success of sc linac technology both 
in high-beta beam acceleration and in the acceler-
ation of low intensity low-beta beams, big efforts 
are now devoted at producing high performance, 
low and medium beta sc cavities suitable to accel-
erate high intensity beams. In future this will allow 
realizing very compact linacs, with high reliabil-
ity at 100% duty cycle, and with a wide spectrum 
of pulsed operation modes, allowed by improved 
rf frequency control techniques.

Future high current linacs ask for reduced drift 
spaces between components to preserve beam 
quality. In the present design short focusing peri-
ods are obtained either with normal conducting 
or sc lenses. 

The optimum transition energy from rt to sc linac 
technology depends on the parameter range of 

III    Technical performance and readiness for a high intensity stable ion beam facility

Typical electrostatic acceleration volt-
ages made necessary by the use of an 
RFQ at the linac front end. At low beam 
currents the source extraction potential 
is sufficient.



47

SARAF 176 MHz rt RFQ

One of the two 80 MHz sc RFQ structure 
operating at Legnaro

Examples of RFQ structures and of multi gap cavities of the H – type. They are especially suited for low 
beam energies up to several A.MeV. Both can be realized also with superconducting material because 
of their mechanical rigidity.
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beam current, duty factor, A/q-ratio and beam 
energy, as well as on future progress on rt and on 
sc cavity development. Besides short structures 
multi-gap cavities of the Spoke and of the CH - 
type are developed now, which will further in-
crease the efficiency of rf linacs. 

It is very important to match the linac design to 
commercially available rf power amplifiers as 
this market has changed rapidly, due to the rev-
olution in communication technology. The figure 
above shows parameter limits of the rf amplifi-
er options for the relevant frequency ranges. Es-
pecially, the power tube market has shrunk dra-
matically in recent years. On the other hand some 
powerful klystrons were developed in close co-
operation between accelerator laboratories and 
industry, especially in the 300 to 400 MHz range. 
The tendency is to move towards higher operating 
frequencies in future whenever the beam param-
eters allow such a layout. Up to rf power levels 
of around 100 kW, semiconductor driven ampli-
fiers are an alternative solution now to tube driv-
en solutions in many cases.

2-c Targets
   
The following aspects make the development of 
an improved or new target necessary:

1. The use of metallic targets of lead and bis-
muth will not be possible at high beam inten-
sities. Lead has a melting point of 327 ºC and 
bismuth of 271 ºC. Bismuth is used for the in-
vestigation of odd-Z elements and its lower 
melting point already caused a reduction of 
the beam intensity in recent experiments.

2. The energy-loss in the target increases quad-
ratically with the element number of the pro-
jectile. The values are, for example, 6.2 MeV/
(mg/cm2) for 5 A.MeV argon in lead for 
production of fermium and 12.7 MeV/(mg/

Two – gap cavities as used for beam accelera-
tion already or under construction for SPIRAL 
II (right side) and 4-gap Spoke cavities under 
development (left side).
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RF power levels from commercial 
amplifiers. Klystrons allow for very high 
pulsed power levels. Klystrodes show still 
potential for further development in the 
near future.

cm2) for 5 A.MeV zinc in lead for production 
of element 112.

In order to use the high currents in experiments, 
the development of three kinds of high current tar-
gets is planned: alloys or chemical compounds of 
high melting point, gas-cooled targets, liquid tar-
gets and gas-jet targets.

The present target technology using target wheels 
which rotate with high speed through the beam 
can be kept also at high beam intensities, if the 
melting point of the material can be increased 
by using chemical compounds or alloys. Already 
successfully tested is a PbS target (melting point  

Scheme of target development with free and 
guided liquid metal jets like investigated at 
FZ Karlsruhe.

1118 °C) produced by depositing the target ma-
terial on a carbon backing. By heating the back-
ing during evaporation (up to several 100 °C), the 
formation of a crystalline needle structure of PbS 
was avoided, which would result in uncontrolled 
energy loss of the projectiles. Using the ‘heated’ 
PbS target, a 1n-excitation function was measured, 
which was identical to the previously measured 
one obtained with a metallic Pb target. These tar-
gets were irradiated with 54Cr beam with an inten-
sity of up to 1.2 pμA at a 27 % duty factor without 
observable damage. Using a DC beam the intensity 
would be 4.4 pμA. Other examples of high melt-
ing point compound targets which have already 
been experimentally tested, are BiO2 and UF4. The 
advantage of high temperature targets is the in-
creased radiative cooling which makes the appli-
cation of more complicated gas cooling almost su-
perfluous. However, gas cooling must be used in 
the case of targets of low melting point.  

