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4t EURISOL TOPICAL MEETING

»,Going to the limits of mass, temperature, spin and isospin with heavy
Radioactive Ion beams*

Foreword

This booklet contains the highlights of the fourth EURISOL Topical Meeting which was
held in Krakow from July 1st to 3rd 2013. It followed the EURISOL Topical Meetings in
Catania on “The formation and structure of r-process nuclei, between N=50 and 82
(including 78Ni and 132Sn areas)”, in Valencia on “Neutron-deficient nuclei and the
physics of the proton-rich side of the nuclear chart” and in Lisbon on “Physics of light
nuclei”. It was initiated by the User Executive Committee of the EURISOL Users Group
and supported by the European Commission via the EURISOL-NETWORK within the
ENSAR contract. The local organisation was provided by the Niewodniczanski
Institute of Nuclear Physics, Polish Academy of Sciences, under the chair of
Prof. Adam Maj (Krakow) and Dr. Angela Bonaccorso (Pisa). The workshop was co-
organized by the Heavy lon Laboratory of the University of Warsaw. The aim of the
EURISOL topical meetings was to discuss the various facets of contemporary nuclear
physics relevant for the design and planning of the future EURISOL facility.

The Topical Meeting in Krakow had a similar format as the previous workshops. In
two and a half days it focused on the following subjects:

e Progress in mean-field and energy density functionals description of heavy
nuclei

Research on Heavy and Superheavy Elements with Radioactive Ion Beams

Angular momentum dependence of the fission barrier height

Exotic nuclear shapes and rotational structure at high spin, isospin and
temperature

High-spin isomeric states

Mass measurements and laser spectroscopy of the heavy elements

Beta-delayed fission

The programme and the presentations are available at the workshop web
site http://eurisol.ifj.edu.pl/.

The subjects listed above were elaborated in the presentation with special emphasis
on the peculiarities and boundary conditions in terms of beam species, intensities and
production schemes, projected for next generation radioactive ion beam (RIB)
facilities like SPIRAL2, FAIR, FRIB, RIKEN and eventually EURISOL. An introduction
into the various subjects, ordered under the three topics “high spin”, “high atomic
mass and charge”, and “ground state properties for extreme isospin”, is given here. It
is followed by summaries of the single contributions to this workshop.


http://eurisol.ifj.edu.pl/

Structure of medium/high spin and high temperature

This topic was addressed by F. Camera, G. Casini, M. Ciemata, N. Cieplicka, E. Clement,
A. Dobrowolski, J. Dudek, B. Fornal G. Henning, P. Marini, L. Pellegri, C. Rizzo,
W. Satuta, J. Simpson and K. Wrzosek-Lipska.

Atomic nuclei belong to those systems whose bulk excited-state collective properties
such as rotational ones, are often predetermined by the properties of a few single-
nucleonic states with energies close to the Fermi energy. The activity related to the
topic of high-spin states, using stable beam facilities, was at his peak in the two last
decades of the previous century. Experimental evidence for such rotational
phenomena was provided by the structure of rotational bands, back-bending, band-
termination, collective rotation above band termination, tri-axiality, shape-
coexistence and other phenomena. The discrete in-beam y-ray spectroscopy with
deep-inelastic reactions turned out to be efficient in elucidating high-spin structures
in neutron-rich nuclei. The y decay of the GDR, measured for high spins and high
temperatures, was found to be a very useful probe to study the bulk properties of hot
nuclei. But the most spectacular outcome of such studies was the discovery of super-
deformed high-spin structures throughout the whole chart on nuclei.

On the other hand the search for predicted hyper-deformed structures was not
conclusive, despite many attempts. This negative observation was ascribed to that fact
that fission competition does not permit to transfer sufficiently high angular
momentum to the nuclei of interest. In addition, at the beginning of this century, the
advent of facilities with radioactive beams (with relatively low intensities) almost
naturally caused a change of experimental interest towards exploitation of exotic
nuclei. As an interesting example a new collective phenomenon, the Pygmy Dipole
Resonance, was found in exotic nuclei, although its nature is still not fully understood.
All of this caused a certain decline of interest in high-spin activities in the last ten
years.

EURISOL is expected to deliver beams of nuclei, very rich in neutrons, with intensities
comparable to those provided by stable beam facilities, what will allow exploring
again the exciting field of high spin physics in unexplored, very exotic regions of the
nuclear chart, using fusion reactions. This is related to the fact that the fission limit for
very neutron-rich nuclei, produced via fusion-evaporation reaction, is higher by at
least 10 units of spin, as a consequence of the significant increase of the fission barrier
with the increasing neutron number. Especially interesting is the Cd - Yb mass
regions, where extremely large angular momenta (up to 90 h) of the residual nuclei
can be reached using neutron-rich beams. At the same time theoretical calculations
strongly suggest that neutron-rich nuclei in this mass region are good candidates for
producing hyper-deformed nuclear states in fusion reactions. This arises because of
both favourable shell-effects at low temperatures and the contribution from the liquid
drop energy term showing, at spins even higher than 80-90 h, a well-defined
minimum associated with very large deformations. Also discrete in-beam gamma-ray
spectroscopy of deep-inelastic reaction products will greatly benefit from radioactive



beams. Experiments using radioactive beams and modern tracking germanium arrays
should extend the investigations of high-spin structures toward the ,terra incognita”.

With the advent of intense neutron-rich beams also the high-temperature regime will
be at the focus of interest. At sufficiently high temperatures the quantum (shell)
effects disappear and the nuclei can be described by classical “macroscopic” models
such as the Liquid Drop Model. In the high-temperature and high-spin regime new
shape change phenomena are predicted to occur, as for example the nuclear Jacobi
and Poincare shape transitions. These phenomena can be investigated using, for
example, the y decay of the Giant Dipole Resonance (GDR). The amount of isospin
mixing, a subject currently of interest in theoretical investigation, can be studied as a
function of nuclear temperature using the GDR decay. The use of stable beams permits
the isospin mixing systematic study below A=80 nuclei, while the use of radioactive
beams, like those provided by the EURISOL facility, will permit the measurements of
isospin mixing in heavier nuclei. At very high temperatures the multi-fragmentation
process sets in. In this context high intensity neutron-rich beams will give the
possibility to study the isospin dependence of the fragment production process.

[t was pointed out in several talks that a facility such as EURISOL must possess state of
the art instrumentation. The new generation of tracking arrays such as AGATA and
GRETA for discrete y-spectroscopy, and FAZIA for charged particle and heavy ion
measurements, will be ideal.

High atomic mass and charge (SHE)

This topic was addressed by D. Ackermann, M. Block, K. Mazurek, Th. Duget,
G. Pollarolo, V. Prassa, E. Litvinova, B. Szpak, K. Pormorski, B. Jurado and V. Zagrebaev.

Almost half a century after the postulation of the possible existence of the so called
“island of stability” of superheavy elements (SHE) and a very fruitful harvest of
experimental data reaching up to Z=118, the quest is still open. Apart from the
synthesis and basic properties for a-decay and spontaneous fission, the investigation
of the nuclear structure of those heavy species has revealed intriguing features like k-
isomerism for nuclei as heavy as 27°Ds or the population and observation of spins
beyond 20 h for species like 256Rf.

New methods are being applied, like precise mass measurements for isotopes in
penning traps, developed, like laser spectroscopy of stopped species, or envisioned
and possibly appearing at the horizon, like the use of neutron-rich radioactive ions as
projectiles, possibly provided with higher intensities at EURISOL or its follow ups.

Ground state properties, like the nuclear binding energy are major ingredients
towards an understanding of the heavy species themselves as well as for the model
predictions. Advanced technologies as high precision mass measurements in Penning
traps are complemented by tools like laser spectroscopy to study the atomic
properties, reaching into regions beyond Z>102.



Following the predictions of the major theoretical approaches, including microscopic-
macroscopic models as well as self-consistent theories like Hartree-Fock-Bugoliubov
(HFB) or relativistic mean field (RMF) models, the predicted region of spherical shell-
stabilized nuclei is out of reach for stable species as projectiles for the traditional
fusion-evaporation production scheme. Neutron rich exotic nuclides will be necessary
to compose the required proton and neutron numbers. The intensities projected for
the next generation RIB facilities, however, are limited and exclude SHE synthesis via
the classical approach. Systematic studies of reaction mechanism and nuclear
structure features together with alternative approaches, like e.g. deep inelastic
reactions and the employment of the compound nucleus spin distribution are
promising approaches to the problem. Predictions employing a combination of an
adiabatic two-centre shell model, combined with a system of coupled Langevin
equations and a statistical model, is used to investigate the possible population of
superheavy nuclei (SHN) in the high mass - high Z tail of the nuclide distribution in
deep inelastic heavy ion collisions.

The description of heavy nuclei employing the most advanced theoretical approaches
is the basis for a successful advancement towards the heaviest species. Deformation,
tri-axial behaviour and the prediction of single particle levels, pointing to the
formation of the next proton and neutron shell gaps, are at the focus of RMF models,
in particular including quasi particle vibrational coupling (QVC), and relativistic
energy density functional calculations (REDF). In combination and in continuous
exchange with ever advancing experimental nuclear structure results a successful
approach towards the region of superheavy spherical shell stabilized species seams
promising, in particular, given the perspectives opened by RIB facilities with EURISOL
at the horizon.

Isospin dependent ground and metastable state properties

This topic was addressed by P. Stevenson, A. Raduta, A. Andreyev, P. Walker,
G. Georgiev, A. Jungclaus and J. Pakarinen.

Experimental determination of ground-state properties, like charge radii, atomic
masses, nuclear and magnetic moments, spin and parities can be obtained in a variety
of experiments. Precision experiments and model independent techniques are often
applied at ISOL facilities providing high intensities and cold low-energy beams. In few
rare cases also post-accelerated radioactive ion beams can be employed. Isotope shifts
measurements have been a rich source of model independent information for charge
radii. The data is mainly coming from the present ISOL-facilities which provide
intense enough beams of exotic nuclei with ion optical properties matching the
requirements of optical spectroscopic setups. In a simple liquid drop type of picture,
charge radii have a simple mass dependence d < r2 > « (dA)/(A'3). In reality, the
nature is more complex and some of the isotopic chains demonstrate large deviations
- implying action of the underlying nuclear structure. One of the early examples of
such deviations is a kink in the charge radii of lead isotopes. Various theoretical
models have been applied to reproduce such behaviour, but a fully consistent
approach is still missing. Additional challenges for theories are set by other



discontinuities observed experimentally. With the EURISOL facility, low-energy
radioactive ion beams will cover longer isotopic chains while target and ion source
development will make new elements available for similar studies.

[someric states play a special role in nuclear structure studies. The existence of such
states has different origin. Some of the isomeric states are trapped by potential energy
variation due to different shapes (shape isomerism). Others are trapped by large spin
difference compared to neighbouring states and a third possibility is related to K
quantum number traps (so called K-isomers). In all cases, the observation of isomers
and the measurement of the decay characteristics (lifetime and excitation energy)
provide information on the underlying nuclear structure. Depending on the lifetime of
isomers, different techniques have been applied. Some of the modern techniques
include storage ring measurements and ion trap techniques. With the EURISOL facility
such studies can be extended into regions not available at present ISOL-facilities.

The equation of the state (EOS) of asymmetric nuclear matter has great influence on
astrophysics and testing of nuclear models. Experimentally the symmetry energy of
the EOS is rather poorly known. Experiments over a wide range of densities and over
a large difference in N and Z, i.e. over a wide energy range and using RIB’s,
respectively, are required. Other facilities, like SPIRAL2 and FAIR will cover energy
ranges below 14 MeV/u and beyond 200 MeV/u. The unique opportunity for EURISOL
would be to match the intermediate energy range with exotic species.

Nuclear and magnetic moments are rich sources of structure information, like valence
particle configurations, nuclear deformation, effective charges and collective
properties. A variety of techniques have been applied for low-energy beams from ISOL
facilities, for post-accelerated radioactive ion beams and with ions produced in
fragmentation reactions. With EURISOL the capabilities of the two first types of
experiments can be enhanced, while the use of fragmentation reactions can only be
considered if post accelerated beams can reach high enough energies, beyond 150
MeV /u.

Experimental studies of fission reactions have provided a vast amount of mass and
charge distribution data. In some cases also total kinetic energies of fission fragments
have been measured. These studies have mainly concentrated on two regions; pre-
actinides and heavy actinides. With beta-delayed fission, fission studies can be
extended to nuclides farer from stability as demonstrated at ISOLDE, where two
regions of interest have been explored: neutron deficient nuclei with A=180-200
(N/Z=1.22-1.3) and neutron-rich nuclei with A~230 (N/Z=1.6). The next step of such
studies would require identification of fission fragments, measurement of total kinetic
energies of fission fragments and further exploration of odd-even staggering. This
demands an order of magnitude higher yields as compared to the capability of the
present facilities. The EURISOL facility would enable such studies.



Facilities and instrumentation
This topic was addressed by I. Kelson, L. Standyto, L. Trache and ]. Srebrny

Technical progress is essential for successful planning, construction and operation of
next generation RIB facilities and any further development towards EURISOL.
Following the development of instrumentation and accelerator components like
separators, detection techniques and ion sources are as essential for the technological
progress towards EURISOL as is the experience gained in present facilities, in
particular such which apply and further develop the isotope separation online (ISOL)
method.

Conclusion

The next generation RIB facilities with EURISOL in sight are promising interesting
opportunities for the physics at the extremes of mass, temperature, spin and isospin.
Exploration of the chart of nuclides towards extreme isospin, in particular neutron
rich species, highest excitation, mass and Z might receive a boost towards new shores
in understanding extremely exotic nuclear species. This workshop has discussed
many facets of these exciting perspectives. The following contribution summaries
show in detail the visions presented at the 4th EURISOL TOPICAL MEETING, held in
Krakow from July 1stto 3rd 2013.
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Opportunities for SHE related research at RIB
facilities

D. Ackermann

GSI Helmholtzzentrum fiir Schwerionenforschung GmbH, 64291 Darmstadt, Germany

Abstract. Modern model predictions locate the so called “island of stability” for superheavy
elements (SHE) at proton numbers 114, 120 or 126 and neutron number 184. This region is
unreachable by fusion reactions with available projectile-target combinations, but n-rich exotic
species are required instead. Since recently deep inelastic reactions are considered as alternative
approach to populate SHE in the high A and high Z tail of the mass distribution after massive
nucleon transfer. Also here n-rich projectiles would be desirable. Next generation rare isotope (RIB)
beam facilities like SPIRAL2 at GANIL, RIKEN, FRIB and FAIR are, however, limited in beam
intensity. Estimates show for EURISOL an up to a factor of 1000 higher number of RIB projectiles
extending the access to more neutron rich species by up to 8 or 9 neutrons.

Keywords: Superheavy elements, fusion, fission, nuclear structure, multinucleon transfer, spin
distribution

PACS: 21.10.Dr, 21.10.Hw, 21.10.Pc, 23.35.+g, 23.60.+e, 24.60.Dr, 24.75.+i, 25.60.-t, 25.60.Je,
25.60.Pj, 25.70.Gh, 25.70.Hi, 25.70.Jj

INVESTIGATING THE HEAVIEST NUCLEAR SPECIES

The search for SHE has yielded exciting new results throughout the last one to two
decades [1, 2, 3, 4]. Decay patterns observed at FLNR/JINR, Dubna for 48Ca induced
reactions on actinide targets [3] have been confirmed for various systems at GSI Darm-
stadt, Germany and LBNL Berkeley, U.S.A. [5, 6, 7]. Despite these achievements the
“island of stability” is still out of reach for projectile-target combinations provided by
nature. The production of SHN is governed by the formation probability in the entrance
channel as well as by the competition between n-emission and fission during the de-
excitation phase of the compound nucleus (CN) in the exit channel. Both phases, are
determined by subtle balances of barrier properties like the fusion barrier distribution
and fission barrier features. Nuclear structure features of the reaction participants play a
decisive role. Reaction mechanism studies and the investigation of specific nuclear struc-
ture features provide valuable information for the understanding of the collision details
as well as on the stability of the heaviest nuclei. A summary of the up to date studied
heaviest species is given in Fig.1. One alternative tool to study the fusion barrier is the
CN spin distribution [8]. The competition of fission and o-decay for ground and ex-
cited states, the deformation and other nuclear structure features like K isomeric states
[9, 10] of heavy nuclei contribute to the understanding of the origin of the predicted
stabilization of SHE and provide valuable information which are essential to refine the
models. As an alternative production scheme for SHN Zagrebaev and Greiner proposed
recently multi nucleon transfer reactions. The high A/high Z tail of the distribution of
species produced in the collisions of heavy partners should reach into the region of (pos-



]
118 [Uuo|

117 {Uus|

[~ ie2s0] Ti 9T TTe 282 TTE 2]
116 [Uuh|
115 Uup| 170171
114 {Uuq
113 |Uut 168 | 169
- o
112|Cn
wral™ s R e
wila e q
S
e I
109 | Mt 170|171
sl e
S
[ Nuclides discovered at SHIP [ e B =
106] Sg ‘ <7 166 | 167 168‘169‘
] Newor improved decay data 105[ Db i a4 d
iy ks Rz [R7260 | Ri261 | Ri262 | RiZ3 Ri265 Ri266 | Ri261 | Ri268
104| Rf 7 165
I L b e i s I )
103| Lr 161‘162 163 | 164
0 ey o256 [No2s7 o258 | No 253 o260 Nozz
102| No
- e O e
101 | Md 160

Deaun Gy oy T m 280 5l Fm 254 | Fm 255  Fm256] Fm 257]

100|Fm

41 BT 5 Es 20 Er 104 £ 24 SR 575 | E5754 | 52 BT

99 [Es | 159

o8 [ cr e 2 T [ | T 248 | 1249 | G1250 | C1281 [ CT282 oo o

BRZA7 [
97 | Bk 156 | 157 | 158

zzzzz o (Cm 240 Cm 242 Cm 243 Cm 264 Cm 245 G 246 | Cm 247 | G 248 Om 250

9 ‘Cm

137 135‘139‘140 141|142 | 143 | 144|145 | 146 | 147 | 148|149 150 | 151 | 152 | 153 | 154 | 155

FIGURE 1. Upper right part of the chart of nuclides summarizing the isotopes studied up to date.
Nuclides studied at the velocity filter SHIP of GSI are indicated by blue and red squares.

sibly new) SHE [11]. The investigations of SHN can be viewed as a staged approach
with the final objective to understand in detail the properties of those extreme nuclear
species and the fundamental interactions being responsible for them. The first stage is
synthesis, typically producing only a few or even only one nucleus, followed by an op-
timization of the production techniques in order to allow for more detailed studies of
their nuclear structure. Here basically two methods are employed, decay spectroscopy
after beam separation, revealing already for a low number of events nuclear structure
features, and in-beam studies which then allow for access to higher excitation energy
and spin. Reaction mechanism studies and continuous method development are essen-
tial for progressing to ever higher numbers of protons and neutrons, and towards ever
smaller cross sections. With typical beam intensities of == 10'>~!3 p/s SHN have been
synthesized up to Z = 118 and N = 171[3]. Decay studies have reached >’°Ds discover-
ing K-isomers in this nucleus with Z = 110 [10] and in its & decay daughter 266 [12].
Employing in-beam spectroscopy, a rotational band could be populated up to 20 % in
256Rf, a nucleus with 104 protons [13]. In the early days of SHE studies it was believed
that systems with such a large number of protons would not survive the slightest rotation
due to the high Coulomb repulsion and disrupt immediately. In table 1 cross sections and
production rates are listed for a number of nuclei. With typical rates for present stable
beam facilities (= 10'? p/s) in-beam studies are possible down to cross sections of about
10 nbarn. Basic structure features can still be studied down to cross section values of ~
10 pbarn in decay spectroscopy after separation from the primary beam, using particle
(recoil, o and e ) and photon (Y and X-ray) coincidence measurements. SHE synthesis
experiments have been performed down to a few 10th of fbarn, however, with irradiation
times of years (553 days) [14].



TABLE 1. Cross sections and production rates at SHIP for beam currents of 10'2 p/s
and 10° p/s, respectively.

reaction cross section production rate

[nbarn] beam current 10'2p/s  beam current 10°p/s
208pp(*8Ca,2n)>*No 2000 15000 /h 15/h
206pp(*8Ca,2n)?92No 430 3300 /h 3.3/h
206pp(*8Ca,3n)>!'No 25 200 /h 0.2/h
208pp (30T, 2n)250Rf 17 140 0.1/h
209Bj(*0Ar,2n)**"Md 7 80 2/d
208ph(3*Cr,1n)>0' Sg 2 15 0.4/
207pp(%4Ni, 1n)2'Ds 0.013 14 0.4 /y

RARE ISOTOPE BEAMS AND SHN RESEARCH

Next generation RIB facilities like SPIRAL2 at GANIL, RIKEN, FRIB and FAIR
provide n-rich beams with rather limited intensities. For FAIR projectile rates of 10° p/s
are estimated for projectiles in the medium mass region with about two more neutrons
with respect to the last stable isotope (Fig.2). At EURISOL beam currents are estimated
to be a factor of ~ 1000 higher (in-target production) according to reference [15],
leading to nuclides with up to eight or nine more neutrons at the same projectile rate.
This will allow for more extended isospin dependent systematic reaction mechanism
and nuclear structure studies for the various experiment classes as discussed at the end
of the previous section. For the production of SHE, to eventually reach the "island of
stability", the possibilities also here are still limited. The reaction %*Ni + 233U would lead
to 39120, being two neutrons beyond the predicted magic neutron number of N = 184,
but still with limited beam intensities, far from the ones necessary for SHE synthesis.
Alternative approaches like deep inelastic reactions [11], could also profit from n-rich
beams and extend the tail of their mass distribution towards high Z and and high N. In
a first test Loveland et al. observed enhanced yields for trans-target reaction products
for 169Gd + 18*W [16]. Systematic studies of this type could clarify the potential of this
method in exploring SHN. It has been shown that the CN spin distribution can be used as
an alternative method to study the fusion barrier distribution [8]. In this case a complete
scan of the fusion barrier in terms of partial wave cross sections can be obtained at
one beam energy, rather than measuring a precise fusion excitation function with high
statistics and many small energy steps.

In conclusion, RIB facilities will provide opportunities for systematic SHE research,
covering reaction mechanism studies and nuclear structure investigations. EURISOL
will push the limits even further towards n-rich species. On the basis of cross sections
experienced nowadays it seems unlikely that the “island of stability” can be reached.
However, the behavior of exotic n-rich species, exhibiting possibly features like neutron
skin or similar exotic spatial nucleon distributions, in heavy ion collisions is yet un-
known. Properties like deformation or the excitation of specific structures in projectile
and/or target, however, have been proven to influence strongly reaction cross sections,
in particular close to the interaction barrier [18].
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Abstract. High-precision mass measurements have provided accurate binding energies for
numerous radionuclides in recent years. This information has been complemented by data from
laser spectroscopy on nuclear spins, nuclear moments, and mean square charge radii. In this
combination various properties of nuclear ground states and long-lived isomeric states for
nuclear structure and nuclear astrophysics studies have been obtained challenging modern
nuclear theories. Utilizing reaccelerated radioactive beams for fusion-evaporation and multi-
nucleon transfer reactions EURISOL will open the door towards more neutron-rich isotopes of
the heaviest elements. This will enable advanced studies of the nuclear structure evolution in this
region that is also crucial to the astrophysical r-process.
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MASS MEASUREMENTS OF RADIONUCLIDES

High-precision mass measurements of radionuclides provide accurate absolute
values of nuclear binding energies and reveal information on the structure of exotic
nuclei far away from stability. The evolution of structural features can be tracked and
amplified by appropriate filters like two-nucleon separation energies and the so-called
shell gap parameter that display shell closures and the onset of deformation.
Investigations of radionuclides at the limits of existence with extreme proton-neutron
ratios are of particular interest as they often exhibit features not present in nuclei close
to stability. Masses thus often provide a first indicator of new structural phenomena in
previously unexplored regions of the nuclear chart. Moreover, QO-values, i.e. mass
differences, determine the energy available for nuclear decays. They allow the
identification of exotic decay modes [1] and play an important role in nuclear
astrophysics determining the pathway of a given nucleosynthesis process [2]. In
general accurate masses of radionuclides provide an excellent benchmark for
theoretical nuclear models [3].

The heaviest nuclei owe their very existence entirely to shell effects. The main
scientific questions addressed in mass measurements of the heaviest elements are thus
the location, the extension, and the strength of shell closures. Experimental data from



decay spectroscopy indicate that shell closures are in some cases rather local effects
that fade away quickly, for example around *"°Hs with Z = 108 and N = 162 [4].
Theoretical predictions comparing different parameterizations of energy density
functionals demonstrate that instead of distinct magic numbers one may even expect
extended regions of enhanced stability in the heaviest nuclei [5].

An accurate measurement of the location and strength of shell effects in the
heaviest elements by Penning trap mass spectrometry (PTMS) have not been possible
for a long time. The challenges that had to be handled were a very low yield of well
below one particle per second and the high energy at which these nuclides are
produced. The first direct mass measurements of nobelium and lawrencium isotopes
have only been performed recently in pioneering experiments with the Penning trap
mass spectrometer SHIPTRAP at GSI [6, 7]. These measurements allowed the
mapping the strength of shell effects around neutron number N =152 in nobelium and
lawrencium. In addition, the accurate mass values from PTMS yield anchor points to
pin down alpha-decay chains originating from superheavy elements, for example the
mass of *’°Ds can be fixed with an uncertainty of about 40 keV [7,8]. Several
developments like single-ion mass measurement techniques will extend the reach to
heavier elements in the near future.

Mass measurements with highest precision are nowadays performed mainly with
Penning traps [9]. The mass m of a nuclide is obtained from a measurement of the
cyclotron frequency f; of its ionic state with charge ¢ in a magnetic field of strength B
according to the relation

e (1)

Originally PTMS has been pioneered at isotope separator on-line (ISOL) facilities
that are well suited providing radioactive beams at low energies of a few ten keV.
However, the ISOL technique has limitations accessing certain elements, for example
refractory elements. Hence, PTMS has been adopted for other production schemes
including fast-beam fragmentation and fusion-evaporation reactions. Thus, the access
to the elements heavier than uranium by PTMS is now also feasible. Since the nuclides
of interest are produced at much higher energies than at ISOL facilities and with rather
poor beam quality two developments have been crucial for a successful
implementation. The use of buffer gas stopping has paved the way to slow down
nuclides of essentially all elements efficiently [10] while radiofrequency quadrupole
(RFQ) cooler and buncher devices [11] allow preparing them as bunched low-
emittance beams at an energy suitable for PTMS.

The typical layout of a Penning trap mass spectrometer is shown in Fig. 1. The
reaction products are separated from the primary beam in a recoil separator. Then they
are slowed down in a buffer gas stopping cell, cooled and bunched in a RFQ ion-beam
cooler, and finally transferred to a Penning-trap system. Its first stage is a purification
trap where unwanted ions including nuclear isobars are removed by a mass-selective
cooling and centering procedure. Alternative or additional purification schemes



utilizing a multi-reflection time-of-flight mass spectrometer have recently been
introduced [12].
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FIGURE 1. Schematic layout of a Penning trap mass spectrometer.

In a precision trap the actual mass measurement is performed. In PTMS masses of
radionuclides are nowadays measured with relative uncertainties on the order of 10™®.
PTMS is applicable to nuclides with half-lives of about 10 ms and above, while the
required yield is presently on the order of particles per minute.

LASER SPECTROSCOPY OF THE HEAVIEST ELEMENTS

Laser spectroscopic studies of radionuclides by resonance ionization spectroscopy
(RIS) or collinear laser spectroscopy provide information of nuclear properties of
ground and long-lived excited states in a nuclear-model independent way [13]. In
particular, they give access to the nuclear spin, to nuclear moments, and to the mean
square charge radius providing information about the evolution of deformation. In the
case of the heaviest elements in addition the strong influence of relativistic effects and
of quantum electrodynamics on the atomic structure is in the focus. These effects are
studied by atomic level energies, ionization potentials, and lifetimes of excited atomic
states. The heaviest elements thus combine the interest of atomic and nuclear physics.

Similar to PTMS the low yield and the high energy at which the nuclides are
created poses a challenge. In addition, there is a lack of knowledge about atomic levels
in the heaviest elements. At present fermium is the heaviest element in which atomic
levels have been identified experimentally [14]. RIS in buffer gas cells provides a
sensitive tool for laser spectroscopic investigations of radionuclides with yields as low
as about 0.1 particles per second and is ideally suited for the search of atomic levels in
the heaviest elements. In this method the nuclides of interest are stopped in an inert
buffer gas and RIS is performed on the neutral fraction. If the reaction target is
installed in the gas cell then the ionization in the gas typically results in a dominant
fraction surviving as neutralized atoms. If the gas cell is installed behind a recoil
separator a slightly different approach that has been developed in particular for the
elements nobelium and lawrencium [15] is pursued. Theoretical atomic structure
predictions by relativistic coupled cluster techniques [16] and multi-configuration
Dirac-Fock calculations [17] are crucial to guide the atomic level search. Moreover,
they are essential to extract mean square charge radii from isotope shift measurements.



Due to the Doppler broadening the resolution of laser spectroscopy inside a gas cell
is limited. Thus, once atomic levels have been identified techniques like collinear laser
spectroscopy in conjunction with cooled and bunched beams will be utilized to
achieve higher resolution. Recently in-gas jet laser spectroscopy has been shown to
offer an attractive alternative [18]. This will pave the way for measurements studying
the evolution of deformation in long isotopic chains covering for example the neutron
shell closures at N = 152 for different elements around nobelium.

CONCLUSIONS

Mass spectrometry and laser spectroscopy have experienced a renaissance in recent
years fueled by the development of many novel methods and sensitive techniques that
extended their reach to more exotic nuclides. A versatile toolbox for studies of various
nuclear properties of ground and long-lived isomeric states is at hand providing
accurate data for nuclear structure and astrophysics studies. In addition, the
combination of laser spectroscopy and PTMS opens up possibilities for novel
experiments. For example, the high selectivity of laser spectroscopy in combination
with mass spectrometric separation allows preparing beams of highest purity for
laser/trap-assisted decay spectroscopy experiments. In certain cases even state-selected
beams can be prepared. Moreover, the use of laser ion sources has gained ever more
importance at ISOL facilities to deliver high-purity beams to experiments.

An additional motivation for the application of these methods at EURISOL is the
potential to access more neutron-rich, supposedly longer-lived, isotopes of the
heaviest elements that can be produced in fusion-evaporation and in multi-nucleon
transfer reactions with intense reaccelerated radioactive beams.
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FIGURE 1. Nuclear map as it looks today. On the inset relative abundance of the elements in the
universe is shown with clear visible maxima in the regions of the “waiting points” along the neutron
closed shells N = 82 and N = 126.

The upper part of the present-day nuclear map consists mainly of proton rich nuclei,
while the unexplored area of heavy neutron enriched nuclides (also those located along
the neutron closed shell N = 126 to the right-hand side of the stability line) is extremely
important for nuclear astrophysics investigations and, in particular, for the understanding
of the r process of astrophysical nucleogenesis, see Fig. 1. For elements with Z > 100
only neutron deficient isotopes (located to the left of the stability line) have been
synthesized so far. Due to the bending of the stability line toward the neutron axis, in
fusion reactions only proton-rich isotopes of heavy elements can be produced. That is
the main reason for the impossibility of reaching the center of the island of stability
(Z ~ 110+ 120 and N ~ 184) in the superheavy (SH) mass region by fusion reactions
with stable projectiles. Moreover, the whole “northeast” area of the nuclear map is still
terra incognita. Production and studying properties of nuclei located in this region will
open a new field of research in nuclear physics. There are only three methods for the



production of heavy elements, namely, fusion reactions, a sequence of neutron capture
and B~ decay processes and multi-nucleon transfer reactions.

Fusion reactions and neutron capture process

Fusion reactions of stable projectiles (even with actinide targets) lead to formation
of neutron deficient isotopes of heavy elements located to the left of the stability line.
Recently, many speculations appeared on the use of radioactive ion beams for the
synthesis and study of new heavy elements and isotopes. The use of accelerated neutron
enriched fission fragments for the production of SH nuclei in rather symmetric fusion
reactions does not look very encouraging and needs beam intensities at the hardly
reachable level of 10'3 pps or higher [1]. The lighter radioactive ions could be more
useful here. In fusion reactions of 13729N, 20-22( or 22-24F with actinide targets new
(though not so much neutron enriched) isotopes of elements with Z > 100 might be
synthesized at rather low beam intensities of 10® pps owing to much larger cross sections
[1]. A hypothetical pathway to the middle of the island of stability was proposed recently
owing to possible BT decay of SH nuclei located from the up-left side of this island
[2]. Such nuclei could be formed in the ordinary fusion reactions BCa+20Cm and/or
48Ca+?*Bk. In these reactions relatively neutron enriched isotopes of SH elements 114
and 115 are formed as a decay products of the corresponding evaporation residues.
These isotopes should have rather long half-lives and, thus, they could be located already
in the “red” area of the nuclear map, i.e., they may be 3" -decaying nuclei. If it is really
true, the narrow pathway to the middle of the island of stability is surprisingly opened
by production of these isotopes in subsequent a-decays of elements 116 and/or 117
produced in the *¥*Ca+2>°Cm and “8Ca+2*’Bk fusion reactions. For the moment, this is
the only method which is proposed for the production of SH nuclei located just in the
middle of the island of stability.

The neutron capture process is an alternative (oldest and natural) method for the
production of new heavy elements. The synthesis of heavier nuclei in the multiple
neutron capture reactions with subsequent 3~ decay is a well studied process. The

key quantity here is the time of neutron capture, 7, = (nOGHZJ}A)*l, where ng is the

neutron flux (number of neutrons per square centimeter per second) and G,%}A is the
neutron capture cross section. If 7, is shorter than the half-life of a given nucleus
Ti/»(Z,A) then the next nucleus (Z,A + 1) is formed by neutron capture. Otherwise
the nucleus (Z,A) decays before it captures next neutron. In nuclear reactors typical
value of 7, ~1 year, and the nucleosynthesis takes place along the stability line by a
sequence of neutron capture and 3~ decay processes breaking at the short-living fissile
fermium isotopes 28 29Fm (so called “fermium gap”). Recently it was shown that the
multiple rather “soft” nuclear explosions could be really used for the production of a
noticeable (macroscopic) amount of neutron rich long-living SH nuclei [3]. We found a
sharp increase of the probability for formation of heavy elements with Z > 110 in the
multiple neutron irradiations: enhancement by several tens of orders of magnitude! The
same process of multiple neutron exposures might be also realized in pulsed nuclear
reactors of the next generation. An increase of the neutron fluence by about three orders
of magnitude as compared with existing pulsed reactors could be quite sufficient to



bypass the two gaps of fission instability [3].
Multinucleon transfer reactions

Renewed interest in the multinucleon transfer reactions with heavy ions is caused by
the limitations of other reaction mechanisms for the production of new heavy and SH
nuclei (see above). Multinucleon transfer processes in near barrier collisions of heavy
ions seem to be the most promising reaction mechanism allowing us to produce and
explore neutron-rich heavy nuclei including those located at the SH island of stability.
These are the shell effects which may significantly enhance the yield of SH nuclei for
appropriate projectile—target combinations. Contrary to the conventional quasi-fission
phenomena, in low-energy collisions of 238U with 243Cm target nucleons may predomi-
nantly move from the lighter partner to heavy one, i.e., U transforms to a Pb-like nucleus
and Cm to complementary SH nucleus. In this case, appearance of the lead shoulder in
the mass and charge distributions of the reaction fragments automatically leads to a pro-
nounced shoulder in the region of SH nuclei. We named it “inverse” (anti-symmetrizing)
quasi-fission process [4]. This process may really lead to enhanced yields of trans—target
nuclides, see Fig. 2.
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FIGURE 2. Landscape of the calculated cross sections for the production of primary reaction fragments
in collisions of 238U with 2**Cm target at E¢ 1, =780 MeV.

Actinide beams (as well as actinide targets) might be successfully used also for the
production of new neutron rich nuclei around the closed neutron shell N = 126, the
region having largest impact on astrophysical r process. Near barrier collisions of '3%Xe
and '°20s with 2%®Pb target were predicted to be quite promising for the production
of new nuclei with N ~ 126 [5, 6]. The corresponding cross sections were found to
be about 1 ub and less. The use of heavy radioactive ion beams (such as 1328n [6] or
154Xe [7]) gives a noticeable gain in the nucleon transfer cross sections. Low-energy
collisions of stable neutron enriched isotopes of elements located below lead (such as
19205 or 18Pt) with available actinide nuclei look even more favorable for the production
and study of new neutron rich nuclei located around neutron closed shell N = 126
[8]. Estimated cross sections for the production of the final (survived) isotopes of the
elements with Z = 71 <78 in low energy collisions of '*®Pt with 238U are shown in Fig.
3. On average, the cross sections for the production of new neutron rich heavy nuclei



NP 105F
U 198p; 4 2385
apT B
Thod =
90, o EBZ74 104k Eem =700 MeV
7
. o Zo%
s RS T || = —
2 APTT [T 5 103k
S | poE e =4
2. | Bi® -
Pb
5 |0 g
c 80 ,l;lg .2 100
Ul Q
2 W C 2
I} =
E |of o 2 10F
=] Re] 0 <]
W -
Tal 8 gy ©
Hf o
Lu U3
70| Y \
Tm| L L L

1 1 1
185 195 205
mass number

110 120 130
number of neutrons

FIGURE 3. (Left panel) Contour plot of the cross sections (in logarithmic scale) for the formation of
primary reaction fragments in collisions of '8Pt with 238U at E, ;, =700 MeV. Contour lines are drawn
over half an order of magnitude and the units of measurement are shown in millibarns. (Right panel)
Isotopic yields of elements below lead (from Lu to Pt) in collisions of 8Pt with 238U. Circles denote
not-yet-known isotopes (with solid circles showing isotopes with the closed neutron shell N = 126).

(including those located along the closed neutron shell N = 126) in this reaction are
higher than in collisions of 3%Xe or 1°20s with 28Pb target (though a contamination by
uranium fission fragments probably may reduce this gain in the cross sections).

Project GaLS

In contrast with fusion reactions it is more difficult to separate a given nucleus from
all the transfer reaction products. The neutron rich heavy nuclei with Z > 70 formed
in the multinucleon transfer reactions cannot be separated and studied at available
setups created quite recently just for studying the products of deep inelastic scattering
(such as VAMOS, PRISMA and others). These fragment separators (as well as other
setups) cannot distinguish heavy nuclei with Z > 70 by their atomic numbers. However
during the last several years a combined method of separation is intensively studied
based on stopping nuclei in gas and subsequent resonance laser ionization of them (see,
for example, [9]. One of such setups (named GaLS: in gas cell laser ionization and
separation) is currently created at Flerov Laboratory (JINR, Dubna). Experiments at this
setup aimed on the production and studying properties of new neutron rich heavy nuclei
are planned to start in 2015.
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Abstract. The microscopic potential energy surface (PES) and the mass tensors obtained in a
two-dimensional collective space of quadrupole moments (Q»,0272) representing elongation and
triaxiality, are main elements used to calculate the spontaneous fission life-times. These are obtained
by solving the self- consistent Hartree-Fock-Bogoliubov (HFB) equations with the Skyrme energy
density functional and mixed paring interaction. The perturbative Adiabatic Time-Dependent HFB
approach according to Ref. [1] allows to compute the mass tensors. The numerical techniques Ritz
Method (RM) and the Dynamical Programing Method (DPM) [2, 3] have been tested by minimizing
the collective action to obtain the collective trajectories corresponding to different outer turning
points. The values of spontaneous fission life-times, obtained in this way, are compared with the
static path results.
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METHOD

The induced nuclear fission is the dynamical process, where hot nucleus deexcites by
separating in two parts with emitting light particles like neutrons, protons, . It can be
described quite successfully within classical physics for example by solving the set of
Langevin equations. On the other hand, the spontaneous fission occurs due to quantum
tunneling where the nearly cold nucleus passes through by the potential barrier.

The spontaneous fission half-life T} ; is given by [2, 3]

In2 _
Tip=-2. P=(1+ep2SW)) . ()

where 7 is the number of assaults of the nucleus on the fission barrier per unit time.
It is often considered to be 10%20-335~1 [3]. The penetration probability P is estimated
from the semi-classical WKB approximation as [2, 3], where S(L) is the action-integral
calculated along the fission path L(s) in the multidimensional deformation space,

S = [ [F156) ()~ )| a5 @
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where: V,¢¢(s) is the potential energy and .#,ss(s) is effective mass along the fission
path L(s). The limits of the fission path: s; and s, are classical turning points on L(s) and
ds is the element of path length along L(s). In Eq. (2), Ej is the Zero-Point Energy (ZPE)
calculated at the ground state configuration. We have calculated the minimum action
path by following two different numerical techniques, called the dynamic-programming
method (DPM) described in ref. [2] and the Ritz method (RM) [3]. In case of RM, trial
paths are expressed as Fourier series of collective coordinates and, then, the coefficients
of different Fourier components are extracted by minimizing the action integral given
by Eq. (2).

The collective potential and the collective mass tensor are suitably well estimated
using the self-consistent density functional theory, which in case of present project is
represented by Approximated Time-Dependent Hartree-Fock-Bogolyubov (ATDHFB)
method [1] with Skyrme functionals. The ATDHFB approach treats the problem of large-
amplitude collective motion. The motion of the system can be described in terms of
collective coordinates {g;} and canonically conjugated collective momenta p; = id/dg;.
Also there is an adiabatic assumption that the collective motions is slow- the collective
velocity of the system {g;} is below the average-particle velocity of the nucleons.

The potential energy surface is obtained in the collective coordinate space of
quadrupole moments (Q29, O022) by subtracting the zero-point energy (ZPE) from total
energy E;,. In the present work, ZPE is estimated by using the Gaussian overlap
approximation [4].

The components of collective inertia tensor in two-dimension are calculated within
the cranking approximation of ATDHFB formula, written as [1]

1 (F&%Féﬁ+F&ﬁFoiE>

MG =
24i9j op Eq+Eg

ij —

; 3)

where ¢; and g represent time derivatives of the collective coordinates Oy and Q2>. The
sum is evaluated over all quasiparticle states and Ey denotes the quasiparticle energy.
The matrices F's are obtained from the relation [1]
ap K K™ ap* \ .
! ! '=—B ) i,

_F* = (BT—A+B “B-ATZ= A_A
3%‘ 3611' 9%‘ 3%‘

4

where A and B are HFB wave functions computed during the calculation of E;,;. The
particle p and pairing K densities are determinate uniquely from A and B. The derivatives
of densities with respect to the deformation coordinates are achieved by applying the
Lagrange three-point formula [5, 6]. Explicit calculation of the time derivatives in Eq.
(4) is complicated and time consuming. Therefore, these derivatives are often estimated
perturbatively in terms of quadrupole operators O;s and the corresponding mass formula
is expressed as [1, 4]

0 Al' ATO
AP = MO MO MO where Mi(J/;):Z< |0ilaB)(aB|Q}]0)

(5)
o (EatEp)"
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FIGURE 1. Left panel: total energy and ZPE, right panel - mass tensors in the quadrupole surface for
264Fm. An illustration taken from [8]

The energy-weighted moment tensors written in the quasiparticle basis and |af3) repre-
sents a two-quasiparticle wave function. The effective mass [2, 3] is obtained from:

dQx0d0O»
T ds ds

Mess(s) = Y A (©)
ij

along two different quadrupole axes. In Eq. (6), s defines the path length on the two-
dimensional potential profile.

The one dimensional calculations done with method describe above are presented
in [7] for several Fermium isotopes allow to compare our results for axial quadrupole
moments, only.

PRELIMINARY RESULTS

The preliminary results presented in this report, has been partially published in [8],
and few plots are replot only to show the scheme of obtaining spontaneous life-times.
The Skyrme energy density functional is used with SKM* parametrization [9], which is
optimized for fission barrier height of 2*°Pu.

The first step is the calculation of the total energy and mass tensors in two-dimensional
collective coordinate surface. The surfaces of E,,, and ZPE for 2*Fm is illustrated
in Fig. 1 (left panel). The **Fm has been chosen as the ideal example where the
spontaneous fission should provide two identical daughter nuclei '32Sn, which should be



TABLE 1. Comparison of the life-times obtained with static path, assuming the path
along 02 = 0 line and with dynamical action minimization for spontaneous fission of
2

%4Fm.

| ZPE=0 | S(s) Ty [logl0 (Ty fyr)] | | S(s) Ty [loglO (Ty )5 fyr)] |
static | 24.36 6.9 00 =0 | 23.12 -7.96
PDM 19.25 -11.3 RM 19.25 -11.3

double magic and stable. In this case the octupole coordinate, responsible for the mass
asymmetry in the fission process is negligible. In Fig. 1 (left panel) only the quadrupole
moments are taken into account, by so, the nuclear shapes as prolate-triaxial-oblate are
studied. The total energy has minimum for quadrupole axially symmetric shape but the
static saddle point has huge nonaxially symmetric component.

The components of the perturbative cranking mass .# P are also shown in Fig. 1,
(right panel). The large fluctuations in mass parameters are manifestations of crossings
of single-particle levels near the Fermi energy [10].

The life-times calculated with Eq. 1 are tabulated in Table 1. In this results the ZPE is
assumed 0 MeV while in the [8] there are presented calculation with more realistic ZPE.

SUMMARY

The fission life time is decreased by 3 orders of magnitude when the nonaxiality is taken
into account. The dynamic path gives shorter life times by at least 4 orders of magnitude.
The static barrier is lower then dynamic one but the mass parameters are recompensate
this and the action integral is higher. The 3D calculations involving quadrupole axiality,
nonaxiality and octupole momenta are in progress.
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Abstract. We focus on the interplay between reaction mechanisms, fusion vs. break-up (fast-
fission, deep-inelastic) in Heavy Ion Collisions with exotic nuclear beams at low energies.
Fusion probabilities for reactions induced by 132Sn on 64,58Ni targets at 10AMeV are
evaluated looking at the evolution of the phase-space quadrupole collective modes. The break-up
events appear sensitive to the stiffness of the symmetry energy, because the neutron-rich neck
connecting the two partners can survive a longer time producing in the case of break-up very
deformed final fragments, eventually leading to ternary/quaternary fragmentation events. 197Au
+ 197Au collisions at 15 and 23 AMeV are simulated to investigate the main modes of re-
separation of a heavy nuclear system.

Keywords: Symmetry Energy Effects, Fusion-Break Up Competition, Fragment Deformations,
Ternary Break-Up.
PACS: 25.60.Pj; 25.70Jj; 21.65.Ef; 21.30.Fe

INTRODUCTION

We focus the attention on the fusion vs. deep-inelastic mechanism interplay for
dissipative Heavy lon Collisions (HIC) with exotic nuclear beams at low energies, just
above the Coulomb Barrier (between 5 and 20 AMeV). Unstable ion beams with large
asymmetry and with good intensities in this energy range will be soon available in
Radioactive Ion Beam facilities. The goal of this analysis is to pin down specific
observables which are sensitive to the symmetry energy to learn about its poorly
known density behaviour.

The reaction path followed by HIC with neutron-rich (or exotic) nuclear beams at
low energies is investigated within a transport theory based on a Stochastic Mean-
Field (SMF) approach, extension of the microscopic Boltzmann-Nordheim-Vlasov
transport equation [1,2], where two parameterizations for the density dependence of
symmetry energy (Asysoft and Asy-stiff) are implemented [1].

We performed the *2Sn + ***Ni reactions at 10 AMeV for semi-peripheral impact
parameters (from b =4.5 fm to b = 8.0 fm, with Ab= 0.5 fm) to study isospin and
symmetry energy effects on the competition between fusion and break-up (deep-
inelastic).

We show that the reaction dynamics undergoes a fusion/break-up path bifurcation
at very early times due to Coulomb and angular momentum effects. In such critical
transition stage the final outcome is essentially ruled by dynamical fluctuations and it
will be rather sensitive to differences in the neutron-repulsive symmetry term.



FUSION DYNAMICS FOR >SN INDUCED REACTIONS

The method described here can indicate when the reaction mechanism is changing
[3]. To extract the fusion cross section at relatively early times, fusion probabilities for
reactions induced by '*?Sn beam at 10AMeV are evaluated by the evolution of the
phase-space quadrupole collective modes:
O(t) =< 22°(t) — xX*(1) — y*(1) > the quadrupole moment in coordinate space averaged
over the space distribution in the composite system and QK(¢) =< 2p”. (1) — p°«(t) —
pzy(t) >, the quadrupole moment in momentum space evaluated in a spatial region
around the center of mass (z-axis coincides with the symmetry axis, the x-axis is on
the reaction plane). The information on the final reaction path is deduced investigating
the quadrupole fluctuations of the system at early times (200-300 fm/c), when the
formation of composite elongated configurations is observed [3].

The Q(t) behaviour is different for more peripheral impact parameters (increasing
trend, i.e. break-up) and that obtained for b=5-6 fm, where we have still a little
oscillation in the time interval between 100 and 300 fm/c, indication of a fusion
contribution. These observations can be interpreted assuming that starting from about
b = 5 fm, we have a transition from fusion to a break-up mechanism, like deep-
inelastic. The Q(t)-slope values should be associated with a quadrupole deformation
velocity of the dinuclear system that is going to a break-up (Q(t)-slope > 0) or to a
fusion (Q(t)-slope < 0) exit channel.

When order increasing impact parameter the quadrupole deformation in momentum
space QK(t), in a sphere of radius 3 fm around the center of mass, becomes more
negative in the time interval between 100 and 300 fm/c. Since the angular momentum
is large, the components perpendicular to the symmetry axis, that is rotating in
reaction plane, are increasing leading to a separation of the deformed dinuclear
system. The break-up probability increases when the quadrupole moment in p-space is
more negative [3].

The Figure 1 show the Q slope-QK correlation plots for the systems >>Sn + **Ni
and the two asy-EOS. We can evaluate the normal curves of the displayed quantities
and the relative areas for each impact parameter in order to select the events: break-up
events will be located in the regions with both positive slope of Q and negative QK. In
this way, we can evaluate the fusion events for each impact parameter by the
difference between the total number of events and the number of break-up cases [3]. In
Figure 2 we present the fusion distribution plots. For the '**Sn + ®Ni system (left
panel), we note a difference between the c-fusion corresponding to the two different
asy-EOS in the centrality transition region, with larger values for Asysoft, a 4-5%
effect in the neutron rich system: 1128 mb (Asysoft) vs. 1078 mb (Asystiff), and even
smaller, 1020 mb vs. 1009 mb, for the **Ni target (Figure 2, right panel). However,
through a selection in angular momentum, 130 <1< 180 (h ), we find that the Asysoft
cross section curve is significantly above the Asystiff one, 10-15% in the case of the
more neutron-rich system. We like to note that for the neutron-rich case, 132Sn—|-64Ni,
our absolute value of the total fusion cross section presents a good agreement with
recent data, at lower energy (around 5 AMeV), taken at the ORNL [4].
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FIGURE 2 Angular momentum distributions of the fusion cross sections (mb) for the two reactions and
the two choices of the symmetry term. For the **Sn + Ni system (left panel), the results of PACE4
[5,6] calculations are also reported, for different 1-diffuseness.

The larger fusion probability obtained with the Asysoft choice seems to indicate
that the reaction mechanism is regulated by the symmetry term at suprasaturation
density, where the Asysoft choice is less repulsive for the neutrons [1, 7].

A first transport approach analysis of symmetry energy effects on break-up events
in peripheral collisions of **Sn +** Ni at 10 AMeV has been reported in ref.[8]. The
neck dynamics on the way to separation is found influenced by the symmetry energy
below saturation. This can be observed in the deformation pattern of the Projectile-
Like (PLF) and Target-Like Fragments (TLF): larger deformations are seen in the
Asystiff case for peripheral impact parameters, corresponding to a smaller symmetry
repulsion at the low densities probed in the separation region[9, 10].



ANALYSIS OF TERNARY EVENTS ON “’AU + AU REACTION

A study of the "’Au + ""’Au reaction at an energy of 154 MeV was carried out
[9,10] by the CHIMERA Collaboration at Laboratori Nazionali del Sud. For this
system at relatively small impact parameters, corresponding to strongly damped
collisions [11], a rather fast break-up into three or four massive fragments of
comparable mass has been experimentally revealed. An interesting aspect is an
alignment of the observed fragments along the axis of the system reseparation into
PLF and TLF. In the ternary partitioning case,
¥7Au + 7Au — TLF + PLF — TLF + F1 + F2, the PLF break-up is collinear with
PLF-TLF separation axis; this excludes a purely statistical fission in ternary events.
Moreover the mass spectra of F1 and F2 fragments differ significantly [10].

In Figure 3, left panel, we present a theoretical simulation of the '*’Au + '’Au
system at 15 AMeV for b=4fm and b=6fm impact parameters. It is investigated in a
transport theory based on a SMF model, where Asy-stiff parameterizations for the
density dependence of symmetry energy is implemented. Through a qualitative study
of the time evolution of the space density distributions projected on the reaction plane,
Figure 3, the reaction mechanism seems to be heavily dominated by the quadrupole
and octupole modes. The neutron-rich neck connecting the two partners survives a
longer time producing very deformed primary PLF/TLF especially for more central
impact parameters , that lead to three or four massive fragments of comparable size.

7 7 197 197 .
au+""Au 15AMeV Au+""Au23AMeV
E b= 5fm b= 6fm

f e im 0 omic A= 8pve 1 F 20t Al= 4080mie | 1%
Ed | mr o 1F ]
E 0 ] | o

i o v I 09 o & &
I il W %0 il | 1o
0k it 20 20 i | 0
0k 1k 13 ¥ - 1t x
E T 1E 1w x 1t 1 30
wp 1k E - 1E 1w
I : 1 T o ] | 10

[ 1L 10 = 0 1 I 1o
E 1t 10 % .0F 1F 1
s it 0 2k 1F E
of It 0 w0 i x
Y= 1E w0 - 1F ik
3 1k { 20 x 1 | E
= mwf 1 ! 1o = - 1F 10

B | HaN | A T O b § &
Sl 1E ' 1a % 10 i} {12
0} i 120 o 1t 1
ol it 130 o I ] | ! |
el 11 K 0 F 1F 1%
o[ 1t 4m wE 1F £
2 o {f . || Y

= of ' 1F ‘ Jo 0 . “ 1t . o
= 11 ' |-10 = 0k 1k -1
o 1t | mE 1t o
-'iil— ! 1L ! | -3 -30 — + 1- Ed
| 1 | k) 0 {30
W 1t 130 n | 20
Eer » a o §ooC 10

2 of 1| 0 S [ ® o
-0} ' A 4 ] B I
o 1F ] 0 E
0 ! 1 F "' o 11 |3
o 1= 1250fmc N 1= 500 Xt TAD v 1 1= 460fmic >
K"_ 10 . . | 0 - 1E _I»
- wf ' 1t w = o 1t 110

I IS A JEESY Z10F SR Bt
Wk [ 4 { b [ 4 a 00 i F 10
ok 1F 1 Wk 1B EE
WE oo naad Brooaoenn oo 3% £ TITTETTINITITH TETETEICITITE: | AT SETESE T SUTE TTPTIE U TN b

-3020100 W0 D000 1000 SI0NRI00 102030 00100 103030 SHYAIIO D NVENEY SRR 1000 UMM D MO A0 DAY
2 (f irt} 2 {ffm, i) 2 (i) zifin) 2 (i) 2 fn)

FIGURE 3 Time evolution of the space density distributions for the 197Au +197Au semicentral
collisions. Left Panel: reaction at 15 AMeV beam energy, b=4 and b=6fm impact parameter. Right
Panel: 23 AMeV beam energy, b=5 and b=6fm.