The cooling medium will be a stream of He, blown 
with low pressure (1–10 mbar) from both sides in 
the direction of the beam spot. The cooling effect 
of a gas acting on a target is well known from gas-
filled separators and He-jet systems, where the cur-
rents can be increased by a factor 5–10 compared 
to targets in vacuum.
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The gas-cooled target will be used in experiments, 
where the maximum current is limited by the accel-
erator to values of about 10 pμA and only targets 
of low melting point are available. The gas cool-
ing method will be also interesting in those cases, 
where the target material is not available in gase-
ous or liquid form or where radioactive, fixed tar-
gets will be used, e.g. curium or californium.

Another advantage compared to pure gas-jet tar-
gets lies in the ion-optical properties of the sepa-
rator. These are mainly determined by the mean 
charge state of the projectiles and reaction prod-
ucts escaping from the target. In a low pressure 
helium medium of short length the charge states 
of the ions escaping from the solid target will 
not be changed, and thus the separator proper-
ties will change compared to the presently used 
technique.

For the technical realization a differential pump-
ing system has to be built using a turbo-molecular 
pump close to the target and two turbo pumps on 
either side of the target in order to reach a vacu-
um of 10–5 to 10–6 mbar at the exit of the accelera-
tor beam-line and to the entrance of separator. No 
windows will be installed to separate the differ-
ent vacuum sections. 

A crucial item is also the intensity distribution of 
the beam across the target. Quadrupoles as ion-
optical elements allow only for a Gaussian shaped 
beam intensity with the highest intensity in the cen-
tre region and tails at the outer areas. The former 
most likely melts the target in the middle and the 
latter causes background when hitting the target 
frame. The intensity distribution can be optimized 
using an octupole doublet in addition to the quad-
rupoles in the beam line in front of the target. With 
the use of these magnets an almost rectangular in-
tensity distribution should be achievable.

The intensity distribution and the resulting tem-
perature distribution across the target will be mon-
itored by an infrared video camera. The monitor 
system will be developed so that it can be used 
also as a control of the beam current and beam po-
sition during the irradiation.

At the highest beam currents (>10  pμA) liquid or 
gas-jet targets become mandatory. Densities of the 
order of 1018 atoms/cm2 are required. Gas-jet tar-
gets of this type are already in use, e.g. in experi-
ments for investigating reactions of astrophysical 

interest at the University of Bochum. There helium 
is used as a target gas. In our case gaseous com-
pounds of lead and bismuth will be examined. 
Also experiments will become possible using tar-
gets made from elements which exist only in gas-
eous form, like krypton or xenon. The alternative 
of using high temperature vapour targets was ex-
amined. This technique was rejected because of the 
complications due to the high temperatures need-
ed (1500 ºK) and the reduced flexibility.

2-d Recoil separators

The necessity for separator upgrades is based on 
the future expected ion-source and accelerator 
developments. Beam intensities ranging from to 
6×1013 up to 6×1014 /s will become available. These 
currents are one to two orders of magnitude high-
er than used in experiments today. Therefore, the 
upgrade will cover primarily three items:

1. Development of compound targets of high 
melting point; target cooling techniques and 
gas-jet targets for experiments at high beam 
intensities.

2. Improvement of the ion-optical properties 
of the separator with respect to high transmis-
sion and reduced background.

3. Increase of the detector granularity and in-
stallation of an appropriate signal processing 
and data acquisition system.

An example of a typical separator used in exper-
iments for the synthesis of SHE’s is the velocity 
separator SHIP. The purpose for the upgrade of 
recoil separators is a further reduction of back-
ground and an increase of transmission. Using 
high currents, we expect that the background rate 
will increase more than proportional with the in-
tensity. The reason is an unavoidable beam halo 
due to space charge effects. This means that with 
a factor of 10 higher currents the background rate 
on the detector will increase to more than 500 Hz 
on average. 

A solution to considerably reduce the background 
will be the extension of the existing separators by 
post-separators consisting for example of a de-
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flection magnet and a quadrupole doublet for fo-
cusing. The deflection angle of the magnet can 
be variable between 0º and 30º. In operation with 
the quadrupoles the deflection angle can be op-
timized for highest background suppression and 
higher transmission.

Ideal for many of the future experiments would be 
the development of a new separator of high mass 
resolution. In this case the mass number of the re-
action product could be definitely determined. At 
extremely high resolution which would allow the 
separation of isobars in the case neutron deficient 
lighter elements, such a separator would revolu-
tionize the investigation of proton drip-line nuclei. 
However, high resolution can be obtained only at 
the expense of reduced transmission. For example, 
from the several ionic charge states of the reaction 
products only one can be focused optimally. The 
others may be lost or could be used in set-ups in-
stalled in parallel. On the other hand a clean sep-
aration of isobars or the unambiguous mass iden-
tification of a nucleus is extremely important. In 
this case higher beam intensity compensates for 
the lower transmission.     
   
The calculated transmission for asymmetric, hot 
fusion reactions using actinide targets is only  
30 % or less. The reason is the wider solid angle 
covered by the relatively slow reaction products 
due to recoil effects from the emitted neutrons  
(n $ 3) and scattering in the target. In order to make 
this reaction type better accessible an increase of 
the solid angle is mandatory. The design work will 
profit from the experience gained at the VAMOS 
spectrometer at SPIRAL and future separator-spec-
trometer S3 for SPIRAL2, GANIL. For VAMOS a 
large-acceptance quadrupole doublet was devel-
oped with an aperture of 200 mrad, whereas SHIP 
presently has a 70 mrad opening angle.

2-e Detectors, signal 
processing and data 
acquisition

                      
The major limitation in many cases and particularly 
in in-beam studies remains the maximum count-
ing rate that the detector systems can sustain in 
experiments using high intensity beams.

This limit has to be pushed as far as possible by 
the required R&D in three areas:

1. Extending detector segmentations in order 
to reduce as much as possible, the individual 
solid angle coverage.
2. R&D on throughput preamplifiers and dig-
ital electronics.
3. Development of Data Acquisition Systems 
capable of handling the highest rates of time 
stamped data without common dead time.

Which part of the experiment forms the bottle-
neck depends on too many specifics to be gener-
ally considered, but a few key areas are common 
and need to be addressed. Traditionally in-beam 
spectroscopy requires a gamma detection device 
coupled to ancillary detectors for particle and 
channel identification such as inner balls, neutron 
walls, Si detectors, recoil detectors etc. which need 
to be scaled with rate by more than two orders of 
magnitude and modern data acquisitions using 
triggerless techniques are required. For example, 
the next generation Gamma Spectrometer AGA-
TA will boast the ability to run at a rate of more 
than 50 kHz per detector in ~200 detectors, a vast 
improvement over present devices. The develop-
ments in gamma detection, data acquisition and 
analysis needed to bring AGATA about are but 
one example of the necessary synergies that will 
directly benefit other detection systems.
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Stable beam facilities in Europe, capable of ac-
celerating a large variety of ions at high intensity 
are vital for the community. They will continue to 
address major physics problems at the frontiers 
of nuclear structure and reaction studies. For the 
range of the physics cases outlined one can iden-
tify two categories:

1. Prompt in-beam studies at the target posi-
tion: In these experiments the beam intensity 
is limited by the capabilities of the detectors 
around the target, the associated electronics 
and data acquisition system to distinguish and 
resolve correlated radiations (originating from 
the same event) and uncorrelated radiations 
(coming from two different reactions). Taking 
into account the ongoing and future develop-
ment of highly segmented detectors, digital 
electronics and triggerless data acquisition sys-
tems, beam intensities in this type of experi-
ments are unlikely to exceed few 100 pnA. We 
refer to them as ‘medium intensity’ case.

2. Studies away from the primary target: In 
these experiments the maximum beam inten-
sity is dictated by the target’s capability to 
sustain a large power deposition and by the 
resolving and rejection power of separators. 
The most advanced cooling technologies in 
conjunction with novel approaches to target 
composition as well as advances in recoil spec-
trometer design mean that the highest beam 
intensities usable in this type of experiment 
are of the order of 100 pμA which we refer to 
as ‘high intensity’ case.  
 

IV  Concluding remarks and recommendations

We envisaged to take advantage of the existing 
stable beam facilities mainly JYFL-Jyväskylä, KVI-
Groningen, LNL-Legnaro and LNS-Catania.  JYFL 
is currently capable of providing up to 100 pnA of 
several of the stable beam species and is actively 
pushing the necessary ion source R&D to extend 
the list of available beams. KVI is planning an up-
grade that will allow a considerable increase of the 
available beam intensities. LNL is soon expected 
to reach this level of beam intensities also for very 
heavy elements, once PIAVE will routinely replace 
the tandem as the injector for the ALPI linear ac-
celerator. LNS is carrying out an upgrade program 
of the Supeconducting Cyclotron aiming for a con-
siderable increase of the present beam intensities 
by reaching several hundreds of pnA.