Assuming that the ternary events have a larger probability than quaternary, we try in a
simple way to evaluate the breaking fragment masses from the PLF or TLF residues



with large deformation: first we evaluate the center of the larger agglomerate inside
the deformate PLF or TLF then we obtain the nucleon number N1, integrating from
the left extreme to the center (with fragment orientation as shown in left panel of the
figure 4).
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FIGURE 4 Left panel: scheme to evaluate the breaking fragment masses from the PLF or TLF (see
text). Right panel: the mass spectrum of mass numbers of fragments F1 and F2, for b=4fm and b=5fm
impact parameter, reconstructed by the method describe up

Assuming that the ternary events have a larger probability than quaternary, we try
in a simple way to evaluate the breaking fragment masses from the PLF or TLF
residues with large deformation: first we evaluate the center of the larger agglomerate
inside the deformate PLF or TLF then we obtain the nucleon number N1, integrating
from the left extreme to the center (with fragment orientation as shown in left panel of
the figure 4). We can evaluate the F1 and F2 mass for each event by F2= 2N1, and
F1= Ny — F2. The Figure 4 (right panel) shows the reconstructed mass spectrum of F1
and F2 fragments obtained by this method, for two relatively small impact parameters
where we observe almost all break up events. The mass distribution presents a good
agreement with recent data at 15AMeV (shown in ref.[10], fig.4), taken at the LNS. In
particular we can reproduce the distance between the F1 and F2 centroids and the ratio
between the centroid and the variance of the distribution. This seems to be a nice
evidence that the ternary partitioning in comparable masses comes from semi
peripheral impact parameters. We underestimate the fragments mass, by about 20
units, with respect to the experimental data [10]. It is probably due the overestimation
in the code, of the number of evaporated particles because the break up time is very
large at low energy especially for b=4fm and b=5fm.

In this work we report first results of the partitioning study of the same '*’Au +
TAu system at the higher bombarding energy of 23AMeV. In addition to the
partitions observed at low energies, a intense emission of Intermediate mass fragments
is observed in experimental data at 23AMeV, [12]. In Figure 3 (right panel) a
increasing instability in the neck region is observed. The plots shows that a process of
neck fragmentation during reseparation of the colliding system plays an important
role. It could explain that the F1 and F2 fragments data are also concentrated around a
kind of ‘Coulomb ring’.
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The investigation of the nuclear equation of state
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Abstract. Dynamical and statistical properties of excited nuclei are strongly influenced by a fun-
damental property of nuclear matter: the nuclear equation of state (EOS). Despite its importance,
strong uncertainties and a significant model-dependence still affect the available parametrizations
of the EOS. In particular, experimental constraints are highly needed on the term of the EOS de-
pendent of the difference between the number of neutrons and protons of the system. Beams on a
wide range of energy and neutron-proton asymmetry are crucial to enhance the sensitivity of exper-
imental measurements of this key term. In this respect the EURISOL facility, complementary to the
future european FAIR and SPIRAL2, is highly needed from the reaction community.

Keywords: Symmetry energy, nuclear equation of state, rare ion beams
PACS: 25.70.Lm, 25.70.Mn, 26.60.Kp

The nuclear equation of state (EOS) describes the basic properties of nuclei and
nuclear matter in the whole phase diagram and influences both their dynamical and
statistical properties. At zero temperature the EOS is often expressed as a term related
to symmetric nuclear matter and a term which accounts for the possible asymmetry
and depends quadratically on the difference between the number (or density, in nuclear
matter) of neutrons and protons:

(N-2)?

E(p,(N=2)) =E(p,(N=Z=0))+Egm(p)—

(1)
The investigations of this term, often referred to as symmetry energy, and of its depen-

dence on the density, are a challenging task, because of the small multiplicative term

2
(%) which reduces the effects on Ejy,, on the experimental observables when deal-

ing with stable beams ((N;—Z)Z = 0.46 for "8Kr, for instance). Several experimental and
theoretical studies [1, 2, 3, 4, 5, 6, 7] are devoted to the investigations of the density
dependence of Ejy,,, but this term is still poorly constrained. However this dependence
impacts many fields: nuclear reactions, where it influences the occurring reaction mech-
anism and the isotopic composition of the reaction products; nuclear structure of exotic
nuclei [8, 9] (20% of **Kr mass comes from the symmetry term, to be compared to 2%
for 78K, for instance), as well as astrophysical objects [10, 11], such as neutron stars,
due to the strong asymmetry between neutron and proton densities of the environment.
Different densities are explored in the different systems: from low (p ~ % — %po) to
high densities (2 — 3py) in nuclear reactions, from 2/3py to pg in ground state of nuclei
and from very low ( p ~ (l)) to rather high densities (up to 10pg) in astrophysical en-
vironments. Experimental constraints on Ey,, are therefore necessary in all the density
regions and a theoretical effort should be done to provide a coherent description of all
the observables, both from heavy ion collisions and nuclear masses and astrophysical



observations.

In the past ten years an international effort has been carried out to place stringent
constraints on the density dependence of Ejy,, in laboratories all over the world.

Investigations on the high density region (2 — 3pp) were recently carried out at GSI, by
the ASY-EOS Collaboration [12, 13]. This region is the one which presents the biggest
uncertainties, and the highest impact on the astrophysical processes. Stable beams at
relativistic energies (400 MeV/nucleon) were impinged on stable target to measure the
neutron-proton elliptic flow. Important constraints are expected from the results of
this experiment, which is part of an experimental program for the investigation of the
symmetry energy at high densities to be carried out at FAIR with radioactive beams.

Among the others, experimental works carried out at MSU and Texas A&M, with
stable beams with energies between 25 and 100 MeV/nucleon, allowed to place some
constraints in the low density region of the phase diagram (~ % — %po) and around
saturation density [14, 15, 16, 4]. The most common observables used in these works are
fragment yields [3, 4, 5, 6], used to build different quantities (isoscaling [17], isobaric
yield ratios [18, 19], imbalance ratio) and neutron-to-proton ratio [20]. Fragment yields
were typically measured with (47, in the best case) charged particle detectors, whose
mass resolution goes up to Z < 12, coupled to neutron detectors (for instance the Neutron
Ball [21] at Texas A&M) providing multiplicities information. These measurements
suffer from the limited mass resolution of the experimental setup, as well as from
the known influence of the secondary deexcitation on the observables, which distorts
the signatures of the symmetry energy. To overcome mass resolution issues, some
measurements were carried out by using spectrometers [5], however the information
on the associated emitted particles was not available.

The availability of a high mass resolution for the forward emitted fragments and the
full information on the associated emitted particles represents an important advance in
this kind of measurements, since it promises to provide the necessary information to
experimentally account for the secondary de-excitation. Recently, the INDRA-VAMOS
Collaboration performed an experimental campaign coupling a 47 charged particle array
(INDRA [22], with a mass resolution up to Z = 4) to a magnetic spectrometer. The
stable beams at 35MeV/nucleon delivered by the GANIL cyclotron and impinged on
stable targets allow to place stringent constraints in the region around normal density,
experimentally accounting, for the first time, for the effects of the secondary decay.
Indeed, primary fragments and their excitation energies are experimentally reconstructed
exploiting the combined information from the spectrometer and the INDRA detector
[23, 24]. Only very recently a similar setup was used in an experiment carried out at
RIKEN with both stable and rare ion beams - RIB (although with rather low intensities)
from the MSU group.

The use of RIBs is crucial in the investigation of the symmetry energy, because the
strong neutron-proton asymmetry characterizing these beams amplifies the effects of

the symmetry energy term of the EOS. Indeed, for instance, the multiplicative term in

72 . . .
eq. 1, ((N AZ) ), increases of one order of magnitude moving from the stable "®Kr to

the radioactive 2?Kr, which is expected to be available in the Phase2 of the SPIRAL2
project. It is therefore important to have facilities able to provide high intensity beams
on a wide range of asymmetries. An other key feature for these investigations is the




availability of a wide range of beam energies. Indeed different density regions can be
explored by varying the beam energy. Focusing of the future european RIB facilities,
SPIRAL?2, with its energies up to 14 and 10MeV/nucleon for stable light (Z < 20) and
rare heavy (Z > 20) beams, respectively, will allow the investigation of densities around
saturation density. The relativistic energies, above 200 MeV/nucleon expected at FAIR,
will give us access to the high density (2 — 5pg) region of the EOS. In this context
the energies between 20 and 150 Mev/nucleon of the EURISOL facility, allowing the
exploration of the low density region, are complementary to those available in the short
future and highly needed.

Crucial for the development of programs devoted to the investigation of the role of
the asymmetry between the number of neutron and proton both in the dynamical and
statistical features of nuclei is the capability of detecting and identifying both in charge
and mass, with the lowest possible threshold, all the emitted reaction products on the
whole solid angle. The FAZIA project [25] aims at providing those information, taking
advantage of pulse shape analysis techniques to achieve low identification thresholds
while preserving a good energy resolution with the use of silicon detectors.

An other important issue to fully exploit the potentiality of high intensity RIBs for
extracting meaningful information on the symmetry energy is a better understanding
and control of the effects of the secondary decay on the observables commonly used to
extract the symmetry energy [26]. Techniques to account for those effects in a model
independent way need to be identified and explored. The preliminary results from the
INDRA-VAMOS experiment seem very promising in this respect [23, 24]. The charac-
teristics of fragments before their deexcitation (primary fragments) were reconstructed
and compared to those of fragments after the deexcitation. The symmetry energy for
both primary and secondary fragments was extracted and compared [27]. Also, there are
indications that very exotic nuclei, beyond the drip lines, were produced in the analysed
reactions in the region around and below the Z of the beam. This opens up the possibility
of studying their decay, via charged particle spectroscopy, to point out possible new de-
cay modes due to Coulomb instabilities (close to the proton drip line) and to the strong
neutron-proton asymmetry (close to the neutron drip line).

One could envisage, at the EURISOL facility, experiments with Sn beam/target

combinations in the 20 — 100MeV/nucleon range. For instance reactions such as
106Sn+112Sn and 132Sn+124Sn would allow to span a (N:\—Z)z from 0.3 to 7.8
(N/Z = 112 — 164) and produce nuclei beyond the drip lines in the region between
Z ~ 28 and Z ~ 50, which is of high interest also for the nuclear structure and as-
trophysics communities. These reactions would allow a detailed investigation of the
influence of the N-Z asymmetry on the phase diagram and on the properties of nuclei.
As experimental setup, we could think of FAZIA, coupled to a spectrometer, to have
a complete charge and mass identification. A angular resolution better than 0.5° for
charged particles would allow detailed decay studies, allowing the use of correlation
techniques. Finally, crucial will be the capability of having an experimental information

on (at least) the multiplicity of emitted neutrons on an event-by-event basis.



Conclusion

Despite the strong influence of the density dependence of the symmetry energy
and several theoretical and experimental efforts, strong uncertainties and a significant
model-dependence still affect the available parametrizations. Experimental constraints
are highly needed in all the density regions. Beams on a wide range of energy and
neutron-proton asymmetry, as the ones expected from EURISOL, SPIRAL2 and FAIR,
are crucial to enhance the sensitivity of experimental measurements of this key term. In
this respect the EURISOL facility is complementary to the future european FAIR and
SPIRAL?2. The use of detectors capable of identifying in Z and A the reaction prod-
ucts with very low identification thresholds, together with a better understanding of the
secondary deexcitation process will be mandatory for future investigations.
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Multi-reference nuclear energy density
functional calculations
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Abstract. We briefly review the status of state-of-the-art energy tgfisnctional calculations.
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GENERALITIES

Low-energy nuclear physics is currently going through apracedented revival due to
several combining factors. First, the explicit link betwesgantum chromo dynamics,
the fundamental theory of the strong force, and A-nucledw)(idteractions is being re-
alized thanks to effective field theory (EFT) based on clpeaturbation theory. Second,
successive generations of radioactive ion beam (RIB)if@slon the way to EURISOL
are accessing an increasingly larger fraction of (brieflg¥teng atomic nuclei, among
which exotic nuclei with a large neutron excess display ualiproperties compared to
those located near the valley Bfstability. Third, rapidly increasing computational ca-
pabilities are authorizing the development and applicadicambitious theoretical quan-
tum many-body methods. Fourth, several astrophysical@nad) e.g. the understanding
of the explosive nucleosynthesis of heavy elements in theetse or the physics of neu-
tron stars, and tests of the Standard Model, e.g. the unitarthe Cabibbo-Kobayashi-
Maskawa (CKM) matrix, require reliable and systematic eacinputs and thus act as a
driving force to advance our experimental and theoretinaledge of nuclear systems.
In such a context, the challenge of contemporary low-enetgyear theory is to de-
scribe, in a controlled and unified manner, the entire rafigedei along with the equa-
tion of state of extended nuclear matter, from a fractiorete fimes nuclear saturation
density and over a wide range of temperatures. To do so, anuttleorists are devel-
oping a portfolio of methods that, roughly speaking, sefeairato three categories; i.e.
(i) (essentially) exact ab-initio methods [Faddeev or Madwski [1], Green’s function
monte-carlo (GFMC) [2], no-core shell model (NCSM) [3] tieg¢ effective field theory
(LEFT) [4]] that solve the quantum many-body problem in teroh elementary 2N and
3N interactions and can address nuclei Witk 16, (ii) ab-initio many-body methods
based on controlled expansions [Coupled-cluster (CC) |5sdf-consistent Green’s
function (SCGF) [7, 8], in-medium similarity renormalizat group (IMSRG) [9, 10]]



and addressing doubly closed-shell nuckeil and+2 nucleons) withA < 60 and
(iii) effective methods [configuration interaction (CI)gJL energy density functional
(EDF) [16, 17]] expressed in terms of phenomenological edram interactions and
tackling medium/heavy nuclei.

As of today, the EDF method in its most advaneedlti-referencamplementation
(see below) is capable to provide within one consistent éaarle, (i) the detailed and
complete picture of a specific nucleus of interest [18, 19)],s{/stematic trends over
a large set of nuclei [20, 21, 22] and (iii) extrapolationstlie region of the nuclear
chart where experimental data are and will remain unavailf28]. A fundamental
aspect of the method is that it relies heavily on the concéppontaneous breaking
and restoration of symmetries. As such, the nuclear EDF odethintrinsically a two-
step approach

1. The first step is constituted by the so-called singleresfed (SR) implementation
where symmetries dictated by the underlying Hamiltonianaarthorized to break
spontaneously in order to account for static collectiveelations.

2. The second step is carried out through the multi-refefefMR) extension where
collective fluctuations, including the restoration of syetnes, are incorporated to
grasp dynamical correlations.

Within such a frame, ground-state properties as well aviddal, vibrational and ro-
tational excitations are accessed, along with electromtagand electroweak transi-
tion probabilities between them. The key ingredient to thethud is theransitionen-
ergy kernelE[p99, k99, k99*], which is taken to be a functional of transition (i.e. off-
diagonal) density matrices

do _ <¢(g/)la}rai\d><g)> g9 _ (@) |aja|0@) 4, <q>(9/>\afaﬂq><9)>

P = ooy N S ey T = e@eey -

computed from two Bogoliubov staté®(9)| and |9(9) that differ by the value of a
collective labelg = |g|€“. The norm|g| tracks the extent to which the symmetry (e.g.
translational, rotational, particle number) is broken\b)}g)>, i.e. its "deformation”,
whereas the phase characterizes the orientation of the deformed body witpees
to the chosen reference frame. While the SR implementatibniovoke thediagonal
part of the EDF kernel obtained fgf = g, the MR implementation makes full use of it.
An efficient parametrization d[p99, k99, k99+] is the key to an effective summation
of the bulk of many-body correlations. Modern parametr#, i.e. Skyrme, Gogny,
or relativistic energy functionals, provide a good dedaip of ground-state proper-
ties and, to a lesser extent, of spectroscopic features @ikmuclei. Still, as of to-
day, EDF parametrizations are phenomenological as thgypme¢mpirically-postulated

1 SCGF[11, 12], IMRSG [13] and CC [14] are currently being exted to open-shell nuclei.

2 The idealized infinite nuclear matter system relevant taleeription of compact astrophysical objects
such as neutron stars is accessible to EDF calculationslas we

3 The SR implementation is traditionally referred to as theam-field" level.
4 The MR implementation is traditionally referred to as theybnd mean-field" level.



functional forms whose free coupling constants are adjusiea selected set of exper-
imental data. This raises questions regarding (i) the ocdiorebetween currently used
EDF parametrizations and elementary AN forces, which itheeiexplicit nor qualita-
tively transparent, and regarding (ii) the predictive powkextrapolated EDF results
into the experimentally unknown territory. Their lack ofaroscopic foundation often
leads to parametrization-dependent predictions away kmoown data, i.e. to significant
systematic errors, and makes difficult to design systenrapcovements.

RECENT DEVELOPMENTSOF THE METHOD

State-of-the-art MR-EDF calculations are currently leaito even-even nuclei. In their
most advanced form, they rely on the restoration of neutnambrer, proton number
and angular momentum from triaxially deformed Bogoliubt¢&tass and on the fur-
ther mixing of quadrupole shapes. Such calculations argaél@ for non-relativistic
Skyrme [24] and Gogny [25] functionals as well as for relstic Lagrangians [26)].
Still, those cutting-edge calculations are limited to tighclei such that approximations
are needed at this point (e.g. limiting oneself to axialljod@ed shapes) to tackle heavy
systems. Another powerful implementation consists obrasg both good angular mo-
mentum and isospin from triaxially deformed Slater deteants [27]. The goal is to
evaluate isospin mixing and isospin-breaking correctitmnsuper-alloweg3-decay in
view of testing the unitarity of the CKM matrix [28]. The veaidity of the MR method
permits to address other delicate questions such as thé fguerutrino-less double
B-decay to pin down the Dirac or Majorana character of nea&{29].

The current forefront corresponds to extending MR-EDF sein several (comple-
mentary) directions. First and foremost, it is crucial tofpen MR-EDF calculations of
odd-even and odd-odd nuclei. This poses a great technialiéolye [30] but will extend
the reach of the method tremendously and will greatly enéme synergy with upcom-
ing experimental studies. Along the same line, MR-EDF sarsemust be extended such
as to includaliabaticeffects [31], i.e. configurations generated througlg@asi-particle
excitations. This is expected to improve significantly tkesatiption of, e.g., the first’2
excited state in near-spherical nuclei and to allow a clesstidption of K isomers. Of
importance will also be to combine quadrupole and octupetgekes of freedom [32] as
well as the pairing one [33, 34]. The latter impacts momenheiftia significantly and
allows the description of pairing fluctuations/vibratioresar closed shell, as well as the
computation of pair transfer overlap functions.

Several approximations to or variants of the full-fledged-EBF approach are also
being pursued with great success. First is the quasi-parandom phase approxima-
tion that provides vibrational excitations (i.e. low-lgiistates and giant resonances) of
various multipolarities and associated ground-stateetations. The method was sys-
tematically developed for deformed nuclei in recent ye8g B6, 37, 38, 39] on the
basis of complete EDF parametrizations and efficient digms [40, 41, 42]. This will
permit to address many upcoming challenges including tlestopf potentially new ex-
otic vibrational modes [43]. Second are five-dimensiondlective (e.g. Bohr) Hamil-
tonians developed on the basis of non-relativistic Skyrd#e 5] and Gogny [46, 47]
functionals as well as of relativistic Lagrangians [48]. W/ currently being pursued



to improve on the Inglis-Belyaev moments of inertia and kinag mass parameters by
means of Thouless Valentin [49, 50]. Within such a schenveyang collective spectra
of heavy nuclei can be computed while including the full qugale dynamics. Last
but not least, it is worth mentioning the recent revival o thteracting boson model
within a microscopic setting, i.e. based on the mappingiaxial SR energy landscapes
generated from a Gogny functional [51] or a relativistic taaggian [52]. Such a method
allows the efficient description of low-lying collectiveesgra of complex heavy nuclei.
As for full-fledge MR-EDF calculations, modern accountsloé three above methods
are only available for even-even nuclei such that exterssiorodd-even and odd-odd
nuclei must be envisioned in the future.

STATUSAND PERSPECTIVES

Very significant advances have been made in the last 15 yetrs the frame of the
nuclear energy density functional method. In doing so, tieei$ of the field has shifted
in several respects, with the consequences that

1. routine applications have moved from SR to MR calculatjon

2. one can address, e.g. neutron-rich, nuclei that do nbfittean-field paradigm,
3. applications are now equally dedicated to ground andexkstates,
4

. one can providat the MR leveboth
(a) the detailed quantitative picture of a given nucleustdriest,

(b) trends through large-scale systematic calculations,

5. advances in the field are bound to making consistent pgegegarding
(a) the foundations of the approach and its formal conststfs8, 54, 55, 56, 57],

(b) the rooting of EDFs into ab-initio methods and basicriatéons [58, 59, 60],
(c) the building of EDF parametrizations from enlarged daig[61],
(d) the further development of powerful numerical tools,
while points (a), (b) and (c) were essentially discardedd#&ry ago,
6. applications more strongly impact astrophysics andghemhysics.

The field can be expected to move forwards in these direciimothe next 10 years. Most
probably, this will be the era of a strong overlapping withezging ab-initio methods
for mid-mass nuclei and of the materialization of powerfuinerical tools dedicated to
the description of odd-even and odd-odd nuclei. This is edé¢d make the MR method
fully mature when EURISOL comes online. This is particyladlevant given that exotic
nuclei with a large neutron excess are likely to require nsgstematically the inclusion
of MR correlations from the outset, i.e. to be less-good 'mkad" nuclei than many of
those located near the valley Bfstability. In addition to these already on-going trends,
one can expect unexpected concerns to emerge that will theddevelopment of EDF
methods in new directions.
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Structure of heavy and superheavy nuclei with
Energy Density Functionals
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Abstract. A fully microscopic theoretical framework based on nuclear relativistic energy density
functionals (REDFs) is applied to studies of nuclear properties of heavy and superheavy nuclei. On
the self-consistent mean-field level the microscopic approach is used in the calculation of a-decay
energies and ground-state shapes of heavy and superheavy nuclei.

An especially interesting feature in the region of heavy and superheavy elements is the possi-
ble occurrence of shape-phase transitions and critical-point phenomena. A collective Hamiltonian
model, based on microscopic REDFs is employed in studies of shape coexistence phenomena, com-
plex excitation patterns and electromagnetic transition rates.

Keywords: Nuclear Density Functional Theory, Superheavy Nuclei, a-decay
PACS: 21.60.Jz,21.10.Dr, 21.10.Re, 24.75.41, 27.90.+b

The framework of relativistic energy density functionals (REDF) is applied to an
illustrative study of shell effects, shape transitions and shape coexistence in superheavy
nuclei (SHN) with Z = 110 — 120.

There are several advantages in using functionals with manifest covariance and, in
the context of this study, the most important is the natural inclusion of the nucleon spin
degree of freedom, and the resulting nuclear spin-orbit potential which emerges automat-
ically with the empirical strength. Our aim is to test the recently introduced functional
DD-PCI [1] in self-consistent relativistic Hartree-Bogoliubov (RHB) calculations of en-
ergy surfaces (axial, triaxial, octupole), shape transitions and ¢-decay energies of heavy
and superheavy nuclei, in comparison to available data and previous theoretical studies.

The model is first tested in calculations of ground state energies, quadrupole deforma-
tions, fission barriers, fission isomers, and ¢¢-decay energies of even-even actinide nu-
clei. We then apply the RHB framework based on the functional DD-PC1 and a separable
pairing interaction in a description of triaxially deformed shapes and shape transitions
of even-even heavy and superheavy nuclei. The microscopic, REDF-based, quadrupole
collective Hamiltonian model is used to study observables related to the effect of explicit
treatment of collective correlations in the Qy-energies in superheavy nuclei.

The “double-humped" fission barriers of actinide nuclei provide an important test for
nuclear energy density functionals. The fission barriers calculated in the present work are
shown in Fig. 1, where we plot the potential energy curves of 236-233U, 240py, and ?*>Cm,
as functions of the axial quadrupole deformation parameter 5. To be able to analyze
the outer barrier heights considering also reflection-asymmetric (octupole) shapes, the
results displayed in this figure have been obtained in a self-consistent RMF plus BCS
calculation that includes either triaxial shapes, or axially symmetric but reflection-
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FIGURE 1. Constrained energy curves of 23%23U, 240py, and ?*’Cm, as functions of the axial
quadrupole deformation parameter. Results of self-consistent axially and reflection-symmetric, triaxial,
and axially reflection-asymmetric RMF+BCS calculations are denoted by solid (black), dot-dashed (blue),
and dashed (green) curves, respectively. The red squares, lines, and circles denote the experimental values
for the inner barrier height, the excitation energy of the fission isomer, and the height of the outer barrier,
respectively. The data are from Ref. [2].

asymmetric shapes. The solid (black) curves correspond to binding energies calculated
with the constraint on the axial quadrupole moment, assuming axial and reflection
symmetry.

The dot-dashed (blue) curves denote paths of minimal energy in calculations that
break axial symmetry with constraints on quadrupole axial Q¢ and triaxial Q> mo-
ments. Finally, the dashed (green) curves are paths of minimal energy obtained in axially
symmetric calculations that break reflection symmetry (constraints on the quadrupole
moment (J»o and the octupole moment Q3p). The red squares, lines, and circles denote
the experimental values for the inner barrier height, the excitation energy of the fission
isomer, and the height of the outer barrier, respectively. The data are from Ref. [2]. The
excitation energies of fission isomers are fairly well reproduced by the axially sym- met-
ric and reflection symmetric calculation, but the paths constrained by these symmetries
overestimate the height of the inner and outer barriers. The inclusion of triaxial shapes
lowers the inner barrier by ~ 2 MeV, that is, the axially symmetric barriers in the region
Boo ~ 0.5 are bypassed through the triaxial region, bringing the height of the barriers
much closer to the empirical values. As shown in the figure, the inclusion of octupole
shapes (axial, reflection-asymmetric calculations) is essential to reproduce the height
of the outer barrier in actinide nuclei. A very good agreement with data is obtained by
following paths through shapes with non-vanishing octupole moments.

In very heavy deformed nuclei the density of single-nucleon states close to the Fermi
level is rather large, and even small variations in the shell structure predicted by dif-
ferent effective interactions can lead to markedly distinct equilibrium deformations. To
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FIGURE 2. Self-consistent RHB triaxial energy maps of the even-even isotopes in the -decay chain
of 309120 in the B — y plane (0 < y < 60°). Energies are normalized with respect to the binding energy of
the absolute minimum.
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FIGURE 3. (Color online) Q values for the a-decay chains of 3°°120. The theoretical values are
calculated as the difference between the mean-field minima of the parent and daughter nuclei (blue
diamonds), and as the difference between the energies of the 0™ ground states of the quadrupole collective
Hamiltonian (red circles). The data (squares) are from Ref. [4].

illustrate the rapid change of equilibrium shapes for the heaviest nuclear systems, Fig. 2,
displays the results of self-consistent triaxial RHB calculations of the energy surfaces in
the B — v plane (0 < y < 60°) for isotopes in the a-decay chain of 3°°120 [3]. The heav-
iest systems display soft oblate axial shapes with minima that extend from the spherical
configuration to fyg ~ 0.4 (Z = 120) and B9 ~ 0.3 (Z = 118). The intermediate nuclei
with Z = 116 are essentially spherical but soft both in 8 and 7y, whereas prolate deformed
mean-field minima develop in the lighter systems with Z =114, Z =112 and Z = 110.
The two main decay modes in this region are q-emission and spontaneous fission.
The theoretical values denoted by (blue) diamonds in Fig. 3 correspond to transitions
between the self-consistent mean-field minima on the triaxial RHB energy surfaces.
Such a calculation does not explicitly take into account collective correlations related to



symmetry restoration and to fluctuations in the collective coordinates 3 and y. Physical
transitions occur, of course, not between mean-field minima but between states with
definite angular momentum. For this reason we have also used a recent implementation
of the collective Hamiltonian based on relativistic energy density functionals [5], to
calculate o-transition energies between ground states of even-even nuclei (0T — 0T
transitions). The (red) circles in Figs. 3 denote the Q values, computed for transitions
05 — Og . between eigenstates of the collective Hamiltonian. The differences with
respect to mean-field values are not large, especially for the heaviest, weakly oblate
deformed or spherical systems. For the lighter prolate and more deformed nuclei, the
differences can be as large as the deviations from experimental values. The trend of
the data is obviously reproduced by the calculations, and the largest difference between
theoretical and experimental values is less than 1 MeV.

This analysis demonstrates the potential of the new class of semi-empirical REDFs for
studies of shape coexistence and triaxiality in the heaviest nuclear system, including the
explicit treatment of collective correlations using a microscopic collective Hamiltonian.
This opens the possibility for a more detailed analysis of this region of SHN, including
all presently known nuclides with Z = 110 — 118, as well as spectroscopic studies of
nuclei with Z > 100.
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Abstract. We present a short overview of our recent theoretical developments aiming at the de-
scription of exotic nuclear phenomena to be reached and studied at the next-generation radioactive
beam facilities. Applications to nuclear shell structure and response of nuclei at the limits of their
existence, with a special focus on the physics cases of astrophysical importance, are discussed.
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Last decades, low-energy nuclear physics has expanded considerably its domain due
to the opportunities opened by rare isotope beam facilities of the new generation. In
particular, the techniques of the isotope separation online and in-flight production have
been implemented at the major low-energy nuclear physics facilities with great success:
numerous experiments on synthesis of exotic nuclei and on studies of their dynamical
properties have been performed. This has produced a strong catalyzing effect on theoret-
ical developments toward finding a high-precision and highly universal solution of the
nuclear many-body problem. In this contribution, we give a brief overview of our recent
developments and applications to nuclear systems toward the limits of mass, isospin and
temperature.