Several low energy nuclear physics and nucle-
ar astrophysics studies, complementary to those 
performed at Large Scale Facilities, will be carried 
out also at existing Small Scale Nuclear Facilities 
with unique experimental capabilities. Among 
those will be facilities in the Central and South-
east EC (new) countries, ie. in Athens (Demokri-
tos), Bucharest (IFIN-HH), Debrecen (ATOMKI), 
Prague(Řež), Warsaw (SLCJ) and Zagreb (Rudjer 
Bošković Institute). 

The recommendation of the committee is to en-
sure a strong support from both the nuclear phys-
ics community and the funding agencies for ex-
isting stable ion beam facilities not only for their 
accelerator system development but also for the 
instrumentation and experimental infrastruc-
ture that are needed to host dedicated research 
programmes.
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Stable ion beams with the medium intensities can 
also be provided by the UNILAC at GSI and by 
either the CSS1 or the CIME cyclotron at GANIL 
(both separately or simultaneously). However, 
the committee feels that in-beam studies at me-
dium beam intensity are but one aspect of the 
wide and varied research programmes at these 
two facilities.
   
It is beyond the remit of this report to make de-
tailed recommendations for the next generation 
of instrumentation, indeed, specifications have to 
follow the physics goals of the user community. 
However, we recommend that the necessary ad-
vances in instrumentation must be developed in 
parallel to the design of the accelerator and be an 
integral part of a comprehensive design study.

An important challenge is the development of ap-
propriate instrumentation that needs to keep step 
with the increasing beam currents. While the high-
est beam currents naturally are envisioned for ex-
periments using in-flight separation techniques, 
the prompt spectroscopy at the target position 
presents its own set of challenges at currents more 
than one order of magnitude higher than current-
ly used and must be considered at the same time 
as the upgrade of beam current. 

Concerning the second category that needs the 
highest intensity beams, it appears clear that none 
of the existing, upgraded or future facilities in Eu-
rope fits the required specification. 

The UNILAC upgrade will provide one order-of-
magnitude greater beam intensities than available 
today reaching the level of tens of pµA. This is a 
major improvement, which will greatly enhance 
the programme to search for and study SHEs. The 
big advantage of the UNILAC will be its dedica-
tion for the SHE research field. The realisation of 
this upgrade is considered highly important and 
the committee lends it its full support. 

LINAG, the SPIRAL2 driver is another attractive 
possibility as it fully matches the specification of 
the needed high intensity stable ion beam facili-
ty, except that it will be limited to light and medi-
um-mass ions. The upgrade with a new RFQ suit-
able for heavier ions is possible but is envisaged 
only as a longer-term perspective. Nevertheless, 
the LINAG project is recommended as a first 
technological step to the desired facility. It is an 
important proof of feasibility and bench test for 

all technical issues related to very high intensity 
heavy ion beams. Moreover, despite its primary 
dedication as a deuteron accelerator driver for 
the production of neutron rich radioactive beams 
at SPIRAL2, a significant amount of beam time is 
foreseen to be used for the production of high in-
tensity light and medium mass stable ion beams. 
This makes it ideal for typical dedicated experi-
ments and also provides important tests with the 
highest intensity heavy ion beams in several phys-
ics areas such as the production and study of nu-
clei at and beyond the proton drip line through 
fusion evaporation reactions.

The use of the upgraded UNILAC and the very in-
tense light and medium-mass beams from LINAG 
is an attractive medium range perspective for the 
community from the point of view of the physics 
opportunities and also from the point of view of 
the possibilities of testing and improving instru-
ments and methods. The long-term goal for a new 
dedicated high intensity stable ion beam facility 
in Europe, with energies at and above the Cou-
lomb barrier, is considered to be one of the im-
portant issues to be discussed in the next Long 
Range Plan of the nuclear physics community.

In order to be ready for this new project it is also 
highly important that research and development 
on the various related keys issues such as target, 
spectrometers and ion sources, electronics and 
data acquisition systems are initiated and organ-
ised at the European level in synergy with future 
RNB projects.

A low-energy (well below the Coulomb Barri-
er) and high-intensity stable-ion beam facility 
dedicated to nuclear astrophysics is seen as vi-
tally important to improvement of our current 
understanding of stellar evolution and nucle-
osynthesis. Such a facility will complement the 
considerable efforts currently devoted in Europe 
to radioactive ion beam facilities relevant to nu-
clear astrophysics studies. Such a facility, built on 
the earth’s surface, will have to meet demanding 
specifications if it is to resolve outstanding open 
questions in nuclear astrophysics. It will, also, help 
reveal those challenging issues that can only be 
met by studies in existing or future underground 
laboratories. In this direction, the opportunities 
for the development of a high-intensity acceler-
ator at LUNA as well as in a salt mine should be 
thoroughly explored.
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