QUASIPARTICLE-VIBRATION COUPLING IN RELATIVISTIC
FRAMEWORK: SHELL STRUCTURE OF SUPERHEAVY Z=120
ISOTOPES

We show how the shell structure of open-shell nuclei can be described in a fully self-
consistent extension of the covariant energy density functional theory. The approach
implies quasiparticle-vibration coupling (QVC) in the relativistic framework being an
extension of the Ref. [1] for superfluid systems [2]. Medium-mass and heavy nuclei



represent Fermi-systems where single-particle and vibrational degrees of freedom are
strongly coupled. Collective vibrations lead to shape oscillations of the mean nuclear
potential and, therefore, modify the single-particle motion. As a result, single mean-
field states split into levels occupied with fractional probabilities which correspond
to spectroscopic factors of these fragments. The Dyson equation is formulated in the
doubled quasiparticle space of Dirac spinors and solved numerically for nucleonic
propagators in tin isotopes which represent the reference case: the obtained energies
of the single-quasiparticle levels and their spectroscopic amplitudes are in excellent
agreement with data, see Fig. 1(a). Because of high universality of the approach it can be
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FIGURE 1. (a) Single-quasiparticle spectrum of '2°Sn: Relativistic mean field (RMF, left column),
QVC (center) and experimental data (right). In the "QVC’ and "EXP’ cases only the dominant levels are
shown. (b) Single-quasiparticle strength distribution for the orbits around the Fermi surfaces in the neutron
(left panels) and proton (right panels) subsystems of the Z=120 isotopes calculated in the relativistic
quasiparticle-vibration coupling model. The dashed lines indicate the neutron chemical potentials.

applied to nuclei at the limits of their existence with respect to their proton and neutron
numbers, for instance, to superheavy nuclei. Selected results on the single-quasiparticle
strength distributions in the neutron and the proton subsystems of the Z = 120 isotopic
chain are displayed in Fig. 1(b). One can see the evolution of these distributions with an
increase of the neutron number from N = 172 to N = 184. The shell gap in the proton
subsystems of the considered nuclei diminishes only little when the neutron number
increases, so that the proton number Z = 120 remains a rather stable shell closure
while the detailed structure of the proton levels shows some rearrangements induced
by the neutron addition. In the neutron subsystems both pairing and QVC mechanisms
are active and show a very delicate interplay: pairing correlations tend to increase the
shell gap while the QVC alone tends to decrease it and at the same time causes the
fragmentation of the states in the middle of the shell. As a result, in the presence of both
mechanisms the gap in the neutron subsystem remains almost steady while the newly
occupied levels jump down across the gap when the neutrons are added. Thus, in contrast
to the pure mean field studies [3], no sharp neutron numbers appear as the candidates
for the spherical shell closures in this region: the shell closures are delocalized.



SPIN-ISOSPIN RESPONSE OF NEUTRON-RICH NUCLEI

Although last decade the three major concepts in low-energy nuclear theory (i) ab-initio
approaches, (ii) configuration interaction models (known also as shell-models) and (iii)
density functional theory (DFT) have advanced considerably, they still have to be further
developed to meet the requirements demanded by contemporary nuclear experiment
and astrophysics. Furthermore, each of these concepts has principal limitations of their
applicability in the nuclear physics domain. Fig. 2(a) shows an image of the nuclear
chart taken from Ref. [4]. The areas of the nuclear landscape which can be described
by each of the three theoretical concepts are outlined (here we focus on the spin-isospin
nuclear properties, e.g., Gamow-Teller response).

The sectors of the nuclear landscape where the applicability areas of the different
models overlap are of particular interest because within these sectors the models can
constrain each other. Ab-initio models can replace the phenomenological input which is
traditionally used in the shell-model with the microscopic effective interaction computed
from the first principles. In turn, the shell model with its very advanced configuration
interaction concept can guide the DFT-based developments beyond its standard random
phase approximation. Thus, in contrast to considering different models as independently
developing alternatives, we rather admit their complementarity which can be used for
their further advancements.
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FIGURE 2. (a) Chart of the nuclei [4] representing stable nuclei and nuclei found in nature (black),
those produced and investigated in the laboratory (green) and theoretical limits of bound nuclei (yellow).
The domain of ab-initio models is the lightest nuclei (blue outline), the configuration interaction approach
is applicable in the pink areas and density functional theory covers the region outlined in green. (b) The
Gamow-Teller strength distribution in neutron-rich '32Sn calculated within the various theories (see text
for details): low-energy and total strength distributions (upper panels) and their cumulative sums (lower
panels), respectively.

In Fig. 2(b) we present studies of the Gamow-Teller resonance (GTR) in '32Sn within
the three theoretical concepts: (1) non-relativistic quasiparticle random phase approxima-
tion (QRPA) with realistic G-matrix interaction [5], (ii) covariant DFT-based relativistic
random phase approximation (RRPA) and its extension to particle-hole®phonon con-
figurations called relativistic time blocking approximation (RTBA) [6], and (iii) shell-
model (SM) with the configuration interaction CI-jj7a truncated by the Tamm-Dancoff



proton-neutron phonon coupled to particle-hole core vibrations [7]. The gross and fine
features of the GTR obtained within these models are compared, the advantages and
drawbacks of the considered models are discussed. Based on such comparative stud-
ies, future directions are outlined for each of the above mentioned microscopic models
[8]. Constraints on the many-body coupling schemes and underlying interactions from
measurements at the future rare isotope facilities are anticipated.

FINITE-TEMPERATURE EFFECTS ON LOW-ENERGY
NUCLEAR RESPONSE

Excitation energy is another characteristic of excited nuclei which imposes limitations
of their existence and plays a very important role in astrophysical modeling. We consider
the finite-temperature effect on the low-energy nuclear response known as upbend phe-
nomenon, which was first reported in Ref. [9], later observed systematically in the y-ray
strength functions below neutron threshold of various light and medium-mass nuclei and
probed by different experimental techniques [10]. Studies of Ref. [11] have revealed that
this phenomenon, occurring in various astrophysical sites, can have a significant impact
on their elemental abundances.
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FIGURE 3. (a) The El y-strength for the thermally excited state of **Mo near the neutron separation
energy (blue band), compared to the strength for the ground state (dash-dotted) and to Oslo data. (b)
Schematic picture of the lowest-energy single-quasiparticle transitions from the thermally unblocked
states with effective occupation probabilities 7i(E) to the continuum.

We propose a microscopic approach for the radiative strength function which is based
on the statistical description of an excited compound nucleus. The thermal mean field de-
scribes the nuclear excited states of the compound type very reasonably and, at the same
time, it is simple enough to allow a straightforward generalization of very complicated
microscopic approaches to nuclear response in terms of finite temperature corresponding
to the nuclear excitation energy. To describe transitions from a thermally excited state, in
the first approximation we employ the finite-temperature continuum QRPA developed in
[12]. The two-quasiparticle propagator in nuclear medium is calculated in terms of the
Matsubara temperature Green functions in the coordinate space. The continuum part of



this propagator is responsible for transitions from the thermally unblocked discrete spec-
trum states to the continuum. The radiative dipole strength function fg; is determined
from the propagator in the standard way. Fig. 3(a) displays the y-strength in **Mo at the
excitation energy around its neutron separation energy, that represents the case of radia-
tive thermal neutron capture, compared to y-strength in the ground state. The origin of
the y-strength upbend due to the transitions to the continuum is illustrated schematically
in Fig. 3(b). The upbend appears as a typical feature of the y-strength in medium mass
nuclei while in heavy nuclei the strength is flat at Ey — 0 [13]. The obtained results have
an important consequence for astrophysics, namely for the approaches to r-process nu-
cleosynthesis: as shown in Ref. [11], the low-energy upbend in the y-strength can give
rise to a considerable enhancement of the neutron capture rates in neutron-rich nuclei
and, consequently, influences the global abundance distribution.

Based on the obtained results, we expect further advancements of the theoretical
approaches discussed in this contribution. The proposed developments on many-body
coupling schemes and underlying interactions will need constraints from data on nuclei
away from the valley of stability. Such data will be obtained in experiments performed
at existing, and vastly enhanced capabilities presented by future rare isotope facilities.
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Abstract. Charge radius isotope shifts show pronounced kinks at many places acrodss the nuclear
chart. These occur at many shell closures, caused by a change in single particle occupation, and
away from closures, indicating underlying causes such as shape changes. In this contribution, we
highlight some recent results from mean-field theory, concentrating on the case of the N=126 shell
gap, and nearby.
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INTRODUCTION

Kinks in the nuclear charge radius along an isotopic chain are widespread across the
nuclear chart [1, 2, 3]. They occur in particular across shell closures, indicating the
effect of the change in the single-particle occupation. Since the effect occurs on the
charge radius through the addition of neutrons, one can infer details of the proton-
neutron interaction through the effect.

The kink across the N=126 shell closure has been dubbed the anomalous kink effect
[4], though perhaps more for the failure of many models to reproduce the kink, more
than its uniqueness. The experimental data across the N=126 shell gap in lead isotopes
is shown in figure 1. The fit is given by a piecewise linear function. The gradient for
the section below N=126 is 0.005457(63) fm, and above N=126 it is 0.010884(92) fm.
The linear approximation to each line is therefore a good one, with a ~ 1% error in the
regression. The kink is pronounced with a doubling of the gradient across the gap.

MEAN-FIELD DESCRIPTIONS AT N=126

Though mean-field approaches, such as the selfconsistent Skyrme approach [7, 8], are
well able to reproduce the magic numbers, they are not always able to reproduce the
kinks. In particular, Skyrme forces in general were not able to reproduce the N = 126
kink, whereas relativistic mean fields were [4]. A solution came by comparing the spin-
orbit ponentials in the two approaches [9, 10]. By changing the Skyrme spin-orbit
force to have the freedom to resemble the realtivistic mean field, the kink was easily
reproduced in the Skyrme case.

It is important to note, however, that if one makes a fit to the kink, then its reproduction
is possible, even with the original Skyrme mean field - as is the case with the SkIS
parameterisation [9]. The key factor is the ordering and hence occupation of the single
particle levels. In the case of the increased slope of the isotope shift after N=126 it is
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FIGURE 1. Experimental charge radius isotope shift in lead isotopes. Data from [1], normalised relative
to 298Pb. Line of fit as explained in text.
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crucial that the iy, neutron orbital is occupied. Though it has a smaller radius than
the g9/, neutron orbital, its nodal structure gives it a larger spatial overlap with the
deeply-bound proton states, pulling them to a larger radius [11]. It is necessary, therefore,
whether by the nature of the spin-orbit force, or another means (e.g. a low effective mass
[12]) that the relative ordering of the g/, and iy, is such that i1y, orbital is at least
partially occupied through pairing correlations above N=126.

HEADING EAST

The way in which the ordering of single-particle levels can affect observables such as
the isotope shift is quite general and exists across the periodic table. As well the effect
described above, shape changes can lead to sudden gradient changes in isotope shifts,
such as in the well-known case of the zirconium nuclei [1, 13]. We present, in figure
2, the isotope shift in the proton radius, for two sample Skyrme interactions; SLy4 [14]
and NRAPRIi [15, 11]. SLy4 shows a steady increase in proton radius as N increases.
NRAPRIii shows a steady increase up to N=134, after which the ground state is predicted
to be slightly deformed so that the proton radius shows a kink. Unlike the case of the
kink across the N=126 magic number, the deformation-based kink is highly dependent
on the nature of the nature of the potential energy surface, as a function of deformation.

In the case of the N=126 kink, the nuclei are safely mean-field nuclei, well repre-
sented by a single Slater determinant with a well-defined (zero) deformation. Away
from N=126, as the potential energy surface gets softer, the mean-field approximation
becomes less good. The true ground state, as one would find from a beyond-mean-field
calcualation, would involve mixing of many deformations and would certainly have a
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FIGURE 2. Proton radius isotope shifts in lead isotopes for N>126 for SLy4, in which all ground states
are spherical, and NRAPRIi, in which deformation sets in for N>136

radius greater than a rigidly spherical state. The difference between SLy4 and NRAPRii
would therefore remain in a more sophisticated calculation. Such effects are then a pos-
sible experimental probe of differences between effective interactions.

CONCLUSIONS

Isotope shifts in charge radii give an indication of underlying shell structure. Different
mean-field interactions give different predictions for the isotope shifts and thus experi-
mental data no this observable may discriminate between models. We have demostrated
the effect of this in stable lead nuclei, and also as one moves to the more neutron-rich
region at the limits of current experimental reach.
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On the meaning of symmetry energy in the case
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Abstract. The symmetry energy plays a significant role in the evolutiboore-collapsing super-
novae and the structure of nascent neutron stars. Despstditifie is known in what concerns its
value away from normal nuclear density and, even more iraptrthe meaning of this quantity in
the case of dis-homogeneous matter, as the one thought $titatmthe neutron star crust. In this
contribution we investigate the meaning of the symmetryg@na the case of clusterized systems
and its sensitivity to the isovector properties of the dffecinteraction. To this aim, a recently de-
veloped nuclear statistical equilibrium model in whichatkrs and unbound interacting nucleons
are consistently described by the same energy functioeahjgoyed.

Keywords: nuclear equation of state, symmetry energy, clusterizetemaeutron stars
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In thermodynamics, an equation of state (EOS) is any mattiesthaelation among
state variables. In nuclear physics it most often refersi¢odependence of energy per

particle,e(p, 8), on isoscalarg = pn + pp) and isovector § = (pn — pp)/(Pn + Pp))
densities.

By performing series-expansion effp, d) in terms ofd aroundd = O,

&(p,8) = &(p, 5 = 0) + esyn(p, 8 = 0)5° + 0(5?) (1)

andp aroundpg, the normal nuclear matter density,

K
e0(p) = &(Po) +LoxX + 5 X+ 0(X),  (2)
10%(p,d K
esyn(P) = z%'“ =egynPo, 6 =0)+Lx+ - X°+0(x%), ()

it comes out that, for anyp, d), the energy per particle may be expressed as a function
of 5 parametersey(pp) (saturation energyKo (compression modulussym(po) (Sym-
metry energy at saturatior),(slope of the symmetry energy @§) andKsym (curvature

of the symmetry energy gip) 1. Extensive nuclear matter studies confirm that this is
true and accurate for uncharged homogeneous matter.

1 the absence of odd-terms in eq. (1) stems from the exchang®siry between protons and neutrons in
lack of Coulomb interaction and assuming charge symmetnuofear forces; because of the definition
of saturationLg = 0.



Experimental data obtained in terrestrial laboratoriasst@in well all the isoscalar
properties such as the commonly accepted valuegifiay, Ko andesymspan relatively
narrow domains. The opposite holds in what regards the csovproperties. The reason
is obviously due to the fact that all data roughly corresptmdsospin symmetric
systems. As such, it is equally clear that no significant pregjcould be achieved before
exotic beam facilities become available.

The astrophysical consequences of the poorly known isorvgrbperties of EOS
are a subject of hot scientific debate as in the evolution oé-collapsing supernova
(CCSN) and in the neutron-star (NS) crust the baryonic madtéighly neutron rich.
The situation is nevertheless very delicate as it is notroldaether the formalism
developed for nuclear matter (NM) and in base on which the Hp@&meters are
defined stands valid in the case of stellar matter. Indeed,iNdkfined as electrically
uncharged and homogeneous while baryonic matter in congigectts is charged and
dishomogeneous. The dishomogeneities stem from the stinggaeffects of Coulomb
and nuclear interactions and make the nuclear matter ¢afsi&o components: one
dense with a density close to the normal nuclear densityt often modelized as a gas
of clusters, and one dilute, usually regarded as an iniatagas of nucleons. The two
phases are in thermal and chemical equilibrium.

The aim of our present study is twofold. First, we want to seetat extent the two
existing definitions of the symmetry energy as the curvatfitee energy per baryon in
the isospin direction, ,

1 10“e
ehym= 535 (4)

and, alternatively, the cost of converting symmetric nrdatt@eutron matter

eg,)m: e(p,0=1)—¢e(p,0 =0) (5)

apply and agree. Then, we want to see to what extent therstedliier symmetry energy
Is sensitive to the isovector properties of the EOS.

To this aim we adopt the nuclear statistical equilibrium EY$1odel recently pro-
posed in Ref. [1]. NSE models [2] are known to constitute Valleools for addressing
thermal and chemical properties of baryonic matter overhiinge relevant ranges of
temperature (10< T < 210 K), density (18 < p < 10" g/cn®) and proton frac-
tion (0 <Yp < 1) populated in the course of CCSN with moderate computatigifiart.

At variance with previous versions, the version of Ref. [gjatis clusters and unbound
nucleons consistently by using the same energy functi@&jal [

The left panel of Fig. 1 spots the evolution of the total epmgregr baryon as a function
of the isospin asymmetry for the arbitrary thermodynamieasle characterized y=0.5
MeV and p = 108 fm~3. For the sake of the argument, also the behavior of the
clusterized component is represented. As one may noticauise of dishomogeneities,
the parabolic approximation breaks and, because of Coultmebisospin-symmetry
Is violated. This means that any symmetry energy extractad the curvature of the
energy per baryon in the isospin direction will depend onitherval on which the fit
was done and egs. (4) and (5) will lead to different results.

A more complete image on the density and temperature depeedé the dilute star
matter symmetry energy calculated according to eq. (4)feyed by the middle panel
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FIGURE 1. Left: Test of the quadratic approximation of the energy patybn versus asymmetry for
T=0.5 MeV ando = 10 8 fm—3. The total energy per baryon (stars) is plotted together thi¢ clusterized
component value (open circles) as a function of the resgeedti= 1 — 2Y,, values. The full and dashed

lines correspond to a second order polynomial fie@) andey (), respectively. Middleeg)m for the
whole system (lines) and, respectively, the clusterizedpmment (symbols) as a function of total baryonic
density at various temperatures: T=0.5, 1 and 2 MeV. Righg& &volution with total baryonic density of

eg,)m for T=0.5, 1 and 2 MeV. In all cases, the considered effedtiteraction is SLY4. Figures adapted

from Ref. [1].

of Fig. 1 in comparison with the corresponding values of thesterized component.
Several features are to be noted:€jym— (esym)ci Only at very low temperatures (in
this caseél <1 MeV) and densities exceeding a certain value, that is whegtemchiefly

consists out of nuclear clusters; (ii) at very low densjtwlsere dilute matter dominates,

it either steepens the dependence=@) with respect to(e(d))¢, leading to aeg,)m
value highly superior to the one of bulk symmetric matter, ibthe temperature is too

high to allow clusters to appear, madgmvanish; (i) for T > 1 MeV, even(esym)c|
deviates from the bulk symmetric matter value because dfaimslational kinetic energy
contribution.

The right panel of Fig. 1 illustrates the evolution with {dbaryonic density of the
symmetry energy calculated according to eq. (5) at T=0.5nd. 2 MeV. The most
important message is the one learnt by comparison with thielmpanel: egs. (4) and
(5) are not equivalent, as we have anticipated.

Taking into account that (1) baryonic star matter partiatipsists out of a dense com-
ponent (whose relative abundance obviously depends orh#@mmodynamical condi-
tions) and (2) nuclear EOS is well constrained around thenabnuclear matter density,
one can expect dilute star matter present a reduced séggiithe isovector properties
with respect to pure nuclear matter. To check to what extestiolds we employ four
Skyrme-like effective interaction potentials having ascimas possible similar isoscalar
behaviors but different isovector characteristics: SL¥# BGlI [5], SkI3 [6] and LNS
[7]. Their bulk properties are listed in Table 1 togetherhatihe corresponding liquid
drop model (LDM) parameters as provided in Ref. [3].

Fig. 2-right panel illustrates the evolution with the totaryonic density of the
symmetry energy defined by eq. (4) for each considered patexitT=0.5 MeV. The
general trends obtained for SLY4 are confirmed by the othtarpials. Because of the
clusters and contrary to what happens for pure nuclear m@fe panel), the system
keeps the EOS-memory even at very low densities. Again,usecaf the clusters and
contrary to what happens for pure nuclear matter, a consligpersion of moderate



TABLE 1. Bulk nuclear properties for different Skyrme interacti@ssgiven in Ref. [3]

NN-potential  p? Ko L Keym & as a2 a2 ac

(fm=3) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV) (MeV)
SLY4 0.1595 230.0 46.0 -119.8 15.97 18.24 32.00 16.60 0.69
SGil 0.1544 261.8 63.9 -52.0 15.89 17.48 28.33 12.76 0.69
Ski3 0.1577 258.2 100.5 73.0 15.98 17.77 34.83 12.77 0.69
LNS 0.1746 210.8 61.5 -127.4 15.31 15.77 33.43 14.10 0.69
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FIGURE 2. Sensitivity of the symmetry energy to the effective intédi@t as a function of baryonic

density. Left: pure nuclear matter, rigf&_,’},)m in case of dilute clusterized matter. In both cases, T=0.5
MeV. Figure adapted from Ref. [1].

magnitude is obtained over the whole considered densitgeraNot surprising, this
dispersion of about 3 MeV corresponds precisely to the oaéifferent EOS present at
saturation density.

In conclusion, the Coulomb-induced dishomogeneties slyonfjuence the star mat-
ter global energetics in both isoscalar and isovector tioes. Not only that the bary-
onic energy is non-zero in the — 0 limit, but the parabolic approximation on which
the symmetry energy is defined fails. Moreover, the isospmnsetry breaking makes
the curvature energy in the isospin direction be differeantthe energy difference be-
tween neutron and symmetric matter. Finally, the effectieasity explored in stellar
matter is different from the average density because ofitydihsctuations. As a conse-
guence, the uncertainties present in the isovector palteoEOS are partially washed
out though better constraints are definitely needed forlg ¢ulantitative prediction for
astrophysical applications.
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Abstract. We apply bayesian formulation of probability theorem to estimate the parameters of a
spherical Skyrme-Hartree-Fock model. We show that the bayesian methods allows to consistently
include the a priori expectations about the model parameters which helps to regularize the parameter
estimation problem. The advantages of the method are advocated throughout the text.

Keywords: nuclear structure, bayesian inference, least-squares methods, nuclear density functional
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INTRODUCTION

To estimate the parameters of empirical nuclear structure models one usually performs a
least-square fit to experimental data and then (ralely) follows with the covariance analysis
[1, 2]. The deficit of experimental data and the character of a model can cause that the
problem is ill-posed [3]. This results in a situation when a model has very poor predictive
power as its estimated parameters are higly sensible to a random noise of experimental
data. Below we show that the application of Bayesian Inference methods can help to
regularize the problem and obtain solutions with enhaced predictive power.

METHOD

Let us introduce a set of experimental data represented by a vector d of length m, a vector
of model parameters m of length n and a physical model described by a m x n matrix G
such that:

d=Gm. (1)

In realistic case the model and/or experimental measurment is not exact. Very often this
information is represented by assuming that:

d=d"+e, )



where d?h = (Gu); and by p we denote an optimal solution of (1), where the criterium
of optimality will be specified below. In (2) e is a multivariate random variable repre-
senting both a noisy character of experimental measurement and approximate character of
physical model. The common assumption is that e has a multivariate normal distribution
A (0,6°P~") with zero mean and variance 6°P~!. The matrix P is often reffered as a
weighting matrix and ¢ represents a single number called variance factor. In the follow-
ing discussion we will consider the problem in which the P is known and that ¢ is to be
estimated. The estimated value of ¢ will be denoted as 6.

In Bayesian approach [4, 5] one is interested in calculating the probability of having a
specified values of parameters given the set of experimental data that is p(m, o2|d), rather
then probability of obtaining the data given the parameters. The conditional probability
p(m, 62|d) is obtained by using a Bayes theorem:

2

where p(m) denotes the prior distribution of model parameters which can be determined
from the a priori knowledge about the distribution for model parameters and c¢ is a
normalization constant of no importance until one starts to compare different models. The
major difference between the Bayesian and classical approaches in the context of current
work is that the Bayes approach allows to incorporate prior information about the solution
that comes from previous experiments or experience. When no a priori information about
the model parameters is available (a so called non-informative prior) the frequentionist
and bayesian approaches would lead to the same solution.

To obtain analitically tractable form of a posterior distribution one need to use conjugate
prior. In the considered case (Gaussian noise with unknown variance) we assume that the
prior information can be characterized by normal-gamma distribution. We characterize our
beliefs about model parameters by its mean value f,, with covariance matrix cov(u p) =
GI%S. We assume that the expected value of variance factor is Glf and its variance is V2.

It then can be shown that the posterior distribution for m and 7 is also normal-gamma
distribution:

m, t|d ~ A9 (g, Vo,bo, po) 4)
with the parameters:
po = (G'PG+S™)H(GTPd+S7p,), (5)
Vo = (GTPG+S™ ), (6)
260 = 2((05)*/Vor +1) 0, + (1, — o)™ (1, — o)
+ (d—Gpp) P(d—Ghy), (7)
2p0 = m+2(0;)/Vy2 +4. (8)



The posterior marginal distribution for @ is multivariate 7-distribution:

pld~t(to,boVo/po,2po) - )
with the expected value:
5= (10)
po—1

The covariance matrix of W is given by:
cov(p) = 62(GTPG+S 1)1, (11)

Presented formulas can be generalized to the case of a nonlinear model.

RESULTS

To illustrate the method we use a spherical Skyrme-Hartree-Fock model [2] with param-
eters fitted to binding energies, radii and single particle energies of seven doubly magic
nuclides: 10, 40:48Ca, 3°Ni, 907r, 1328n, 208pp, To analyze the method we compare the
results obtained with the Bayesian Inference method to the results of the least-squares
fit (denoted as L-S). We also fit to the whole data set (Bayes All fit) or exclude the sin-
gle particle energies (Bayes BR fit). As prior values for the model parameters we choose:
pe =0.16040.05, ENM /A = 16.0+£0.2, K€M =230+£30, aNM =32.54+2.5, I8 =58 +

sym sym
18, M:~! = 1.18£0.07, M¥ ' = 1.36+£0.29,C,” = —63+14,C1 = —27+52,C)/ =
-92+£10,C IVJ = —16 £ 33. Our choice for the prior values of nuclear matter parameters

are based on [6]. As prior mean values and variance for the last four parameters we choose
a mean and variance of almost 200 different Skyrme force parameterization.

The posterior estimates for model parameters are presented in Table 1. To obtained
physically meaningful results with the least-square method three of the model parameters
has to remain fixed at prior values. These are: K™NM, M~ M*~!, however other choices
are also possible. This is not needed in the case of Bayesian Inference method. As seen
from the Table 1 the Bayesian Inference method allow to reduce the error estimate of
model parameters by almost an order of magnitude. The obtained correlation matrix for
model parameters is presented in Figure 1.

The influence of the fitting method to the predictive power of a model can be visualized
by performing predictions of properties of nuclei that were not included in the fit. For
this aim we choose '%°Sn (interpolation) and Z = 114, N = 162 superheavy nucleus
(extrapolation). The obtained estimates are presented in Tables 2 and 3, respectively.
Analysis of presented results clearly indicates that the inclusion of a priori information
has an important impact on uncertainty of model predictions and helps to obtain more
robust estimates.
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FIGURE 1. The correlation matrix of model parameters for the Bayes All model as obtained with the
Bayesian Inference method.

We believe the methods of Bayesian Inference should be explored in details in further
works.

REFERENCES

J. Toivanen, J. Dobaczewski, M. Kortelainen and K. Mizuyama, Phys. Rev. C 78 034306 (2008)
M. Kortelainen et. al. Phys. Rev. C 82 024313 (2010)

J. Dudek et. al. J. Phys. G: Nucl. Part. Phys. 37, 064031 (2010)

D. Calvetti, E. Somersalo, Introduction to Bayesian Scientific Computing, Springer 2010

K-R. Koch, Introduction to Bayesian Statistics, Springer 2007

M. Dutra et. al. Phys. Rev. C 85 035201 (2012)

A



TABLE 1. The obtained values of model parameters for different parameteriza-
tions used in the current work. The error given in bold font indicates that the param-
eter has been kept constant in the minimization procedure.

Parameterization
Parameter L-S (error) Bayes All (error) Bayes BR (error)
Pe 0.157 (0.024) 0.158  (0.002) 0.159  (0.002)
ENM/A -15.900 (0.294) -16.005 (0.065) -16.032 (0.045)
K\M 230. 0.0 264. (18)) 253. 12.
aM 31.35 (7.64) 31.47 (1.36) 31.86 (0.90)
Lﬁl}g 55. (83.) 57. (14) 57. 9.)
M1 1.18 0.0 1.08 (0.05) 1.19 0.03
M 1.36 (0.0) 1.47 (0.23) 1.35 0.16
C(?” -65.2 (5.95) -57.1 3.0) -63.0 (2.1)
fond -52. (165.) -463. (45.) -44. (29.)
C(Y’ -89.7 (8.5) -83.0 3.6) -81.1 (2.6)
cy’ 8. 99. -6. (26.) -10. 17.)

TABLE 2. The predictions of the properties of '°°Sn nuclide as obtained with
different parameterizations.

Parameterization
Property L-S (error) Bayes All (error) Bayes BR (error)
Proton radius 4436 (0.075) 4400 (0.011) 4.395 (0.009)

Neutron radius 4364  (0.073) 4330 (0.010) 4324 (0.008)
Binding energy -828.88  (2.37)  -828.98  (1.42) -828.83  (1.34)

71892 2983 (0.193)  -2.872 (0.100)  -2.970 (0.092)
n2ds 2328 (0.284) 2461  (0.132) 2.600 (0.139)
7189/2 16.645 (0.239) -16.674 (0.106)  -16.795 (0.103)
n2ds, 11291 (0.133)  -11.331  (0.124)  -11.159  (0.137)

TABLE 3. The predictions of the properties of Z = 114 and N = 162 nuclide as obtained
with different parameterizations.

Parameterization

Property L-S (error) Bayes All (error) Bayes BR (error)
Proton radius 6.130 (0.103) 6.075 (0.015) 6.068 (0.012)
Neutron radius 6.224  (0.118) 6.168 (0.019) 6.161 (0.016)
Binding energy -1971.90 (6.04) -1975.71 2.97) -1973.12 (2.68)

mlgy)n -2.560 (0.388) -2.497 (0.179) -2.581 (0.172)

n2ds ), -0.780 (0.348) -0.766  (0.175) -0.820 (0.164)

mlgg o -9.043 (0.461) -9.104 (0.164) -9.151 (0.149)

m2ds ) 7443 (0.214) 7268  (0.143) 7307 (0.140)
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Abstract. A collective approach combining the zero— and one—phonon excitations in the
quadrupole and octupole modes together with the rotational motion is used to verify the possibility
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Keywords: Tetrahedral/Octahedral symmetry, Irreducible representation, Electric transition prob-
ability
PACS: 21.10.Ma, 25.70.Gh, 25.85.-w

INTRODUCTION

The systematic knowledge of electromagnetic reduced transition probabilities B(EA)
is essential to discover a possible high-rank symmetries as, e.g. tetrahedral, octahedral
in nuclear systems. A symmetry, among other physical effects, is a key factor deter-
mining the structure of the wave functions, thus strongly affecting the reduced tran-
sition probabilities B(EA). In this work we apply a harmonic-like model, discussed
in details in [1, 2], to reproduce the experimental B(E1) and B(E2) probabilities in
156Gd, a nucleus supposed to possess low-lying tetrahedral, negative-parity band and
for which some data of interest are available from the recent experiments [3, 4]. We
thus analyze the behavior of the electric transition probabilities within and between the
ground-state and the negative-parity bands in order to find out to which irreducible rep-
resentation of the tetrahedral group 7 (or the octahedral group O) the state of inter-
est could belong. The proposed collective model contains twelve collective variables
(00,002, {03y },{Q}, v =0,£1,£2,43), describing respectively the axial and non-
axial quadrupole vibrational modes, all the seven octupole vibrational modes and the
three rotational modes described by the Euler angles. Nuclear surface in the intrinsic
coordinate system is described in terms of those nine shape variables (o, 02, {03y })
using the multipole expansion given, e.g. in [5]. In this work, for simplicity of calcula-
tions we apply the idea of the adiabatic separation of vibrational and rotational motions.
As a consequence, we may introduce a factorized wave function of the form

r r
v =y (000, 000, 03y )R}, (Q) = vib2 (020, 002) W3 3 (03v) Ry (1

composed of products of the vibrational quadrupole W, ,(0p0,022), octupole

V’{iis(%v) and rotational R;i,,(ﬂ) solutions corresponding to uncoupled Hamilto-
nians. Each of those three w-functions belongs to only one irreducible representation



I'; of the octahedral group O or the tetrahedral group 7;. One should realize that both
those groups are isomorphic, thus having the same set of the irreducible representation
matrices. On the other hand, the states (1) span the collective space of our model
in which a collective Hamiltonian should be constructed. It is the symmetry of that
Hamiltonian which uniquely determines the symmetry properties of its eigensolutions
built as the linear combinations of the basis functions (1). Therefore, at this stage, one is
not able to unambiguously judge which of those two symmetries the underlying system
really possesses.

As often assumed in simplistic collective approaches, the overall behavior of a low-
lying state can be crudely reproduced by the zero- and one-phonon harmonic oscil-
lator eigensolution. Since a collective Hamiltonian, able to reasonably reproduce the
transitional probabilities is not known at this moment, we choose the physical states
w\E}),Z(a20’ 092), vii,3(a3v) of (1) to be the specific and complicated linear combina-
tions of the zero- and one-phonon harmonic oscillator solutions transforming according
to a given irreducible representation I' of the group O (or T;) and, in addition, having
good parity. Notice that however the inversion operation does not belong to neither the
octahedral group O nor to the tetrahedral one 7y, it commutes with all elements of both
groups. By consequence, the parity can be a good quantum number for the tetrahedrally
or octahedrally symmetric states. The details of the procedures leading to such states

and the way of constructing the rotational states jo,I(Q) are presented in [1, 5, 8].

RESULTS

The reduced transition probability B(EA) between the states (1), govern by the intrinsic
transition operator O u can be calculated as

I I J'\ I :
B(EA,J —J') = | Y (W 2| Oaulwh 2 ) (R IDAH IR P, 2)
u

where J and J are the angular momenta of the initial and final states, respectively. The
symbol .u as the sub-script of the Wigner function signifies that the considered reduced
matrix element is reduced with respect to the first index. The meaning of the I'-type
symbols has been explained after (1).

Suppose that the initial [i) and final | f) states of a given collective Hamiltonian belong
to the representations IV and I'/, respectively whereas the tensor transition operator Q Ly
transforms with respect to the irreducible representation I'¢ of the octahedral group. The
reduced probability of (2) can be non-zero if and only if I @ I'? D I'/, where the sign
® denotes the Kronecker product of the irreducible representations.

Among all the five irreducible representations of the group O (or Ty) there exist
several pairs of representations corresponding to I'" and I/ which do not fulfill the
above condition. The problem of the selection rules for the octahedral group O has been
discussed in details in [1].

Aware of those facts our task, at this stage, is to find out to which irreducible repre-
sentation a given experimental level could possibly belong. The problem becomes even
more challenging if one takes into account the symmetrization problem, usually solved



by introducing the so called symmetrization group, (for more details, see e.g. [1, 6]). It
can be shown that for the here discussed collective space the symmetrization group is, in
fact, the octahedral group O. Let us emphasize that, in general, one should clearly dis-
tinguish the intrinsic symmetry group acting on the intrinsic-component functions of (1)
from the symmetrization group, however they coincide in this model. Each of those two
types of groups influences different aspects of a collective model, (more details available
e.g. in [5]).

Contrarily to the early simplistic considerations of the high-rank symmetries in atomic
nuclei, based mainly on the tetrahedrally deformed mean-field, a realistic collective ap-
proach pretending to properly treat the problem of tetrahedral symmetry should com-
prise, apart from the simplest tetrahedral mode commonly recognized as the one which
has zero quadrupole moment and represented in the lowest order by the Y3, (6, @) spher-
ical harmonic alone, a possibility of incorporating the equivalent tetrahedral ”combined
modes” given by the characteristic superpositions of other than the Y3, octupole modes,
as done in [7]. It turns out that such a mode, coupled of the quadrupole, octupole and
rotational motions, (see, [1]) can have arbitrarily large quadrupole moment, able to pro-
duce a substantial B(E2)'s.

RESULTS

The calculation based on the above presented approach has been done in order to
verify whereas a reasonable reproduction of the experimental reduced probabilities in
136Gd nucleus is, in general, possible in presence of the tetrahedral symmetry of the
negative-parity states. The exact mathematical shape of the collective states used here to
determine the transition probabilities can be found, e.g. in [2].

As shown in [4], the experimental values of the Q9 moments of the ground state
(6.83 b) and the octupole bands (7.10 b) are comparable. Therefore, in the following the
quadrupole axial deformation of both those bands (8, = 0.23, ¥ = 0.1°) is assumed to
be identical. The experimental energies of the states of interest, taken from [4] are: 0.0
keV, 88.970(1) keV, 288.187(1) keV, 1276.138(2) keV, 1408.133(5) keV, respectively.

Below we write down the set of experimental transition probabilities B(EA) (in
W.u.) of [4] between the states of spins J; and J; and the corresponding probabilities
estimated within this work for relatively large, typical for the ground-state band, 13
parameter. Here 113 = 12, the experimental probabilities B(E1,3~ — 21) = 0.98-1073,
B(E2,27 — 0") =187, B(E2,4" —27) =263, B(E2,5~ — 37 ) =293.

B(E1;(tA1,J; =37 ,K; =0) — (¢A1,J; =27,K; =0)) =7.25-107°
B(EL;(tTy,J; =37 ,K; =0) — (qA,Jy =27 ,K; =0)) =7.25-10°
B(E1;(tTh,J; =37 ,K; =0) — (qA1,Jy =27 ,K; =0)) =2.27-10""
B(E2;(qA1,J; =27 ,K; =0) — (qA;,Jy =07, Ky =0)) = 86
B(EZ;(l‘Al,Jl—S_,K,:O)—>(IA1,Jf=3_,Kf:0))=131
B(EZ;(ITI,J,'—Si,Kl—O)H(l‘T],Jf—?) ,Kf:())):130
B(E2;(tT2,J; =5 ,K; =0) — (tTr,J; = 37 ,K; = 0)) = 129.
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In the above the indeces ”’q” and ’t” denote the ground-state and the tetrahedral octupole
states belonging to a given irreducible representation Ay, 77, T, (labeling taken from
[9]) of the tetrahedral/octahedral symmetry group. Quantities K; and K are the standard
K—numbers of the initial and final states, respectively

The same reduced transition probabilities (in W.u.) estimated for relatively small 13
parameter (13 = 1) have the following values:

B(E1;(tA1,J; =37 ,K; =0) — (¢A1,J; =27,K; = 0)) = 1.04-10°
B(E1;(tT1,J; =37 ,K; =0) — (gA1,J; =27 ,K; =0)) = 1.04-10°
B(E1;(tT2,J; =37 ,K; = 0) — (gA1,J; =27, K; = 0)) =3.27-10™!
B(E2;(qA1,J; =2%,Ki =0) — (qA1,Jr = 0", Ky =0)) =86
B(EZ;(IA],Ji—Si,K,: )—>(Z‘A1,Jf:37,Kf:0)):l3l
B(E2;(tT1,J; =5 ,K; =0) — (tT1,J; = 37,K; = 0)) = 130
B(E2;(tT2,J; =5 ,K; = 0) — (tT2,J; =37 ,K; = 0)) = 9.42.

The above simplistic estimates of the dipole and quadrupole transition probabilities in
presence of the tetrahedral symmetry of the octupole states agree up to the order of
magnitude with the experimental data if one assumes that the stiffness of the collective
octupole potential is significantly smaller than the one corresponding to the quadrupole
band (13 ~ 1). This suggests that above mentioned double-well potential in °°Gd is
octupole soft” contrarily to the one in, e.g. '’°Dy nucleus, also supposed to possess
the low-lying tetrahedral band. The quadrupole moment of the negative-parity band in
156Gd which experimentally turns out to be larger than the one of the ground-state band
(see [4]) can be thus explained essentially by quite large dynamical deformation effects
which may be strongly manifested in substantially soft octupole potentials. Hence,
the advocated here hypothesis predicting the existence of the tetrahedrally symmetric
octupole bands in '°°Gd, whose states are described by above studied vibrational—
rotational functions is not in contradiction with the empirical facts. This encourage us
for further, more involved investigations for the presence of the high-rank symmetries in
nuclear systems.
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Binding energies and fission barrier heights of
exotic nuclei

Krzysztof Pomorski and Bena Pomorska

Theoretical Physics Department, Maria Curie Sktodowskavehsity, Lublin, Poland

Abstract. The potential energy surfaces of fissioning nuclei are stlidsing the Lublin-Strasbourg
Drop (LSD) for the macroscopic part of energy while the shall pairing energy corrections were
evaluated using eigenenergies of the Yukawa-folded sipgtécle hamiltonian. Four dimensional
deformation parameter space containing the elongatiomexial, neck and mass asymmetry de-
grees of freedom was used to analyse ground and saddle paoengies. The LSD estimates of the
nuclear masses and the fission barrier heights are compéttegnedictions of other models and
the experimental data.

Keywords: nuclear structure, binding energies, nuclear fission
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The nuclear liquid drop (LD) model composed of the volumefasie and Coulomb
terms, proposed in 1935 by v. Weizsacker, has describedtitatavely the systematics
of nuclear binding energies known at that time [1]. This maudgs extended in 1939 by
Meitner and Frisch by adding the deformation dependenchdastrface and Coulomb
terms in the LD mass formula [2] in order to explain new pheanaon, nuclear fission
discovered by Hahn and Strassman [3]. )

Another important step in evolution of the LD model was dopdyers andSwiatecki
who have added in 1966 the shell and pairing correctionsettighid drop binding energy
[5]. This new macroscopic-microscopic model became vecgeassful in reproduction of
nuclear data (masses, quadrupole moments, fission baeighth, etc.) when the shell
corrections were more precisely evaluated using a methmubged by Strutinsky [6] and
the pairing correction obtained within the Bardeen-Coopdrigffer (BCS) theory [7].
Later, it was shown that the standard liquid drop model daittereproduction of measured
fission barrier heights and some extensions of the LD likedtioplet model (DM) [8] or
the finite-range droplet model (FRDM) [11] have been proposed

Parallel self-consistent theories of the Hartree-Focks €S or the Hartree-Fock-
Bogolubov types with the effective nucleon-nucleon Skyrm&ogny interaction as well
as the relativistic mean-field theory were successfullp@iated and implemented to the
description of the nuclear binding energies and the fissamidrs (for review see [9]).
Nevertheless the macroscopic-microscopic model is &ily popular as it gives the most
accurate predictions of global nuclear properties.



Using the leptodermous expansion of the nuclear energyitunmat obtained e.g. within
the self-consistent models one can easy obtain all ternegepethe Coulomb one) which
could appear in the nuclear liquid-drop mass formula. It sfa®wvn in Ref. [12] that the
magnitude of the volume, surface and 29 order curvature terms depends significantly
on the surface radius constagt whereR = roAl/3 which choice is somehow arbitrary.
This result has suggested to extend the original MyersSamidtecki LD model [5] by the
first and second order curvature terms [12].

The coefficients of such extended liquid drop model wereinbthby the least square
fit to 2766 experimental binding energies taken from the dtatipn done in Ref. [10].
The microscopic (shell, pairing and deformation) cori@tsi tabulated in Ref. [11] were
added to our liquid drop energy when performing the fit. Trsuléng coefficients of this
Lublin-Strasbourg-Drop (LSD) mass-formula [12]:

M(Z,N;def) =ZMy+ NMy, — bejeZ?3°
+byol (1 — Kyoll 2) A+ bsurt(1 — Ksurd 2)A3Bsyri(def)
+bcur(1 — Keurl 2)A3Beur(def) + 2 @Z%BCOm(def)
—C4Z + Econg(Z,N) + Emicr(Z,N; def) |

with Z andN being the proton and neutron numbers; (N — Z) /A, are following:

bv0| - —154920 ’ Kvo| == 18601 f bsurf == 169707 f Ksurf: 2.2938
beur = 3.8602 , Keur=—2.3764 ,ro=1.21725 ,C4=0.9181.

The rest of the coefficients in Eq. (1) are taken the same agimass table of Moller et al.
[11]: My=7.289034 MeVM,=8.071431 MeVpee~1.433 eV. The congruence (Wigner)
energyEcong= —10exg—4.2|l|) MeV which plays in (1) a role of the Gauss curvature
term is also taken from Ref. [11Eqicr correction energy is composed of the shell and
pairing parts.

Surprisingly, the quality of reproduction of the massedefinvestigated 2766 isotopes
with Z,N > 8 in Ref. [12] was better than that obtained within other mamplex models
like the Thomas-Fermi (TF) or the FRDM [11].

One has to mention here that the predictions of the TF [11]taed-SD [12] models
differ significantly for nuclei close to the neutron drip dinThe difference of the TF
and LSD mass estimates ffrstable nuclei as well as for isotopes along the proton and
neutron drip lines are plotted in Fig. 1 as functions of thargk number. It is seen that the
both estimates are close to each other for@k&table and neutron deficient nuclei, while
the difference between the LSD and TF results reaches evénie24for heavy nuclei
along the neutron drip-line. The proper prediction of masseneutron rich isotopes is
very important for astrophysics, especially for the dggon of the rapid neutron capture
processes.



The LSD formula was used in Ref. [12] to evaluate the fissiomidraheights. The
topographical theorem of Myers ar®@lviatecki which says that in fissioning nuclei the
microscopic energy correction at saddle points is nedbgjih3] is used to obtain the
fission barrier heights.
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Figure 1. Difference of the TF Figure 2. Comparison of the LSD
and LSD mass estimates along the and TF fission barrier heights with
[B-stability, proton and neutron drip the experimental data in function of
lines. Z?/A.

According to the topographical theorem the the barrierltdgequal:
Ve = Mgadg— Mg’ (2)

whereM;“a?j%andl\/.Iéf.’;'.O are the macroscopic saddle-point and the ground-stateimegal
masses, respectively.

The barrier height for nuclei the mass number<ZB < 252 were evaluated using the
shape parametrisation independent model developed byirSky and co-workers [14,
15]. The LSD estimates [12] are compared in Fig. 2 with theieaheights obtained by
Myers andSwiatecki with the Thomas-Fermi (TF) model and the expental data [13].

It is seen in Fig. 2 that except of four light isotopé2R(r, °%°4%8Mo) the LSD estimates
are closer to the data than the TF results. It was shown in R&fftliat this discrepancy in
the light isotopes can be removed when one took into accberdgformation dependence
of the congruence and average pairing energies. The cedrbgtthe above effects fission
barriersVimacfor 7°Br and®%°4%8Mo isotopes are shown in Fig. 3.

The obtained good agreement of the fission barrier heiglotgeprthat the LSD model
with the parameters fitted to the ground-state binding eegrgnly (not to the barrier
heights!) can serve as a reliable and simple macroscopi@hvduch is able to predict
different properties of nuclei.

One has also to mention that in the last decade some othéat tiqep models have been
successfully used to reproduce the ground-state masseslef but none of them is able
to predict correctly the fission barrier heights in such abrmass region as it is the case
in the LSD model [17].
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FIGURE 1. LSD fission barrier corrected by the deformation dependengicience and average pairing
energies as function of the relative elongation of nucldime experimental barrier heights are marked by
crosses.

It is interesting to note that almost the same charge radinstant as in the LSD model
can reproduce within the Gamow-like theory known half4ifer spontaneous emission
of the alpha particles and light clusters [18]. This fact tentreated as an additional
confirmation of the charge-radius fixed in the LSD model.

A continuous progress in the radioactive beam techniquesgivhope for verification
which model predictions are closer to reality for nuclei @thare far from stability.
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Entry distribution measurement: principlesand
the example of 2>*No

presented by Greg Henning

GSI-Helmholtzzentrum fur Schwerionenforschung, Planese 1, D-64291 Darmstadt, Germany

Abstract. One of the goals of nuclear structure research is to deterfia limits of nuclear
existence as a function of neutron and proton number, asaseadkcitation energig* and angular
momentuml. In particular, it is important to understand the role thatnwscopic shell corrections
play in enhancing and extending these limits. | will show hibw determination of the spin and
excitation energy at which a nucleus is formiegl,the entry point of a reaction, can contribute to our
understanding of the stability of nuclei as well as theimiation mechanism. Such measurements
are performed since the 1980s and have been used to study kighgated nuclei, and more
recently, very heavy nuclei — both of which owe their existeto quantum shell effects. The method
to performed such measurement will be presented and tyggsalts will be discussed, with a focus
on the recent measurement of the fission barriéPtio.

LIMITSOF NUCLEAR STABILITY

One of the currenhot topics of nuclear structure research is to study the limits o
nuclear stability. The stability of a nucleus in its grourtdte can be expressed, as a
function of the neutron number N and proton number Z, by tredaus’ binding energy,
given in the first order by thiquid drop mass model. However, the liquid drop model
failed to explain simple experimental observations suclthasnatural abundance of
elements in nature, which shows peaks for specific humbersuwofrons or protons:
2, 8, 20, 28, 50, 82, 126. The so-calledmagic numbersarise from nucleons being
organised in quantum levels within the nucleus potentlzé, $pacing of the levels
creates gaps in the density of single particle states. Fhahy one has to apply soell
correction to the liquid drop binding energy, to take into account thislsstructure.
When moving away from the magic nuclei, towards the limitstabgity, an evolution

of the density of single particle states is observed, thatesseen as a disappearance of
magic numbers.

In nuclear reactions, it is of interest to also see the stahih term of dynamic
properties: how much angular momentum and excitation grmeag a nucleus sustain?
The limit in E* is a way to investigat®-values which give information on masses
and shell stabilisation. The limits in angular momentum lsaran effect of the reaction
mechanism (angular momentum barrier) or fundamental ptiegeof the nucleus.
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Figure 1. Entry state population distribution for tféMo(®%V, p5n)142Gd reaction channel and one
simulated decay path from the entry state, indicated bydecito the ground states. The discrete levels
observed it*2Gd are also shown. From [2].

INTEREST OF ENTRY DISTRIBUTIONS

A great tool to investigate the limits in angular momentund axcitation energy of a
nucleus in a reaction is thentry distribution: i.e. the distribution of | ande* of the
states populated in the reaction.

In single particle reactiondike direct reactions or Coulomb excitation reactions, it
is possible to access the excitation energy and angular momeof populated states
via kinematics measurements (energy and angular disoigutBut in other types of
reactions, likefusion-evaporatiorreactions, that follow a statistical process, it is not
SO easy. In consequence, finding teand | of the nucleus formed in a reaction will
give valuable information on all the subprocesses of theti@a fusion, evaporation of
particle, survival to fission, ... The entry distributionfokion-evaporation products is
therefore a good probe of reaction mechanism and nuclepefies.

To determine the starting excitation energy of the nucleung, just has to sum the
energies of the evaporated patrticles, typicgllsays. The original spin of the nucleus
is linked to the multiplicity ofy rays emittedM,. Such entry distribution measurements
are done in calorimetric experiments in which the total nemtif y rays and the total
energy released by the nucleus are detected.

Entry distribution can be used to study reaction mechanistft], the entry states
for the products of th&Ni+1%%Mo reaction at c.m. bombarding energies from 141 to
128 MeV are studied viq(My, E*) measurements. With increasing beam energy, the
distributions are shifted to higher energy and spin and netxckannels are open.

In [2], the properties of complete or incomplete fusion tearts have been studied in
9"Mo +°1V, 1000 +48Ti and114Cd+3° S reactions ; see figure 1.

In [3], the entry distributions leading to normal and sugefermed (SD) states in
1921 g have been measured. The experimental results show howrhégieitation energy
the SD band is in respect to the normal yrast line.



THE EXAMPLE OF 2°NO

Super heavy elements (SHE) are at the limits of mass and £indblear chart. These
elements are 25% heavier than the heaviest stable nud®®b), which represent a
huge extension of nuclear stability. They exist solely lsesof shell-effect stabilisation,
which creates a sizeable fission barrier.

Studying the stability of those elements allows a precisestigation of the mani-
festation of shell effects and provides important infonmratabout SHE structure and
formation mechanism.

The fission barrier can be deduced from the competition bEtwemission and fis-
sion. This feature has been exploited for the most direcrdehation of the fission
barrier, namely by measuring the fission probabilitysB{(E*) following transfer reac-
tions [4]. Such reactions are not possible for nuclei with 985 as there is no target to
allow excitation function measurements by (n, f) or (d, gRctions for example. How-
ever, from the entry distribution one can instead deterrtieg/-decay probability
and, hence, Rsjon (Rission~ 1 — P, below the neutron threshold).

Several models calculate the fission barrier?#iNo. Density Functional Theory
(DFT) calculations based on the Gogny D1S and Skyrme irtierexcgiveBs (I = 0 h)
between 6 and 9.6 MeV [5, 6, 7, 8]. Calculations based on theovnadcroscopic model
give a distinctly lower value oB¢ (I = 0 h) = 6.8 MeV [9, 10]. The liquid drop model
predicts onlyB; (LD) ~ 0.9 MeV. Hence, a measurement®x provides a test of theory.
A previous attempt at measurement of the fission barrié?4No yielded a lower limit
of 5 MeV for spin up to 22h [11] — not enough to differentiate between theories.

We used the reactiot?®Pb (8Ca, 2n) at two beam energies: 219 MeV and 223 MeV.
The beam was delivered by the Argonne Tandem Linac Accelefistem at Argonne
National Laboratory. Theg-ray detector array Gammasphere [12] was used to perform
the calorimetric measurement (as well as high resolutioasmement of thé>*No
spectrum). In this type of measurement , the Bismuth GerregB£O) shields placed
around the Ge detectors are used to measureytheys energy and multiplicity —
bringing an calorimetric efficiency of 63 %. The Gammaspheoelules give the total
energy released at the target position and the numbgrays emitted. The detection
efficiency is taken into account by unfolding the measuredtiplicity and energy with
a statistical procedure [13] using the responses in enardynaultiplicity which were
constructed witi§8Y source data [14]. The evaporation residues were sepdratadhe
non reacting and scattered beam by the Fragment Mass Anéiié\) [15], according
to their mass-to-charge ratim(Q). At the focal plane of the FMA evaporation residues
were detected by a Parallel Plate Avalanche Counter (PPAC3uriag the energy loss
and the position of the recoils. Finally, the evaporatiosidees were implanted in a
Double-Sided Silicon Detector (DSSD).

The emittedy-ray multiplicity M obtained is transformed to a spin value using the
expression = Al (M — Nstar) + Alstat: Nstat+ Ice. M is the measured multiplicit\l the
average spin carried byyaransition between nuclear leveldsiaithe average number of
statisticaly-rays,Alstat the average spin carried by a statistigafly andice the average
spin carried by internal conversion electrons.
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Figure 2. Entry distribution forEpeam= 219 (top) and 223 MeV (bottom) obtained as described in the
text. The yrast and neutron separation energy line aresepted in red and grey. The maximum possible
excitation energy range is represented by the blue dashesl. [The half-maximum point of each spin
slice is marked in purple.

The value of the coefficients are determined through expariad data and the prop-
erties of the known level scheme —[16, 17, 18, 19, 20, 21, 2222].

The entry distribution is analysed by examining the energyribution at each spin
and determining the enerds; ,, where the distribution falls to 50 % of the maximum.
Figure 2 shows the entry distributions fNo measured at the 2 beam energies.

As the beam energy increases, one can see an increase igeakérand spin by
1 MeV and 2h. The points where the distributions fall to 10 % of its maximu
increases even more by 3.5 MeV andh4This shows thaf®*No still can sustain
high average excitation energy and angular momentum athigeam energy [11].
However, there is saturation of k for | between 12 and 28, which is attributed to
the fission barrier resulting in depletion pemitters states. The value Bf (0) = 6.6+
0.9 MeV, extrapolated from the data points is consistent wiktroscopic-macroscopic
predictionsBYlicMac — 6,76 MeV [9, 10] and the previous experimental limit [11]. The
fission barrier isx 5 MeV higher than the liquid-drop model value. These resshtsy
the strength and resilience of the shell effects, even dtitjleest spins.

CONCLUSIONS

« Measurements of entry distributions can provide valuafiermation on nuclear
properties such as fission barrier or the position of rotaidbands. But also on
reaction mechanisms.

« The current renewed interest for scintillator detectottsallow such measurements
to be generalized and provide fresh sets of data.

» New, radioactive, beams will make new reactions possildieogen a field of study
for nuclear reactions and properties.
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Excitation-energy sorting in low-energy fission
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Abstract. In fission, on the way to scission, the nascent fragments form a system of two nuclei
in thermal contact through the neck. At low excitation energies, energy sorting takes place where
the intrinsic excitation energy flows from the light to the heavy fragment until the excitation
energy in the light fragment is practically exhausted. The excitation-energy sorting process
explains in a transparent way why an increase of excitation energy in the fissioning nucleus
leads to an increase of the number of neutrons emitted by the heavy fragment only. This
observation remained unexplained over decades. It also explains complex features observed in
the even-odd staggering of fission-fragment Z yields that have been a puzzle since many years.
The opportunity to further explore the energy sorting process with EURISOL beams is
discussed.

INTRODUCTION

Fission is a large-scale collective motion where a heavy nucleus evolves into two
individual nuclei with nuclear properties that considerably differ from those of the
initial nucleus. This transition from a mononuclear to di-nuclear system involves a
drastic rearrangement of nucleons and energy. At scission, right before the emerging
fission fragments separate, the fissioning system consists of two nuclei in contact
through a neck. Because of the mutual Coulomb repulsion, the two emerging
fragments are generally highly deformed. After scission, the fragments fly apart with
high kinetic energies and snap back to a smaller deformation. The deformation energy
transforms into intrinsic excitation energy of the fully accelerated fragments. Since
fission fragments are neutron-rich, the deexcitation proceeds almost exclusively by
neutron evaporation and, subsequently, by gamma emission. The neutron-induced
fission of *'Np has been studied very carefully at two different neutron energies [1].
The left of Fig. 1 shows the average number of evaporated neutrons as a function of
fragment mass. The well known saw-tooth-like behaviour of this curve is attributed to
the deformation energy. The minimum close to A=130 is due to the shell closures
N=82, Z=50 that lead to spherical fission fragments. An increase of incident neutron
energy translates into an increase of the initial excitation energy of the fissioning
nucleus. For the more asymmetric mass splits, we observe a very peculiar feature: the
increase of excitation energy leads to an increase of the number of evaporated
neutrons for the heavy fragment, only.

The most prominent manifestation of pairing correlations in nuclear fission is the
enhanced production of even-Z elements in low-energy fission of an even-Z
compound nucleus. It was proposed in ref. [2] to quantify the even-odd staggering
observed in fission yields by the local even-odd effect 0,(Z), which corresponds to the



third differences of the logarithm of the yields. J,(2) filters out from the yields the
variations that extend over a significant number of charges and are caused by the
global shape of the potential energy. The right part of Fig. 1 shows experimental data
on J,(Z) as a function of charge asymmetry for different fissioning nuclei measured at
ILL Grenoble where fission was induced by thermal neutrons. These data and the
systematics compiled in [3] clearly illustrate several features:
(1) The amplitude of J, decreases with increasing mass of the fissioning system.
(i1) For a given fissioning nucleus J, increases with asymmetry.
(iii)Also odd-Z fissioning systems like **Am show an even-odd effect at large
asymmetry whose magnitude is about the same as for even-Z systems of
comparable mass.
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FIGURE 1. (Left) Average number of prompt neutrons as a function of fragment mass for the neutron-
induced fission of » 7Np at two incident neutron energies [1]. (Right) Local even-odd effect as a
function of asymmetry, parameterized as the ratio of the charge of the light fragment Z; and the charge
of the fissioning nucleus Zcy. The symbols represent the experimental data which are taken from the
compilation shown in ref. [3]. The lines correspond to the statistical calculation developed in this work.

Presently, there is no consistent explanation for the features shown in Fig. 1. In this
contribution, we present a simple model based on statistical mechanics that describes
these features.

MODEL BASED ON STATISTICAL MECHANICS

We assume statistical equilibrium among the different types of degrees of freedom
(intrinsic and collective) in the region around the outer saddle point. The intrinsic
excitation energy at the outer saddle is essentially equal to the initial excitation energy
of the nucleus minus the height of the outer fission barrier. The intrinsic excitation
energy grows on the way from saddle to scission because part of the potential-energy
release is dissipated into intrinsic excitations. Two-centre shell-model calculations
shown in Fig. 12 of [4] show that there are many level crossings on the first section
behind the outer saddle. Afterwards, the single-particle levels change only little. Level
crossings lead to intrinsic excitations. This implies that the additional excitation
energy is mostly dissipated in the vicinity of the outer saddle. The dissipated energy
increases with the mass of the fissioning nucleus because the fission barrier is located



at smaller deformations and the range with a high number of level crossings is
extended.

Theoretical investigations of the gradual transition from the mononucleus regime to
the dinuclear system concerning shell effects [4], pairing correlations [5] and
congruence energy [6] show that the properties of the individual fission fragments are
already very well established in the vicinity of the outer saddle. Therefore, close to the
outer saddle the fissioning system consists of two well-defined nuclei in contact
through the neck and a total amount of excitation energy E,, that is equal to the
intrinsic excitation energy above the outer saddle plus the energy acquired by
dissipation on the first section behind the outer saddle. The partition of E,,, among the
two fragments at statistical equilibrium is thus ruled by the level densities of both
fragments. At low excitation energies, nuclear level densities are well described by the
constant-temperature level density. We assume a transition to the Fermi-gas level
density at energies of about 8-9 MeV [7]. It was shown that the constant-temperature
behavior of the nuclear level density in the low-energy regime leads to an energy-
sorting process if two nuclei are in thermal contact. In the absence of strong shell
effects, the light fragment will transfer essentially all its excitation energy to the heavy
one [8]. This process of energy sorting explains why the increase of the initial
excitation energy leads to an increase of the number of emitted neutrons from the
heavy fission fragment, only (see left side of Fig. 1).

Nucleon exchange between the fragments establishes also an equilibrium between
even-even, odd-A, and odd-odd light and heavy nascent fragments with a restriction
on the gross mass asymmetry given by the bottom of the potential in the fission
valleys and on the total intrinsic excitation energy E,,. To obtain the probability of
populating a given configuration at statistical equilibrium and derive the local even-
odd effect J,, we have to consider the level densities of neighboring even-even, even-
odd, odd-even or odd-odd nuclei in an absolute energy scale. However, as said above,
the quantity o, filters out the slowly-varying components of the yields. Therefore, we
have to use level densities where these effects are filtered out as well. This can be
done by placing the level densities in an excitation-energy scale that is reduced by 24
for even-even nuclei, by 4 for even-odd and odd-even nuclei and is left unchanged for
odd-odd nuclei. We have done this on Fig. 2 with the experimental level densities
determined by the Oslo method [9] for various even-even, odd-A and odd-odd nuclei
located in two distinct mass regions around 4=165 and 45. These two groups of nuclei
are representative of the complementary fission fragments produced in very
asymmetric fission. Within the heavy group, the level densities of neighboring even-
even and even-odd nuclei are almost identical. Sizeable differences appear only in the
energy interval -24, < E <-4,, where only even-even nuclei have states. For the light-
mass group, the level densities converge well at positive energies. The features shown
on the right of Fig. 1 can be explained by simple inspection of Fig. 2. Indeed, Fig. 2
shows that the logarithmic slope of the level densities is nearly constant and that the
logarithmic slope of the heavy group is much larger than the one of the light group.
The total amount of possible configurations with particular values of Z; and Z, is
directly related to the integral of the total level density for that particular split over the
excitation energy. This integral runs over the excitation energy of one fragment E;,
with the condition that E; + E, = E,,, and reflects the freedom of the system in the



division of excitation energy. The total level density is given by the product of the
level densities of the two fragments p;(E;)p2(E>). The most probable configuration is
the one that provides the highest total level density. Due to the very different
logarithmic slopes of the level densities for the heavy and the light fragment group, the
most favorable configurations are those that minimize the excitation energy of the
light fragment. In other words, energy sorting takes place [8]. Only at the end of the
energy sorting, when E; = 0 and E, = E,,, the benefit of transferring the unpaired
nucleons to the heavy fragment to form an even-odd or an even-even light fragment
becomes apparent because only for these configurations there are states available. If an
even-even light fragment in the ground state is formed, instead of an odd-odd one, the
energy in the heavy fragment increases to Ey,; + 241, which for the nuclei considered
in Fig. 2 corresponds to an increase of the level density of the heavy fragment of more
than three orders of magnitude. It becomes clear that configurations with fully paired
light fragments are strongly favored for very asymmetric fission. Because the
logarithmic slope of the constant-temperature level densities is roughly proportional to
A% [10], for less asymmetric splits the logarithmic slopes of the level densities of the
two fragments will become closer. Therefore, the probability to populate the ground
states of even-even or even-odd light fragments decreases with decreasing asymmetry.
Since the logarithmic slope of the Fermi-gas level density becomes more gradual with
increasing excitation energy, the relative statistical weight of configurations with a
fully-paired light fragment is less important than in the constant-temperature regime.
Therefore, the transition from the constant-temperature to the Fermi-gas regime that
may occur when £, increases will lead to a considerable decrease of J,,.
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FIGURE 2. Experimental level densities of various nuclei [9]. The excitation energy is reduced by 24
for even-even (e-¢) nuclei, by 4 for even-odd (e-0) or odd-even (o-¢) nuclei and left unchanged for odd-
odd (0-0) nuclei.

We have put the previous ideas into equations, leading to a simple model [11]. The
results of our calculation are compared with experimental data on the right part of Fig.
1. Except for 2*°Th, the agreement with the data is fairly good. In our calculation, we
consider that 40% of the potential energy difference from saddle to scission is



dissipated. When E,,, is small, as is the case for **°Th, 0, varies very rapidly with E,,,.
Therefore, 2*°Th is particularly sensitive to the uncertainties on the dissipated energy.
The disagreement found for Z*°Th may be caused by the neglect of fluctuations in the
dissipated energy acquired on the way from saddle to scission that are due to shape
variations and the threshold character of the first quasi-particle excitation in a fully
paired system.

CONCLUSIONS AND PERSPECTIVES

The fission process offers a unique possibility to investigate the behaviour of two
warm nuclei in thermal contact. Application of statistical mechanics shows that the
process of excitation-energy sorting takes place where excitation energy and unpaired
nucleons are predominantly transferred to the heavy fragment. The energy sorting
process explains in a transparent way the excitation-energy dependence of the prompt-
fission neutron yields [8] and the complex features of the even-odd effect [11]. To
further explore the energy-sorting process, new experimental data are needed on these
two observables. In particular, a systematic study on the evolution of prompt-neutron
yields and the even-odd effect with excitation energy for different fissioning nuclei is
required. This study can be performed in experiments with EURISOL actinide beams
at medium energies where fission is induced by few-nucleon transfer reactions.
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Beta-delayed fission: from neutron-deficient to
neutron-rich nuclei
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Abstract. Beta-delayed fission is a rare decay mode which can probe phenomena near and
beyond the fission barrier. The status and perspectives for studies of beta-delayed fission in
neutron-deficient and neutron-rich nuclei are discussed.
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BETA-DELAYED FISSION: A RARE DECAY MODE AS PROBE
FOR PHENOMENA NEAR AND BEYOND THE FISSION
BARRIER

Beta-delayed fission (BDF), discovered in 1965-1966 in Dubna, is a two-step
nuclear decay process that couples beta decay and fission, see Fig.1. Similar to other
beta-delayed decay processes, in BDF a parent nucleus (a precursor) first undergoes 3
decay, populating excited state(s) in the daughter nuclide.

t Az
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Ponc=
Qgc
i BDF Npor
" fo
A,Z-1

elongation

FIGURE 1. Simplified diagram for the B*/EC delayed fission in the neutron-deficient nuclei. Shown
are the ground states of the parent (A,Z) and daughter (A,Z-1) nuclei, and as a function of elongation,
the potential energy of the daughter nucleus. Qgc value of the parent and fission barrier Bs of the
daughter nuclei are indicated by vertical arrows. The BDF of excited states with E*~Bg in the daughter
nucleus is shown by horizontal arrows (see text).

Energy

In the case of neutron-deficient nuclei, electron capture (EC) or B* decay is
considered, while ° decay happens on the neutron-rich side of the Nuclidic Chart. The



term “BDF” is used in this text for both the neutron-rich and neutron-deficient nuclei.
In BDF, the maximum excitation energy of the daughter nucleus is limited by the Qgc
(Qp- in case of neutron-rich nuclei) of the parent. The typical Qgc values are in the
range of 3-6 MeV and 9-12 MeV for the known BDF nuclei in the trans-uranium and
lead regions, respectively. If the excitation energy of these states, E*, is comparable
to or greater than the fission barrier height, B , of the daughter nucleus (E*~B;)
then fission may happen in competition with other decay modes, e.g. y decay and/or
particle emission. Therefore, the special feature of BDF is that fission proceeds from
excited state(s) of the daughter nuclide, but the time scale of the BDF events is
determined by the half-life of the parent nucleus. As in most cases the p-decay half-
lives are longer than tens of ms, it makes BDF more easily accessible for experimental
studies. The importance of BDF is highlighted by its ability to provide low-energy
fission data for very exotic nuclei which do not decay by spontaneous fission and
which are difficult to access by other techniques. The BDF nuclei are situated in three
regions of the Nuclidic Chart, see Fig.2, taken from the recent review on BDF [1].
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FIGURE 2. The nuclei for which fission fragments mass or nuclear-charge distributions have been
measured by low-energy fission. The mass distributions are shown for selected systems. Blue open
circles: distributions, measured in conventional particle-induced fission experiments and spontaneous
fission. Green crosses: nuclear-charge distributions, measured by Coulex-excitation. Open and closed
diamonds show 26 known BDF cases, the fissionning daughter is indicated. Filled diamonds mark 11
daughter nuclides for which mass distribution was measured, two of them - **°Hg and 2*2Cf are shown
in the plot. The references to all data in the plot can be found in [1].

Historically, the first cases of BDF were discovered in Dubna in the neutron-
deficient precursors 2*2**Am (thus, ***?**Pu are fissionning daughter nuclides). This
region is relatively easily accessible by complete fusion reactions with heavy ions but
the initial experiments used quite unselective production and detection techniques (e.g.
the fission track mica foils). The second region of BDF nuclei includes six neutron-
rich nuclei of Ac-Pa (e.g. ?*#°Ac) mostly produced by transfer reactions on the
heaviest stable targets. However, although these measurements are more relevant for
the r-process, due to the extreme difficulties to produce neutron-rich nuclei quite
uncertain data exist in the literature.

Recently, extensive BDF studies in the very neutron-deficient nuclei between
Tl and Fr (the third region of BDF nuclei) have been performed by our collaboration.
As shown in Fig. 2, these BDF nuclides lie very close to the border of known nuclei.



Fissioning nuclei in this region possess very unusual neutron-to-proton ratios, e.g.
N/Z=1.23-1.25 for *"®*Hg in contrast to a typical ratio of N/Z=1.55-1.59 in the
uranium region, where numerous spontaneous fission and BDF cases are known. This
allows to investigate potential differences in the BDF process and its observables in
the two regions, which differ in many nuclear-structure properties.

Since 2008, our collaboration performed dedicated BDF studies at the SHIP
velocity filter at GSI (Darmstadt) and at the ISOLDE mass separator at CERN
(Geneva) [2]. In particular, the coupling of the Resonance lonization Laser lon Source
(RILIS) [3] to ISOLDE opened up new possibilities for BDF studies. The uniqueness
of this technique is the unambiguous A and Z identification of the precursor, via the
combination of the mass selection by ISOLDE and Z selection by the RILIS. With the
help of this techniques, detailed BDF studies of Y®*®TI and of ****®At were recently
performed at ISOLDE [1,4]. The laser ionization also allows unique isomer
separation, which is especially important for the odd-odd BDF precursors, many of
which have more than one nuclear state capable of BDF.

FUTURE PROSPECTS FOR BETA-DELAYED FISSION STUDIES

To date, 26 BDF isotopes are known in three regions of the Chart of Nuclides,
see Fig. 2: the neutron-rich Ac and Pa isotopes, and the neutron-deficient isotopes in
the trans-uranium and lead regions. However, in many cases only scarce information
is presently available. Substantial progress can be expected in all three regions, due to
developments of new and/or improved production and detection methods. Below we
highlight some of the interesting BDF studies feasible in the near future.

The main efforts in all three BDF regions should concentrate on detailed
experiments to reliably measure BDF probabilities, partial half-lives, and energy/mass
distributions of fission fragments, similar to those, performed for e.g. ***Hg in [4]. A
direct measurement of the Z values is also needed to firmly establish the A and Z
distributions of the fission fragments. The exgeriments with the laser-ionized
isomerically-pure beams of 1%21%At, 1#188Bj and 2°’Fr should determine whether both
isomers of each isotope undergo BDF and whether any difference exists in the BDF
process of different isomers. The search for new BDF cases is another important task.
For example, with the presently-available beam intensities dedicated searches for BDF
of the neutron-rich 2222%22Fr and of *22%0232¢ are possible at I1SOL facilities, such
as e.g. ISOLDE or ISAC (TRIUMF). Furthermore, in the past, by using the
multinucleon-transfer reactions of 11.4 MeV/u %®U ions with W/Ta targets at the GSI
ISOL mass-separator, new isotopes *?Ra and 2*#**Ac were produced. The use of this
method to search for BDF of 22%**Ac could be an interesting extension of the pDF
studies of ?°Ac, also produced in the transfer reaction. In the lead region, a search for
BDF of the odd-A precursors should be performed.

These goals require improved production and detection techniques. The new
in-flight recoil separators, such as S*® (GANIL) [5] should provide unique
opportunities to access the neutron-deficient nuclei in the trans-uranium region, which
are not accessible using the fragmentation-based ISOL techniques. Due to a
substantial beam intensity increase, a gain by at least an order of magnitude in



production rates can be expected. Combined with better separation capabilities and
improved detection systems, these facilities will certainly open a new era in BDF
studies in the trans-uranium region. The same technique can also be used to study the
shortest-lived BDF nuclides in the lead region, such as **At (T,~20-100 ms), which
is not yet accessible at ISOL facilities due to its short half-life compared to the
relatively long release time from the target-ion source.

Laser-based techniques, such as RILIS@ISOLDE [2,3], CRIS@ISOLDE [6]
and the recently-developed IGLIS method [7], coupled to the S° separator, will further
increase the sensitivity of the experiments and allow to address the problem of
existence of two isomers in a BDF precursor.

More generally, as far as low-energy fission studies are concerned, several
promising projects are presently being developed. As a continuation of the Coulex-
induced fission experiments with relativistic secondary beams the next generation of
such studies has recently been initiated by the SOFIA collaboration at GSI [8]. These
experiments will benefit from the improved beam intensity of the initial **U beam and
from detector developments which should enable the unique mass and charge
identification of fission fragments with a precision of one unit. In another recent
approach, the VAMOS spectrometer (GANIL) was used to study fission initiated by
multi-nucleon transfer reactions in inverse kinematics between a “**U beam and a ?C
target. The first experiments produced different minor actinides, within a range of
excitation energies below 30 MeV [9].

A new ambitious method to study low-energy fission exploits the inelastic
electron scattering off exotic radioactive beams in a colliding beam kinematics. Two
such projects are currently underway: ELISe (FAIR) [10] and SCRIT (RIKEN) [11].
Overall, substantial progress in BDF and low-energy fission studies is certainly
expected in the near future.
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The efficacy of alpha particles against cancer cells is well established. Typically,
only a few alpha particle hits to the cell nucleus are required to inactivate its
reproductive mechanism [1, 2]. In addition, compared to photons or electrons, the
effect of alpha radiation is significantly less sensitive to the oxygenation state of the
cell, its position in the cell cycle or the administered dose rate [1]. The short range of
alpha particles in tissue (50-90 um) ensures that cells lying outside of the targeted
region are spared. However, it also requires that the alpha emitting atoms are brought
to the immediate vicinity of the cancer cells, or be otherwise ineffective. Previous
work on the therapeutic utilization of alpha particles in the treatment of cancer has
focused on targeted alpha therapy and has recently reached the stage of clinical trials.
This includes a treatment of bone metastases with “Ra and alpha-radio-
immunotherapy (a-RIT) trials, involving monoclonal antibodies or peptides labeled
with #*Bi or ?*At for myeloid leukemia, melanoma, lymphoma and glioma. a-RIT is
generally considered to be best suited for the treatment of isolated cells, small cell
clusters and micro-metastases, rather than solid tumors. This is largely because of
physical barriers that exist in solid tumors such as the elevated interstitial fluid
pressure, which preclude efficient delivery of the labeled molecules into the tumor.

Diffusing Alpha-emitters Radiation Therapy (DART) represents a different
approach for the application of alpha particles, which enables the treatment of solid
tumors [3]. The basic idea is to insert into the tumor a number of radioactive sources,
which continually release short lived alpha emitting atoms from their surface. The
released atoms spread within the tumor by the combined effects of thermal diffusion
and advection (vascular and interstitial), forming a region of tumor cell destruction,
where a lethal dose is delivered through their alpha decays. The special characteristics
of malignant tumors, such as the high concentration of blood vessels and their chaotic
nature, play a special role in this dispersion process.

The implementation of the idea relies on the alpha decay chain beginning with
Th. The source — a thin conducting wire bearing a relatively small activity of *“Ra
(t2 = 3.66 d) — is inserted through a fine-gauge needle into the tumor. Once inside the
tumor the source releases “°Rn (ty, = 55.6 ), ?°Po (tyz = 0.15 s) and ??Pb (ty. =
10.64 h) atoms. A key requirement is that “’Ra remains fixed on the source, with a
minimal residual release of radium atoms into the body. The diffusing atoms are
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released from the source by virtue of their recoil energy: when a decaying atom emits
an alpha particle with a kinetic energy of 5-10 MeV, its daughter recoils in the
opposite direction with a typical kinetic energy of 100-200 keV. This energy is
sufficient for the recoiling daughter to traverse 10-30 nm in solid materials (depending
on the density). Thus, if the parent atom lies several nanometers below the source
surface, the recoiling daughter may leave the source with a considerable probability.
The entire progeny [4] of this desorbing nucleus is then dispersed throughout the
tumor.  Some ““Pb atoms cleared from the tumor through the blood redistribute
throughout the body at low concentration.

?2!Ra-bearing sources are produced by using a ?®Th (ty, = 1.91 y) generator - a
surface covered with a layer containing *Th, which is thin enough to enable
considerable release of **Ra atoms which recoil during the ?*Th alpha disintegration.
*2*Ra atoms lose some electrons from their outer shells as they recoil [5]. They escape
the generator positively charged with energies up to 100 keV. The generator-source
setup comprises an electrically isolated, gas filled enclosure, with the ?Th generator
as an anode and a thin conducting wire, which subsequently becomes the DART
source, as a cathode. ?*Ra* ions escaping the generator are thermalized by collisions
with the gas molecules and drift along the focusing field lines to the wire, on whose
surface they settle. The duration of the electrostatic collection stage is dictated by the
half-life of %*Ra (3.66 d).

An alternative potential chain, very similar to this, begins with an %'Ac/?*'Th
generator and proceeds with an identical decay chain with one neutron less for all
isotopes and with appropriately different half-lives.

The implementation of this new treatment modality clearly depends on the
availability of the primary isotopes - ??Th and *’Ac. *’Ac can be produced by
irradiating “°Ra in a high flux of thermal neutrons. Following neutron capture, %?’Ra
is produced with a cross section of 8 barns, decaying with a half-life of 42 minutes to
221 Ac. Note, that %" Ac itself has a very high cross section for thermal neutron capture
(about 900 barns), so that by continuing the irradiation long enough it will be
transmuted into 2*Th through the formation of the beta decaying isotope **Ac (t1, =
6.1 h). An altemative way of producing *Th is through its chemical separation from a
solution containing the 72 years half-life isotope **U. The alpha decaying U may
be produced by a number of available reactions.

The production of generators from the primary raw material supplied in a solution
poses practical problems, particularly when large scale activity is considered.
Furthermore, the primary isotope is mostly deposited on the surface of the generator
and is thus susceptible to undesirable sputtering during the therapeutic source charging
phase, a phenomenon unacceptable from the regulatory point of view.

The future availability of very high output isotope production facilities such as
EURISOL opens new and improved ways of producing the generators required for the
implementation of the DART modality. #?’Ac is produced by collecting the A=227
isobars ??’Fr (t, = 2.5 m) and *'Ra (ty2 = 42 m). “*Th is produced by collecting the
A=228 isobars *®Fr (ty, = 39 s) and “®Ra (ty, = 5.8 y). By adjusting the acceleration
energy appropriately the produced isotopes can be implanted at an optimal depth in the
generators-to-be. The net result of this procedure is a generator in its finalized form,
ready to be used with any further manipulation. The “®Th case is characterized by



important further advantages. First, the long half-life of *®Ra allows its parasitic
accumulation in a target which is used as a beam dump, from which it is eventually
extracted. The fact that the generator is now based on “?Ra means a longer half-life
and less replacement cycles of the generators in the source preparation facility. Both
primary isotopes were actually collected on a small scale at ISOLDE for initial testing
and verification.

Since cost considerations play a significant role in the development and
implementation of therapeutic modalities, it is interesting to get an estimate of how
many patients might be treated by the isotopes produced in a 24 hour period in the
facility. Assuming an average tumor burden of a few grams per patient, a required
number of primary radioactive atoms of a few times 10 per gram of tumor and a
production rate of a few times 10 per second, the 24 hour output provides treatment
for a few thousands patients.

REFERENCES

[E

. J. E. Hall, Radiobiology for the radiologist, Philadelphia: Lippincott, Williams and Wilkins, 2000.

. J. Rotmensch, R. W. Archer, J. Hines, M. Toolhill and A. L. Herbst, Gynecol. Oncol. 35, 297-300
(1989).

. L. Arazi, T. Cooks, M. Schmidt, Y. Keisari and . Kelson, Phys. Med. Biol. 52, 5025-5042 (2007).

. C. M. Lederer and V. S. Shirley, Table of Isotopes, 7™ Edition, New York, Wiley, 1977.

. G.L.Cano and R. W. Dressel, Phys. Rev. 139, 1883-1885 (1965).

N

b~ w



Optimization of multiple-frequency heating and
gas mixing in ECR charge breeders.

L. Standyto?, H. Koivisto®, O. Tarvainen®, V. Toivanen®, J. Komppula®, T.
Lamy*, J. Angot‘, P. Delahaye’, L. Maunoury?, P. Gmaj*, A. Galata®,
O. Steczkiewicz® and J. Choinski®

“Heavy lon Laboratory, University of Warsaw, Warsaw, Poland
*Department of Physics, University of Jyvéskyld, Jyvéskyld, Finland
‘LPSC Grenoble, 53, rue des Martyrs, 38026 Grenoble Cedex, France
‘GANIL, CEA/DSM-CNRS/IN2P3, Caen Cedex 05, France
¢INFN-Laboratori Nazionali di Legnaro, Legnaro, Padova, Italy

Abstract. The ECR charge breeders have successfully been used to produce intensive beams of
highly charged ions. The further improvements of boosters like PHOENIX, installed at LPSC,
will benefit many Radioactive Ion Beam (RIB) facilities like SPES, SPIRAL1 Upgrade and
SPIRAL2 but even more for those like EURISOL that foresee the production of high intensity
radioactive beams. In order to respond to these requirements the effect of multiple-frequency
heating and gas mixing techniques on the optimization of charge state distribution (CDS) and
ionization process was studied. These techniques are powerful tools to improve the intensity of
highly charged ion beams. Measurements performed at JYFL investigated the effect of the gas
mixing and 2-frequency heating on the production efficiency of highly charged ion beams. The
experiments were performed using conventional ECRIS with argon, krypton and xenon gases
and oxygen as a support gas. The main microwave source was 14 GHz Klystron and the
additional heating frequency was fed into the plasma chamber using TWTA (oscillator 10.75 —
12.75 GHz). In order to limit variables during the experiment the total microwave power was
kept constant at 600 W. Results showed that the 2-frequency heating and gas mixing have an
enormous effect on beam intensities when they are used simultaneously - their effect seems to be
additive. As an example, the intensity of Xe®' ion beam increased by a factor of 10.
Experiments have also shown that the gas mixing is superior when the production efficiency has
to be increased. The efficiency of Kr**" increased from 0.5% to 2.5%, when support gas has
been added. The next step was to measure 2-frequency and the gas mixing effect on the charge
breeder. Main goal was to confirm the effects observed by the conventional ECRIS and to
optimize the breeding efficiency of the PHOENIX booster. The experiment was performed at
LPSC. Primary 1+ beam was produced by the COMIC source (2.45 GHz) and subsequently
injected into the PHOENIX charge breeder. The measurements were carried out using argon and
krypton with and without the use of oxygen mixing gas. The plasma was heated by the 14.51
GHz Klystron and additional TWTA with tuned frequency. Obtained data is still under analysis
and discussion. This work is supported by NuPNET as part of the EMILIE project.

Keywords: ECR ion sources, charge breeder, multiple-frequency heating.
PACS: 07.77.Ka, 52.50.Sw.

INTRODUCTION

The study and development of charge breeding techniques is of primary interest for
the post-acceleration of intense beams from a second generation ISOL facility.



Extracted as singly charged ions from the target-ion source units, the radioactive
isotopes have to be bred to an n+ charge state prior to their post-acceleration, for an
optimized efficiency and compactness of the post-accelerator [1]. The principle of the
1" — n" method (charge breeding with an ECR ion source) consists in capturing ions
from radioactive or stable elements in the plasma of an ECRIS, after which high-
charge states can be produced with optimal beam intensities [2]. With techniques,
such as multiple-frequency plasma heating, better surface coating to provide extra cold
electrons and higher magnetic mirror fields, ECRIS performance on ion charge state
and beam intensity both have been greatly enhanced. Microwaves of various
frequencies can be simultaneously launched into and absorbed by a high charge state
ECR plasma. The minimum-B magnetic field configuration in an ECRIS can provide
many closed and nested ECR heating surfaces [3].

Experiments with conventional ECRIS

The first set of experiments was carried out at JYFL (August, 2012) using the JYFL
14 GHz ECRIS. The additional second heating frequency was fed into the plasma
chamber using TWTA (oscillator 10.75 — 12.75 GHz). In addition to 2-frequency
heating the impact of the well-known gas mixing effect alone and when combined
with the 2-frequency heating on the production efficiencies of some gaseous elements
was studied. The measurements were carried out using argon, krypton and xenon with
and without the use of oxygen mixing gas. The total microwave power was kept
constant (600 W) in order to limit the variables during the experiment.
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FIGURE 1. Production efficiencies (left) of different krypton charge states (in %) when different
methods have been applied. Tuning for Kr?*". The intensities (right) of krypton ion beams as a function
of charge state when different methods.

According to the results, the combined effect, i.e when the gas mixing and the 2-
frequency heating are applied simultaneously, seems to be additive. The tendency
indicates that the gas mixing and the 2-frequency method have different mechanisms
to improve the intensity of highly charged ions. The intensity of highly charged ion
beams increased remarkably when the 2-frequency heating was applied — as was
expected. This effect is practically negligible for medium charge states (like Xe*") but
the method at least doubles the intensity of very high charge states (like Xe**").
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FIGURE 2. Production efficiencies (/eff) of different xenon charge states (in %) when different
methods have been applied. Tuning for Kr**. The intensities (right) of xenon ion beams as a function of
charge state when different methods.

Experiments with charge breeder

The second set of the experiments was performed with the Phoenix charge
breeder [4] on the LPSC test stand. The 1+ beam injected into the breeder was
produced with the COMIC ion source [5]. Measurements were performed with “Ar”
and Kr" ion beams. The breeder was optimized for high charge states of argon (or
krypton) and the intensities of all charge states were subsequently measured. The
optimization was done with and without 2-frequency heating (14.5 GHz klystron +
adjustable frequency TWTA). Frequency tunning on argon beam was performed to
find optimal frequencies with high efficiency and beam intensity — Figure 3.
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FIGURE 3. Production efficiencies of Ar''* ion beams as a function of TWTA frequency and
power. Red baseline corresponds to the results when the plasma was heated using the klystron
alone with the equivalent total power.
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FIGURE 4. Results for krypton — tuned for *Kr'®". There is an increase with the efficiency (black
dots) when 2-frequency is applied.

Figure 4. shows results for krypton with measured production efficiency with and
without 2-frequency heating. The production efficiency performed with charge
breeder is higher than for conventional ECRIS. In both cases the charge state is peaked
at Kr'"7 and for this state with 2-frequency heating we get almost 4.5 % higher
efficiency on charge breeder.
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Abstract. Rare Isotope Beams (RIB) are typically produced by two methods: ISOL
(as in EURISOL) and projectile fragmentation. I touch here upon two different
production mechanisms. An existing one: in-flight production and separation in
inverse kinematics, with emphasis on the production of a 67% pure isomeric Al
beam at the MARS separator of Texas A&M University. The isomeric beam is
obtained by choosing the reaction mechanism, not by separation. Then I will present
briefly the Extreme Light Infrastructure — Nuclear Physics (ELI-NP) facility currently
under construction in Bucharest, speculating about its possible use as a RIB
production facility and its use for nuclear astrophysics studies.

Keywords: nuclear reactions; rare isotope beams; experimental methods.
PACS: 24; 24.50.+g; 26.60.-t; 25.60.Bx; 25.60.Je; 29.

INTRODUCTION

I changed the title and content of my presentation from the ones initially announced
as I believe these two topics, put together will be of a more general interest to this
audience than the original one, presented in detail. Typical RIB production techniques
are ISOL and projectile fragmentation. One less used is the production of unstable
nuclei in some not-so-exotic reaction mechanisms, like fusion-evaporation or transfer
induced by light particles, in inverse kinematics and followed by selection in mass
separators like MARS at Texas A&M University [1]. This mechanism (mostly (p,n)
and (p,2n) reactions) was used successfully for more than 15 years to obtain dozens of
RIBs of high purity (typically over 95%, some close to 100% pure), moderate intensity
(10" to 10° pps) and intermediate energies 10-40 MeV/nucleon. The beams were used
to induce secondary reactions for nuclear astrophysics with indirect methods (proton
transfer reactions to determine astrophysical S-factors for proton radiative capture
reactions), for precision studies of beta-decay, for resonance reactions, for beta-
delayed proton emission studies, etc. Here I will show briefly the results we obtained
in an effort to obtain an isomeric beam: a beam of **"Al and the results of the
26mAl(d,p) reaction in inverse kinematics. Then I will describe briefly the new
European facility ELI-NP under construction in Bucharest, Romania, and talk about its
possible use as a RIB production facility. If successful, this RIB facility will use a
production mechanism different from ISOL or fragmentation.



ISOMERIC *MAL BEAM

The isotope “°Al is unstable with a long half-life of 0.72 million years for its J=5"
ground state and has an isomeric state J=0" only 228 keV above with a much shorter
half-life of 6.34 sec. The isotope is known to be important in nuclear astrophysics: the
gamma-ray line of 1809 keV following the beta-decay of its long-lived ground state
was the first discrete line to be detected by gamma-ray satellite telescopes and is taken
as a proof of on-going nucleosynthesis. Its origin is not well known, however, and the
comparison of observations with nucleosynthesis model predictions is hindered by the
lack of precise nuclear data for some reactions in the reaction networks used in
calculations. For all temperatures below 2 GK, Al and **™Al behave like separate,
different isotopes and can be treated as such in calculations, but for higher
temperatures, reached in some explosive scenarios, they will mix. It becomes
important to evaluate reactions on Al and those can only be studied experimentally
with an isomeric beam. The two states, g.s. and isomer, cannot be separated by current
mass separators, because resolutions of 228 keV at masses of about 26 GeV are not
available at current accelerators, and different methods must be found. We tried the
use of a selective reaction mechanism at the MARS separator of the Cyclotron
Institute of Texas A&M University. We started with a *°Mg primary beam of 16
MeV/nucleon from the superconducting cyclotron K500 bombarding a H, cryotarget.
With it *°Al can be produced by **Mg(p,n) reaction by two mechanisms: fusion-
evaporation and charge exchange. The first should not be selective and produce a
mixing of g.s. (J=5") and isomeric state (J=0") around the velocity of the compound
system, while charge-exchange should select the isomeric state through the GT
transition: (vds,*vdspn)or — (vdsp*mdspn)o+ at velocities close to that of the projectile.
By tuning MARS for the appropriate magnetic rigidities we can separate the two.
Indeed, when we tuned MARS for the fusion-evaporation products we obtained a pure
°A] beam of 3*10° pps with 33% ™Al content. When we changed the rigidity to that
of the transfer reaction, we increased the 2mA 1 content of the beam to 67%, but the
intensity decreased 10 times to about 3*10° pps.

The intensities were sufficient in the two cases to study (d,p) reactions in inverse
kinematics using TECSA detection system [2]. The comparison of the results show
that the two beams can populate same or different excited states in the final nucleus
*"Al. Details of the experiment and the results will be published elsewhere [3]. It
follows from the experiment that the production of the isomeric beam using a selective
population mechanism like charge-exchange is possible. A better isomeric purity can
be obtained by increasing the bombarding energy of the primary beam to 25-40
MeV/nucleon. The isomer production through charge-exchange will be favored by the
larger energy and at the same time the fusion-evaporation mechanism will lead mostly
to Al through (p,2n). Also the rigidity separation between the two components will
increase, favoring a better separation.



ELI-NP FOR RIB PRODUCTION

Extreme Light Infrastructure (ELI) in Europe is on the ESFRI roadmap since 2009 and
in its Preparatory Phase has proposed three facilities with large power lasers (three
pillars) to be built in Eastern European countries: the Czech Republic, Hungary and
Romania. The one in Romania, which is already under construction, is dedicated to
studies of the ultra-high fields generated by two powerful lasers of 10 PW each on
nuclei and the nuclear physics that can be made with them. Another part of the facility
will be a brilliant gamma-ray beam which will be produced through Compton back-
scattering of a laser beam on an intense 6-700 MeV electron beam from a linear
accelerator. Gamma-ray energies up to about 20 MeV with bandwidth down to 0.1%
and intensities to 10" photons/s will be available for experiments with gamma-beam
or with gamma and laser beams. It will be the most powerful facility of its kind
planned so far (see www.eli-np.ro [4] for details).

Rare lon Beams at ELI-NP

To a large extent the facility will be unique and will present opportunities to research
in areas barely touched so far [5]:
*  Nuclear Physics experiments to characterize laser — target interaction at large
powers/ultra-high fields
*  Photonuclear reactions — most brilliant gamma-beam, good resolution
*  Exotic Nuclear Physics and Astrophysics studies - complementary to other NP
large facilities (FAIR, SPIRAL2, EURISOL).
*  Physics with laser and gamma or e- beams
* Applications based on high intensity laser and very brilliant y beams.
The research at this ELI-NP facility will be complementary to those at the other ELI
pillars.
Of interest for today’s subject, the RIB production, studies will be done on:
* Laser Acceleration of very dense Electrons, Protons and Heavy Ions Beams
* Laser-Accelerated Th Beam to produce Neutron-Rich Nuclei around the N =
126 Waiting Point of the r-Process via the Fission-Fusion Reaction
» RIB production and separation.
Parts of these are discussed in more detail in [5, 6].

Laser induced stellar plasma

One additional observation I want to make is that at these high powers, for very short
times, but sufficient to be relevant, laser produced plasmas will simulate stellar
plasmas. That is a unique opportunity to make studies important for strophysics, for
nuclear astrophysics in particular. Several questions will be of interest:
* Characterization of plasmas: temperatures, densities, lifetimes,...
* Nuclear reaction rates measured directly.
* Nuclear astrophysics: capture reactions on excited states — very important for
quantitative descriptions of stellar nucleosynthesis, but out of the range of our
current experimental possibilities. Can we do that?!



* How?! What setups?!
I conclude with the belief that ELI-NP will actually raise as the above questions and
some we do not imagine at this time. And this is how it should be! Thanks you for
your attention!

Figure 1. Artist view of the projected ELI-NP facility at IFIN-HH Bucharest-Magurele.
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Abstract. The EAGLE array is presented together with an ancillary detectors, scientific program
and highlights from the last campaigns. The new electron conversion spectrometer and a
prototype of digital electronics for ACS Ge detectors are also presented.

Keywords: Ge ACS, plunger, RDDSM, coulomb excitations, Si-ball, chiral symmetry
spontaneous braking, shape coexistence, electron conversion, K-isomers, incomplete fusion.
PACS: 21.10.-k, 21.10.Re, 23.20.Lv, 21.10.Tg, 21.60.Ev, 25.70.Jj, 29.30.Kv

THE EAGLE ARRAY AND ANCILARY DEVICES

The EAGLE array became operational in 2010 [1] replacing the OSIRIS-II [2]
array at Heavy lon Laboratory. The EAGLE can accommodate a maximum number of
30 Ge ACS detectors coupled to various ancillary devices, such as:

- Internal Conversion Electron (ICE) spectrometer.

- Bucharest-Koln Plunger.

- Compact scattering chamber equipped with 110 PIN diodes placed at

backward angles.

- 4minner ball consisting of 60 BaF, crystals.

- 30 element 4 silicon detector array Si-ball.

- Recoil Filter Detector.
Until June 2011 OSIRIS-II and EAGLE arrays were equipped with 12 ACS HPGe
detectors, resulting in a total photo-peak efficiency equal to 0.5% at 1.3 MeV. This
configuration was replaced by the configuration with 15 Eurogam Phase-1 ACS HPGe
detectors loaned by the GAMMAPOQOOL, increasing the efficiency to 1.8%.

THE SCIENTIFIC PROGRAM

The scientific program of the OSIRIS and EAGLE arrays focused on
the phenomenon of spontaneous symmetry breaking in atomic nuclei. It includes:
1. The experimental study of spontaneous chiral symmetry breaking by DSAM
lifetime measurements of partner bands in **La and '?**2*1%12¢s nyclei [3-5].


http://www.slcj.uw.edu.pl/en/97.html

2. The shape coexistence and shape evolution studied by the measurements of
transition probabilities by COULEX and RDDS measurements, seeking for the shape
coexistence of 0+ states. The following experiments were performed:

- super-deformation in “Ca [6]. The first AGATA experiment in LNL Legnaro,
where the COULEX of ““Ca on 2°®Pb target was performed, required a separate
experiment for the refinement of the level scheme in “*Ca. The *2C(**S,2p)*Ca
reaction was studied.

- The first successful production run with the Koeln-Bucharest Plunger in the frame
of Warsaw-Oslo-Bucharest collaboration. The lifetimes of low spin levels in **°Sm
were investigated using RDDS method. The data are being analyzed.

- COULEX of " Ag and "Zn using *2S beam. The data are being analysed.

- determination of quadrupole deformation and triaxiality for coexisting two 0+ levels
in Mo by COULEX on *S beam][7].

3. The studies of K-isomers, as a test of K-quantum number conservlation t%g/ the
comblned gamma and internal conversion electron spectroscopy of Ba, Nd

and Pt nuclei [8,9]. During the last EAGLE campaign with GAMMAPOOL
detectors, the new ICE spectrometer was designed, built and tested (see Fig. 1).
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FIGURE 1. The new ICE spectrometer inside the EAGLE array (a) and in-beam measured electron

spectra (b): inclusive one (red line) and exclusive one (blue line) gated on y-transitions in ‘%Pt
The transitions energies and corresponding electron lines are labeled.

4. The incomplete fusion reactlon mechamsm studied by the y—a coincidences

122
measurements [1]. The Sn( Ne axn) “Ce reaction at 141 and 150 MeV beam
energies was studied. The preliminary results point to the important role of the
incomplete fusion, which contributes significantll%/z(la:l%t3 least 30% at 141 and 50% at 150

MeV) to the cross section for the production of =~ = Ce nuclei.

5. Beside the rich scientific program, the EAGLE array is also used for teaching and
training purposes. During the EAGLE campaign more than 80 students took part in
one of the three major training programs at HIL: International Workshop on
Acceleration and Applications of Heavy lons (Il and 111 edition, 2 weeks each), I
Summer School on Acceleration and Applications of Heavy lons (1 week) and Polish
Workshop on Acceleration and Applications of Heavy lons (VII and VIII editions,

1 week each) [10].



THE NEW DIGITAL MODULE FOR ACS Ge DETECTORS

The prototype of a new acquisition module for 4 ACS Ge detectors was designed, built
and tested (see Fig. 2). It consists of a motherboard, data acquisition mezzanine board
and a communication module. The signals from Ge detectors are connected to the
acquisition board on which two dual channel 16-bit ADC16DV160 ADC's from
National Semiconductor are installed. Each input track is equipped with a
programmable DAC for the offset modification and a programmable amplifier for the
range modification. The LMKO04031 clock can be synchronized with the external
source or/and used as a synchronization source. All the data and control signals from
acquisition mezzanine board are connected to the Virtex-4 LX25 FPGA, placed on the
motherboard, which is responsible for the data preprocessing and buffering. The
logical NIM signals from ACS together with additional general purpose two NIM
input and two NIM output signals are connected to the motherboard and controlled by
the same FPGA module. A separate mezzanine board is used for the communication
purposes. It consists of Virtex-4 FX12 Mini Module designed by MEMEC. The
embedded PowerPC CPU, 64 MB on-board RAM and a gigabit Ethernet interface
allows to use C language and TCP libraries in communication with the external
computers for data transfer and acquisition board setup.

The presented solution gives the full control over the acquisition hardware and low
level software, allowing to adapt the system for a cooperation with the external
devices. The clock time stamp together with LVDS and NIM signals can be used for
the synchronization and data exchange.

The module was tested using both calibration sources and during the in-beam
measurements with EAGLE array coupled with the ICE spectrometer (see Fig. 1a).
The energetic linearity obtained with the presented module is better than in the case of
standard ORTEC analog amplifier and ADC (see Fig. 2b.)

Virtex-4 FX12
Mezzanine boards

dual ADC's

—e—digital | |
—+— analog] |

1’5

FIGURE 2. a.) The new acquisition module for 4 ACS Ge detectors; the most important components
are labeled; b.) The energy difference between actual y energy and the one calculated with linear
calibration using *?Eu source for the presented digital module (blue) and standard ORTEC analog
amplifier and ADC(red). The lines are drawn only to guide an eye.



SUMMARY

The EAGLE set-up on beam of Warsaw’s heavy ion cyclotron is the biggest array
of Germanium detectors in the new countries of the European Union. A high standard
equipment provides an opportunity for measurements of valuable and attractive
subjects. Our results prove that we can provide a precise information on nuclear
structure, particularly on electromagnetic matrix elements measured with COULEX,
DSA and RDDS methods, with an intense and stable beams, complementing results
obtained with radioactive beams. In the frame of the EAGLE collaboration a relatively
young experts were educated. An innovative digital electronics for ACS Ge detectors
and a new conversion electron spectrometer were designed and manufactured. The
new experimental as well as theoretical evidences of spontaneous time reversal
(equivalent of chiral) symmetry breaking phenomenon in atomic nucleus were found.
The EAGLE array on beam of U200-P heavy ion cyclotron is a perfect training
ground for young scientists expected to work with the future EURISOL beams.
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Symmetry Breaking at High Temperature and
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Abstract. We discuss a research strategy focussed around the so-called Jacobi and Poincaré shape
transitions at high temperatures and angular momenta. As discussed in the text, these transitions
offer unique opportunities of studying global, i.e. varying little from one nucleus to another, nuclear
properties related to both the nuclear stability, thus the very existence of nuclei — one of the
fundamental goals in Physics of Exotic Nuclei — and to the symmetry breaking phenomena.

Keywords: Nuclei at High Temperatures, Symmetry Breaking in Nuclei, Collective Rotation
PACS: 21.10.Dr, 21.10.Re, 24.75.+i, 25.85.-w, 21.10.Dr

IMPORTANCE OF THE PHYSICS CASE VS. EURISOL

Atomic nuclei belong to those systems whose bulk excited-state collective properties
such as rotational ones, are often predetermined by the properties of a few single-
nucleonic states with energies close to the Fermi energy. Experimental evidence, among
the best known in the literature, is provided by the structure of rotational bands, back-
bending, blocking and associated phenomena studied intensively in the 80’ies and since.
Strongly excited states can often be described within the nuclear mean field theory as
high-temperature configurations. At sufficiently high temperatures, one says, the quan-
tum (shell) effects disappear and the nuclei can be described by classical ‘macroscopic’
models such as the Liquid Drop Model. The successful classical parameterisation of the
nuclear energy remains an important both technical and practical factor which can be
used to simplify the analysis of the experimental facts as long as the fully microscopic
theory is not (or cannot be) used.

The nuclear Jacobi transitions taking place when the angular momentum increases,
consist in an increase of the nuclear axial oblate deformation, followed by breaking
the axial symmetry, the tri-axial shapes replacing the axial ones. The Poincaré transi-
tions in turn correspond to the evolution of the originally left-right symmetric shapes
into the left-right asymmetric ones starting at a certain critical spin value. Usually such
transitions are described with the help of their critical spin values, say I{"" and I§"", re-
spectively. The nuclear Jacobi and Poincaré shape transitions offer a unique background
for studying these symmetry breaking phenomena precisely because of the ‘incidental’
simplicity of the macroscopic parametrisation techniques which will allow to exploit the
corresponding research strategies also in the absence of the adequate microscopic, fully
quantum-mechanical tools. In what follows we will describe in a few words the tech-
niques and the results based on the LSD (Lublin-Strasbourg Drop) model of Ref. [1].

EURISOL Radioactive Ion Beam Facility is expected to deliver beams of nuclei very



rich in neutrons with intensities comparable to those of the stable beams (10°-10'0 pps).
This will allow exploring, the exciting field of high spin physics in unexplored, very
exotic regions of the nuclear chart, using fusion reactions. This is related to the fact that
the fission limit for very neutron-rich nuclei, produced via fusion-evaporation reaction,
is higher at least by 10 units of spins, as a consequence of the significant increase of the
fission barrier with the increasing neutron number [see below].

Theoretical calculations strongly suggest that neutron-rich nuclei in the mass range
A~120-140 are good candidates for producing hyper-deformed nuclear states in fusion
reactions. This arises because of both the favourable shell-effects at low temperatures
and the contribution from liquid drop energy term showing, at spins even higher than
(80-90) 11, a well-defined minimum associated with very large deformations. At suffi-
ciently high spins, such minima eventually become yrast, Ref. [2]. Particularly interest-
ing are neutron-rich Barium nuclei, since already with the stable beam experiments in-
dications of hyper-deformation were obtained by the analysis of quasi-continuum ridge-
structure in y-coincidence spectra, following the population of the compound nucleus
128B4, Ref. [3]. In this connection, it is worth noticing that the first indication of super-
deformed structures in >?Dy was also obtained from the analysis of the ridge structures.

The Barium compound nuclei can be obtained using neutron rich Krypton beams
delivered by EURISOL by bombarding the “8Ca target. As it is expected, [4], even “°Kr
will be produced with intensity 10'° pps, so that one may have a possibility of forming
very exotic Barium compound nuclei up to mass A~144, or even higher.

REALISTIC CALCULATIONS USING LSD MODEL:
THEORY INTERESTS AND ILLUSTRATION

In principle the correct quantum description of the nucleonic motion in nuclei should be
based on the microscopic Hamiltonian of the general structure

e = Vit Y Y02+ %zz;ﬁ,@w (1)
i 1] r ]

where #; are nucleonic kinetic energy operators, whereas $(2) and ) denote the nuclear
two-body and three-body interactions [Studies of the interactions of this generic struc-
ture are intensively pursued at present]. This being said, it is not at all evident in which
respect the nuclear systems described, at least in principle, by the above many-body
Hamiltonians should lead to the liquid-drop type behaviour and even less so, why a few-
parametric Liquid Drop Model formulae like the LSD one, could be treated as ‘expla-
nation’ of the corresponding behaviour. Part of the ‘puzzle’ lies in the fact that whereas
Hamiltonians of the general above structure are expected to describe and explain the
microscopic origin of various phenomena, e.g. by relating the critical spin values to the
interplay between various terms in the nuclear Hamiltonian — the macroscopic energy
formulae merely ‘intelligently parametrize’ the experimental data. However, despite the
fact that such parametrizations do not explain the fundamental nuclear processes behind
the shape transitions, they are nevertheless extremely important in guiding the experi-
ments, the latter in charge of efficiently collecting the ‘physical truth’ and the experimen-
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FIGURE 1. Shape evolution accompanying the spin increase for '®Ba and '?®Ba, representing the
stable nuclei in the present illustration. Deformation parameters are represented in terms of the standard
multipole expansion oy, ; odd A represent mass-asymmetric degrees of freedom. The latter values are
plotted by convention as negative. The first from the left vertical lines give the spin at which calculated
fission barrier is equal to 8 MeV, whereas the next one — the spin at which the fission barrier equals 3 MeV.
It is expected that, roughly, for spins in between the two lines the nucleon evaporation channels compete
with fission whereas for the spins ‘to the right from the second straight line, the fission decay channel
dominates. The bottom frame illustrates the evolution of the tri-axiality represented by the Bohr angle
7, varying from 60° (oblate axially symmetric shapes) towards ¥y = 0°, the latter representing elongated,
axially symmetric shapes. The areas between the two asymptotically constant y-values, i.e. 60° and 0°
describe the Jacobi shape transitions. [From [5].]
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FIGURE 2. Similar to the preceding one but for the increasingly exotic, neutron rich Barium isotopes
142Ba and '5?Ba, the possible realm of the experiments with EURISOL. Observe the systematic shift to
the higher and higher critical spin values, the latter marked with the vertical straight lines. The presence of
this shift emphasises the uniqueness of the nuclei in this mass range when intending to study the highest
spin-states the finite nuclei can withstand. Recall that the highest spins (the ‘fastest’ collective rotation)
implies for theory one of a few most valuable ways of examining the effective time-reversal symmetry
breaking phenomena in microscopic nuclear theories of the nucleon-nucleon forces. [From [5].]

tal facts. When the experimental information about Jacobi and Poincaré shape transitions
will be fully available it will also be possible to investigate and test the advanced theo-
retical tools as the ones schematised in Eq. (1), importantly, at the extremely high-spin



limit at which the time-reversal symmetry-breaking effective-interactions are expected
to be at their extreme. But even before these theoretical investigations will be technically
possible — the present studies, whose results are illustrated here — are of high impor-
tance for improving the Macroscopic energy-term alone in the so-called Macroscopic-
Microscopic methods, the latter using simultaneously the ‘classical’ (Macroscopic) and
‘quantum’ (Microscopic) energy terms. The possibility of testing against experiment one
of these two elements alone rather than the combination of both has valuable advantages.
Shape transitions at high temperatures are the unique terrain to obtain this type of the
information and the experimental tests.

In obtaining the illustrative results in Figs. (1-2), the macroscopic energy formula of
the LSD model, Ref. [1], has been used. We employ the nuclear surface parameteriza-
tion in terms of spherical harmonic basis-expansions using the standard a; ,, -parameters,
minimising the total energy landscapes over up to 16 deformation parameters at each
spin after having tested the adequacy of the applied basis selection (cut off). As it can be
seen from the Figures the elongation (quadrupole deformation o) plays also numeri-
cally a dominant role. Let us notice that in the extremely neutron rich Barium isotopes
studied, '4?Ba and '3?Ba, the Poincaré shape transitions are predicted to follow the Ja-
cobi shape transitions in the spin windows within which the fission barriers decrease
from 8 MeV to 3 MeV, i.e. within an experimentally observable conditions. In experi-
ments capable of providing the fission-fragment mass-distributions such phenomena can
be perfectly studied and tested.

EXPERIMENTAL TESTS AND BIBLIOGRAPHICAL NOTES

The measurement of the fission-fragment mass-asymmetry at varying spin provides a
direct test of the Poincaré shape transitions. The experimental studies of the Jacobi
shape transitions are less direct and may be performed analysing e.g. Coriolis splitting
of the Giant Dipole Resonances. Interested reader may consult Refs. (10-21) in [7] for
more information. A short overview of XVII-to-XX century astrophysical studies of the
Jacobi and Poincaré transitions can be found in “Part I’ of [8], whereas the realistic
calculations using the LSD model in the spirit of the present discussion can be found in
“Part II”” (ibid.) and in [7]. The mathematical background of the LSD model is discussed
in “Part IV while large amplitude motion aspects in “Part III” (ibid.) and in [7].
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Nuclear Shapes at the Highest Spins
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Abstract. One of the most interesting and intriguing aspects of atomic nuclei is the generation of
angular momentum through the delicate interplay between collective and single-particle degrees of
freedom. Nuclei are studied to the extremes of angular momentum to probe these competing modes of
excitation and the rich variety of shapes that occur. The quest to observe nuclear behaviour at such high
spin has driven the development of ever more sensitive multidetector y-ray spectrometers for many
decades. This talk will discuss recent discoveries from investigations of high spin behaviour in the light
rare earth neutron deficient Er, Tm and Yb nuclei utilising the Gammasphere gamma-ray spectrometer.
In particular it will include discussion of the shape evolution and coexistence observed in these nuclei
including the discovery of weakly populated rotational sequences with high moment of inertia that
bypass the classic terminating single-particle configurations near spin 40—50h, marking a return to
collectivity that extends discrete y-ray spectroscopy to well over 60h. Cranking calculations suggest that
these new structures most likely represent stable triaxial strongly deformed bands, however the exact
nature of the triaxiality remains a puzzle. The latest lifetime measurements to determine the
deformation of these bands will be presented along with recent theoretical speculations. Spectroscopy at
the highest spins is generally limited to the neutron deficient region of the nuclear landscape. Intense
beams of radioactive ions from EURISOL offers the promise of similar investigations in neutron-rich
nuclei where other exotic shapes may be discovered.

Keywords: nuclear shapes, angular momentum, gamma-ray detection systems
PACS: 21.10.Re, 21.10.Pc, 23.20.Lv

In this talk I will review the development of discrete-line high-spin y-ray
spectroscopy up to the present day where it is now possible to identify structures in the
atomic nucleus at an intensity level of ~107°. The nucleus '**Er has become a textbook
example in terms of the evolution of nuclear structure with increasing excitation
energy and angular momentum [1,2,3]. T will therefore use '**Er as the central
example of how high spin physics has developed and how the nuclear shape along the
yrast line has evolved. The discoveries in **Er illustrated in Fig. 1 have benefited
much from the progression of detector technologies, indeed new physics and
technological improvements go hand in hand. As displayed in Fig. 1, many fascinating
phenomena have been observed in '**Er. As the angular momentum increases, this
nucleus first exhibits Coriolis induced alignments of both neutron and proton pairs
along the yrast line. It was among the first in which backbending was discovered [4]
(I~14), and it was also the first nucleus where the second (/~28) and third (/~38)
discontinuities along the yrast line were identified [5,6]. At spins 40—504, the yrast
line is crossed by a very different structure, where the nucleus undergoes a dramatic
shape transition from a prolate collective rotation to non-collective oblate
configurations [7,8]. This transition manifests itself as favoured, fully aligned band
termination [9,10,11] and in "**Er three terminating states, have been observed [12].



There is a huge drop in intensity of y rays above the terminating states as is
evident in Fig. 2(a), and it had been a goal for many years to establish the nature of the
states well beyond these very favoured band-termination states. In 2007, a new
frontier of discrete-line y-ray spectroscopy in the spin 50—704 range (the so-called
“ultrahigh-spin regime™) was opened. Four rotational structures in '>*Er and "*"Er (two
in each nucleus), displaying high dynamic moments of inertia and possessing very low
intensities (~ 10™* of the respective channel intensity), were identified and extended
up to spin ~ 65k [13]. These structures were observed using Gammasphere [14],
located at Lawrence Berkeley National Laboratory. This spectrometer, which has 100
suppressed Ge detectors and with a photopeak efficiency of ~9.5%, is currently the
best device to perform these high y-ray multiplicity experiments.
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FIGURE 1. (a) the evolution of nuclear structure in '**Er with excitation energy and angular
momentum (spin). The inset illustrates the changing shape of >*Er with increasing spin within
the standard (g, y) deformation plane. (b) the experimental sensitivity of detection (proportional
to the inverse of the observed gamma-ray intensity) is plotted as a function of spin showing the

progression of gamma-ray detector technologies with time that are associated with nuclear
structure phenomena in "**Er.

The structures observed bypass the well-known “band-terminating” states,
marking a return to collectivity at spins beyond band termination. These bands were
proposed to be triaxial strongly deformed (TSD) structures [13], consistent with the
predictions of the early cranking calculations [10, 11]. In a rotating triaxial [14]
nucleus collective rotation about the short axis, corresponding to a positive y value (0’
<y <60°), usually has the lowest excitation energy based on moment of inertia
considerations [16, 17]. Thus, this mode is expected to be favoured over rotation about
the intermediate axis (—60° <y < 0°). In '**Er, configurations with &, ~ 0.34 and a
positive value of y = 20" —25" were predicted to be low in energy theoretically and,
were thus initially adopted to interpret the collective bands at ultrahigh spin [13].

In order to confirm this assignment an experiment to measure the transition
quadrupole moments was carried out using the Doppler Shift Attenuation Method to
determine the deformation. This experiment was performed using Gammasphere
located at Argonne National Laboratory [18,19]. In spite of their extremely low
intensities, an analysis of fractional Doppler shifts F(t ) was conducted for three bands
in "*Er [18,19]. This enabled the transition quadrupole moments Q of the three
collective bands at ultrahigh spin in "**Er to be measured and they are ~ 9—11 eb. This



demonstrates that they are all associated with strongly deformed shapes. However, the
measured Q; values appear too large for the energetically favoured positive-y (rotation
about the short axis) triaxial shape (g,~0.34). Rather, they appear to be more
compatible with a negative-y (rotation about the intermediate axis) triaxial deformed
minimum (&, ~ 0.34) or a positive-y minimum with larger deformation (€,~0.43)
within the cranked Nilsson-Strutinsky (CNS) theoretical framework [20].
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FIGURE 2. (a): Sample spectrum highlighting the high spin y-ray transitions of the yrast band
in "**Er (in coincidence with the 44"—42" transition and any one of the transitions between the
38" and the 22" states in the yrast band). (b): Coincidence spectrum representative of the strongest
collective band at ultrahigh spin (band 1) observed in '**Er.

This puzzle led us to perform an additional lifetime experiment to “calibrate”
our results by measuring the Q; of the previously reported bands in '>*Er that were
suggested to correspond to superdeformed axial and triaxial strongly deformed shapes
[21, 22]. In this experiment quadrupole moments were extracted for the two known
high-spin collective bands in **Er, in addition to a third newly identified band. The
results are consistent with coexisting TSD and axial SD nuclear shapes in this nucleus
at high spin [23]. Similar to the TSD bands in 1S7.138E1 1137, the measured Q; moments
are significantly larger than the value predicted for favoured CNS configurations.

This puzzling discrepancy in our Er work has motivated further theoretical
interest [24,25,26]. In a study using the 2-dimensional tilted axis cranking method [24]
based on a self-consistent Skyrme-Hartree-Fock model, configurations associated with
triaxial shapes at ultrahigh spin in '**Er were investigated. In this work, the negative-y
minimum becomes only a saddle point when titled cranking is considered and was
removed from consideration. The calculated Q; value for a candidate positive-y triaxial
minimum with large deformation (~ 10.5 eb) agrees well with experiment,
nevertheless, this minimum is not yrast until spin ~ 704. In general theory predicts
higher spins than indicated by the experiment. Indeed, in [25] it is even stated that if
the theoretical spins are correct then the bands observed are the highest spins ever
observed in discrete line spectroscopy. Thus, a fully consistent picture between
experiment and theory as to the nature of the nucleus in the ultrahigh spin triaxial
world remains to be uncovered. These results point to the need for further
measurements in this region of triaxial strongly deformed structures to provide more
precise Q, excitation energies and spin values for these bands.

This journey to the highest spins continues to reveal new physics and ever
exotic nuclear shapes, and this fascinating story was recently recognised as one of the
science highlights of 2013 [27]. The systematic experimental study in a range of




nuclei and the new detailed calculations [24,25,26] are enabling a detailed
spectroscopic study of the key single-particle orbitals to start in this new spin domain.
This type of physics requires a highly efficient y—ray spectrometer and relatively
intense beams to be able to observe structures at the ~10~ intensity level. This
combination will facilitate the search for even weaker structures on the path to fission
such as hyperdeformation. Particular regions of the nuclear landscape, such as in the
heavy Cd and Yb isotopes where such shapes of expected, can be preferentially
populated by neutron rich radioactive beams. A facility such as EURISOL must have
such state of the art instrumentation and the new generation of tracking arrays such as
AGATA and GRETA [28] are ideal.
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Opportunitiesin shape coexistence studies using
In-beam y-ray spectroscopy
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05, France

Abstract. The study of shape coexistence in exotic nuclei has recbatin a subject of intense ex-
perimental work thanks to the first generation of post-are¢éd Radioactive lons Beams facilities
which became operational and by using the well establistoedoBhb excitation technique. Several
experiments performed at the GANIL-SPIRAL1 facility, Caerance, or REX-ISOLDE, CERN,
brought new experimental probes in this topic. In this dbation a brief introduction to the phe-
nomena will be followed by a review of the standard technsqueed in stable facilities. Features
from ISOL facilities will be described and few prospectieeveird EURISOL will be given.

Keywords: Shape coexistence, Coulomb excitation reaction, wavdifummixing, ISOL facilities
PACS. 21.10.Re, 21.10.-k, 23.20.Lv, 21.10.Tg, 21.60.Ev, 25770.

INTRODUCTION

Along the shell closures, nuclei are usually spherical. d@nsas one goes away from
the major shell closures, nuclei become deformed and éxcitaare of a collective
character. The deformation of nuclei between closed stediss its origin from macro-
scopic and microscopic effects. Prolate deformations ofanumore abundantly than
oblate shapes, and there are only few examples througheututiear chart that are
predicted to have a large oblate ground-state deformatiomost of the case, the
ground state deformation is unique and other shapes withfis@ant variation of the
deformation parameter, corresponding to different miwopgcal configurations, appear
at higher excitation energies in the potential energy. Henedn particular regions of
the nuclear chart, several microscopical configuratioaspeated to different shapes,
might compete in a very narrow energy range for the grountk.sta the potential
energy surface these configurations appear as local minimsa ¢to the ground state
and are separated by a barrier high enough to exclude a tbonhigjng of the con-
figurations. In even-even nuclei, these local minima cgoed to low lying 0 states.
An overview of the shape coexistence phenomena along tHearuzhart can be seen
from the P. Mdller calculations that show the number of mimiimthe potential energy
surface of the even-even nuclei [1]. Area of shape compatiten be seen in neutron
deficient nuclei along the N=Z line between the Z=28 and Z#%lIlosures, in the
neutron rich Zr, Sr and Mo isotopes at N=60, in neutron defiditg, Pb and Po, in the
mid-shell Sn isotopes, belofNi in the so-called third island of inversion and at N=28
below “8Ca. These mass regions have been intensively discussed pedneantally
investigated since decades and a complete overview carubd fa the recent review
by Kris Heyde and John L. Wood [2]. From the systematics, sla@ggxistence occurs



close to shell or sub-shell closure closed by high j-orbitadd results from a strong gain
in the binding energy thanks to the proton-neutron corieaénergy. In the unified
view of Heyde and Wood, the appearance of shape coexistaniogvg&energy is a
competition between energy gap and a residual interadtimriawer the energy of such
configuration. In this description, the excitation energiyhe low lying 0; state results
from the cost in energy to create a 2p-2h excitation (uswadhpss a proton gap) and
the gain in binding energy from the pairing and the protoatran residual energy that
includes monopole correction and p-n quadrupole bindireggn These low lying 9
states include therefore all the ingredients describirdeaw structure at low excitation
energy. As a result, the experimental investigation andtspgcopic data in mass region
where shape coexistence occurs bring important constaintodern nuclear models.

From a theoretical point of view, shape coexistence apdeatsn the potential en-
ergy, where two minima of significatively differeif values are predicted. Each of
these minima correspond to an isomerjcﬂate in even-even nuclei. First experimental
evidences for shape coexistence are the observation of &iow 0] state and col-
lective structure built on top of it. The collective chamrctan be assessed through the
measurement of the reduced transition probabilities B(lB#8)the direct evaluation of
the deformation can be obtained by the measurement of tletrepeopic quadrupole
moment Q. The 0" states are usually separated by only few hundred of keV and ca
therefore mix. The degree of mixing can be assessed via thepote transition strength
between the 0 states p?(E0Q), or from the full set of B(E2)’s connecting the different
configurations. This degree of mixing might reveal the dédfece in microscopical con-
figuration of the different structures. Low lying Gstate can be observed by electron
conversion spectroscopy via the search of EO decay. Frotifétiene of the § state
and the E2/EOQ branching ratio, the monopole transitiomgtieto the ground state can
be extracted. This quantity is proportional to the mixinglj‘ua‘oz+ and qjs wave functions

and the difference in deformation. A stropg(EO) (>50 m.u ) can be the sign of a large
mixing as observed in the light Kr isotopes [4] or a largeeatiince in the quadrupole
deformation as observed in the neutron rich Sr and Zr at N=60.

From fusion-evaporation reactions in neutron deficientaiwr from fusion-fission,
fission source or deep inelastic collisions in neutron rioklei, excited states above
the 0" band heads can be established. Assuming that the high spés stre weakly
mixed, one can extract from collective models timperturbated excitation energies of
the 0" states. Deviation from the extrapolated position or fromgtandard tendency of
the static moment of inertia or of reduced transition praltgds, might reveal shape
coexistence and mixing of configurations. See for instamcéhe light Kr isotopes
[4, 5]. These spectroscopic observables have been usexld@eades to investigate the
mass regions cited above [2]. Experiments have establishtedse unstable nuclei one
or several low lying 0 states and observed significant deviations from the stdndar
collective trends in the level scheme and in the B(E2)'s clwsé¢he ground state.
These observations are all evidences for shape coexistantesed to constraint the
theoretical models. However, as soon as direct measursroktiite shape associated to
each configuration were not possible, no final conclusionbeadrawn.



USING ISOL FACILITIES

Since Radioactive lons Beams facilities offer post-accederdbeams at 3-5 MeV/A
with intensities greater than 1@ps, an intensive experimental work is performed on
the study of shape coexistence by safe Coulomb excitatian tfeereview [3]). The
experimental output are B(E2)'s for yrast and non-yrastestaglgebric @ (prolate,
oblate), mixing angles and deformation parameters. Thigelaet of experimental
output allows fully mapping the collectivity of the nucleusider investigation. At
the first order, the Coulomb excitation cross section is prtogaal to the B(E2) and
in a second order effect to the diagonal matrix element ofghadrupole operator
for a given state, ie its electric quadrupole moment. Ushy differential Coulomb
excitation cross section, one can extract both quantities single experiment. The
experimental setup consists in an annular silicon strigatet and a high efficient
HPGe array as EXOGAM at GANIL/SPIRAL1 [6] or Miniball at REX-C8.DE [7].
The Coulomb excitation cross section is then analyzed usi@a@OSIA code [8]. For
the first time in unstable nuclei, from the spectroscopicdgupole moments, the sign
and the amplitude of the deformation are determined. A sesaih@ non-yrast band is
populated, the B(E2)’s within and between bands can be megsilihese informations
are used to estimate from simple models the mixing betweerctmfigurations. In
a two levels mixing approach, the observed states wave itinsctan be written as
a linear combination ofinperturbated wave functions. From the measured B(E2)’s,
mixing angles can be deduced. See for instance the case bihd<r isotopes [9].
This complete picture in terms of collectivity (full set of Bf), @ and mixing angles)
has been obtained thanks to the ISOL facilities and so fariorthe light Kr isotopes.
Further detailled results will be soon available in neutrimh °698Sr [10] and in the
neutron deficient Hg [11]. As a consequence, referring tattedear chart calculated by
P. Moller [1], only a small fraction of the cases have beereced by the present ISOL
facilities. Post-accelerated beams with intensities tgrethan 18 pps and energies
greater than 4 MeV/A are requested to reach the level of ghor.

PROSPECTIVE TOWARD EURISOL

The next generation of ISOL facilities with post-accelecabeams at 5 MeV/A has
chemical challenges in order to extract new elements in megi®ns covered by
GANIL-SPIRAL1 and REX-ISOLDE. Very few cases have been ingagéed with suf-

ficient details using the Coulomb excitation technique. Adimall elements from Se
to Cd isotopes along the N=Z line, both odd and even mass,\desew experiments
with more statistic. The new island of inversion bel®#Xi might present a scenario of
shape coexistence [12, 13]. Post-accelerated beams of Gmd®In isotopes around
N=40 will be mandatory. On the neutron rich side, close to Olt6e development of
post-accelerated Zr beams at high intensity will allow ustiding the complex sce-
nario of shape change. As already mentioned, shape casestecurs close to shell
or sub-shell closures. It means that the search for new st@geastence area is inti-
mately related to the search for new shell or sub-shell céssfar from stability. As an



example, shape isomerism and shape coexistence shouleiséigated aroun®fCa, in
the neutron rich Ni beyond N=50 and in the Sn isotopes at tliesiell between N=82
and N=126. In the very neutron rich matter, shell gaps agifiom the spin-orbit might
disappear, favoring the oscillator gaps. In this framewshape coexistence close to N,
Z=70 in very neutron rich nuclei could be investigated. Sdptormation (SD) has been
a major facet of nuclear structure and is a dramatic form apstcoexistence. It occurs
at relatively high energy and high spin in opposition to thw kpin and low excitation
energy regime described previously. However, the conmedietween SD configura-
tion and low excitation energy structure remains to be wtded. New area might be
in heavy nuclei close to stability and will be populated bgifun evaporation reactions
using neutron rich radioactive beams provided by facditike SPIRALZ2 or in a longer
term by EURISOL and will make use of HPGe arrays like AGATA or GREA. More
transverse open questions remain in the field of shape ¢eeges In the 9 energy, the
pairing energy plays a key role and is a long standing matimebr the study of N=Z
nuclei in order to determine the strength of the pairing. iNtixof coexisting structures
always occurs but with varying strengths as a function ofrtiaess region or spin and
deserves a systematic study. The wave function mixing aageskransition request a
better microscopical description through theand 0" states wave functions decompo-
sition. The use of transfer reaction8Li 8Be) (t,p) (t3He), requesting higher energies
and higher beam intensities could be investigated. Fimaltylei with a large excess of
neutrons may be deformed in novel ways and hence may adoptiaihshapes. Indeed
the neutron skin might adopt a different deformation thandbre.

CONCLUSION

The first generation of ISOL facilities has shown that newctescopic data can be
extracted in order to obtain a detailed description of thegshcoexistence. These data
have been widely compared to the most recent theoreticaklmadth great success.
Next generation of facilities like EURISOL opens new areahwitore details thanks
to higher beam intensities and higher beam energies. Fomtist exotic case, first
evidences based on B(E2)'s and level scheme will be discdvere
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Even-Even *'*®Hg Isotopes
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INTRODUCTION AND PHYSICS CASE

Shape coexistence whereby two or more shapes coexist at low excitation energy in
the atomic nucleus is an intriguing phenomenon [1,2,3]. Its manifestation in the
neutron-deficient nuclei in the Z=82 region has been first observed through optical
spectroscopy measurements whereby a sharp transition in the mean-square-charge-
radii was discovered between *’Hg and *®°Hg [4] and since then a wide spectrum of
experimental tools has been used to understand shape coexistence in this mass region
(decay studies, laser spectroscopy and in-beam spectroscopy studies, and more
recently Coulomb excitation experiments using post-accelerated beams from REX-
ISOLDE). This resulted, amongst others, in the discovery of triple shape coexistence
in *¥Pb [5] and an early onset of deformation in the light polonium isotopes as
evidenced through laser spectroscopic studies [6]. Understanding the evolution and
microscopic origin of quadrupole collectivity and shape coexistence is important as it
highlights the subtle interplay between the individual nucleon behavior sharpened by
the strong Z=82 shell closure and collective degrees of freedom in the atomic nucleus.
These experimental observations, therefore, form ideal testing grounds of different
theories. Several contemporary theoretical models have been applied to describe the
structure of the nuclei around Z=82, such as phenomenological shape mixing
calculations, symmetry guided models like e.g. the interacting boson model
truncations [7], and beyond mean-field approaches [6,8]. These models do reproduce
the global trends of the experimental findings, however important elements, especially
on the subtle mixing of the different configurations remain not understood.

In the neutron-deficient mercury isotopes with neutron number around mid-shell
(N=104, ®*Hg) the intruding deformed states come low in excitation energy and mix
with the normal more spherical states (see Fig. 1). On the other hand the mixing of
deformed states in the ground states of the even-even nuclei is limited as evidenced by
the charge radii results that are summarized in Ref [6].
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FIGURE 1. Energy level systematics of even-even Hg isotopes, taken from reference [1,9]. The full
circles are associated with the weakly oblate band and the open circles are those related to excited
prolate deformed structures in even — even Hg isotopes.

The mixing between the different states gives rise to stronglg/ converted 2°,—2";
transitions as recently deduced from beta-decay studies of **'¥*T| performed at
ISOLDE [9,10]. Moreover life times of several states have been obtained in in-beam
studies (recoil distance Doppler-shift (RDDS) method [11,12,13]), these are essential
to extract reliable quadrupole matrix elements from the Coulomb excitation (Coulex)
analysis.

Coulomb Excitation Experiments at REX-ISOLDE

The Coulomb excitation of even-even **'8Hg was carried out at the REX-ISOLDE
facility at CERN [21, 22]. Protons from the CERN Proton Synchrotron booster, with
an energy of 1.4 GeV, impinging on a molten lead primary target producing a wide
spectrum of different nuclei including the mercury isotopes of interest. Using a cold
transfer line and after mass separation a high-purity radioactive Hg beam was
produced and further accelerated with the REX postaccelerator to an energy of 2.85
MeV/A and delivered to the MINIBALL set-up [23]. Coulomb excitation of 182 *%Hg
was induced in 2°Sn, 1’ Ag, and *2*Cd targets of thicknesses of 2.3 mg/cm?,

1.1 mg/em? and 2 mg/cm? respectively. A summary of the Hg beam particle rates at
the secondary target are listed in Table I.

TABLE 1. Experimental parameters of the neutron-deficient, even-even 182-188Hg breams.

Isotope Year Intensity [pps]
2Hg 2008 4.9-10°
8iHg 2007 1-10°
2008 1-10°
185Hg 2007 2:10°
2008 2.5.10°
188Hg 2007 2.5.10°
2008 3.1-10°




The y-rays depopulating Coulomb excited states, of the projectile as well as the target
nuclei, were detected with the high-efficiency MINIBALL spectrometer containing 8
triple clusters. The energies of scattered target recoils and mercury ejectiles were
measured with a double-sided silicon strip detector (DSSSD) [25]. The DSSSD
detector covers the angular range from 15 to 51 degrees in the laboratory frame. It is
subdivided into four quadrants with 16 annular and 12 radial strips per quadrant what
allows to measure the angular distribution of both mercury ejectiles and target recoils.
The high granuality of the DSSSD particle detector as well as the MINIBALL array
allowed to perform event-by-event Doppler correction of the observed y-rays.

The low-energy part of the level schemes of *®2%Hg that were populated in the
experiment, together with the observed electromagnetic transitions is presented on
Fig.2.

4 1125 4+ 1086 # 1080 1165_6*’
%6 6 ‘Y 94 6t 983 o 4 1005
552 [ [ 67|S 459 Igu
U653 4 ; .
g o vla »
238 2 673 Py 405 ¥
534
zsz 367
v vigo | 0
A=182 A=184 A=186 A=188

FIGURE 2. Low-energy part of level schemes of '*'¥Hg populated in the experiment. Level
energies and energies of the y-ray transitions are given in keV. Widths of arrows are proportional to
the measured y-ray intensities.

Moreover an intense KX-ray peak was observed in low-energy part of the gamma
spectrum of the mercury isotopes. It stems from atomic X-rays produced when the Hg
beam passes the target, from the electron conversion of the observed gamma rays and
the de-excitation of the 0%, and 2*, states.

Detailed analysis of the observed y-ray transitions depopulating Coulomb excited
states of investigated nuclei, in coincident with scattered projectile particle — target
particle, combined with recent results from life-time measurements and beta decay
studies of TI isotopes enable to extract, for a first time, a set of E2 reduced matrix
elements coupling low-lying yrast and non-yrast states of **¥®Hg. Based on the
experimentally obtained magnitudes and relative signs of E2 matrix elements
information on the deformation of the ground and first excited 0" states was obtained
in a nuclear model independent way. Results show that the ground state of light
mercury isotopes is slightly deformed, and of oblate nature, while the deformation of
the excited 0" states of **#*®*Hg is larger and hinting towards a triaxial character.

Experimental results were compared to the state-of-the-art beyond mean field and
interpreted within a two-state mixing model. This firmly establish the presence of two
different topographies in the light mercury isotopes that coexist and mix at low
excitation energy. The results will soon be published.



OUTLOOK

The present experiment of Coulomb excitation of **'®*Hg isotopes is a part of a larger
campaign to probe shape coexistence in the neutron-deficient lead region. Using beams from
REX-ISOLDE, Coulomb excitation studies have been performed as well on a lead (**%pb),
polonium (****®Po) and radon (****?Rn, ?***Rn) isotopes. Shape coexistence studies in the
lead region will be further continued with HIE ISOLDE beams using Coulex and transfer
reaction techniques. All these experiments need the improvements and the new possibilities
offered by the HIE-ISOLDE project: a higher beam energy, higher intensity and better purity
and phase space definition of the beam.

With the higher beam energy (5 meV/A) the multiple Coulex cross section will be
enhanced and the unknown transitional probabilities mainly in the non-yrast band in these
nuclei will be possible to measure for a first time. The higher beam intensity and purity will
bring us further out from stability towards the N=104 region where the shape coexisting states
become lowest in energy (this is especially needed for the lead, polonium and radon isotopes).
Better understanding of shape coexistence in the lead region requires to extend studies to odd
mass nuclei, e.g. the Coulomb excitation on selected isomers from the odd mass isotopes (e.g.
on the 13/2" and 1/2" isomers in the Hg isotopes) will allow a study of the collective properties
of these isotopes and of the bands built on top of them.
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Abstract. High-spin yrast structures of 2*>?®#°Bj isotopes were investigated using y-ray
coincidence spectroscopy and deep-inelastic reactions technique with the °Ge+**Pb and
208ph+2%8ph systems. Newly found states are well suited for testing shell-model realistic
calculations. The use of radioactive beams provided by EURISOL will allow to extend this
testing ground to heavier bismuth isotopes.
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INTRODUCTION

Nuclei around doubly closed shells play a crucial role in determining both the
nucleonic single-particle energy levels and the two-body matrix elements of the
effective nuclear interactions. Of particular importance is a comparison of
experimental data with calculations which may deliver information on some basic
aspects of the nucleon-nucleon interaction. The region around doubly magic *®Pb is
particularly attractive in this respect as the 2°®Pb nucleus is considered one of the best
doubly closed cores. The object of the presented work are Bi isotopes: 2°>2%°210Bj,
which belong to this region. Investigated structures involve states arising from the
valence particles/holes couplings as well as the states originating from core



excitations. Such high-spin yrast states often arise from the maximum spin couplings
of the valence particles/holes and their wave functions involve usually one well-
defined configuration. This makes them well suited for comparisons between
experimental results and theory.

EXPERIMENT

The experimental y-ray data were collected in the two measurements performed at
Argonne National Laboratory with the Gammasphere [1] detection system that
consists of 101 Compton-suppressed Ge detectors. Two reactions with beams of "°Ge
(450 MeV) and “®Pb (1446 MeV) on a thick ?®Pb target have been investigated.
Deep-inelastic processes occurring in those reactions allowed to reach high-spin yrast
states in the products around 2%Pb, including ?®>?°*#°Bj. Conditions on time
parameter were set to obtain various versions of prompt and delayed (emitted between
beam bursts separated by ca. 412 ns) matrices and cubes. By gating on yrast
transitions known in the investigated Bi isotopes from previous studies and by
analyzing the y-coincident spectra (which covered energy range up to 4 MeV), we
significantly extended the level schemes of the 2®2°°“1Bj nuclei. Moreover, we
noticed that the spin of deep-inelastic reaction products around 2%Pb exhibits an
appreciable alignment in the plane perpendicular to the beam direction. This is the
same situation as in fusion-evaporation reactions and, in consequence, y-ray angular
distributions can be applied for the transition multipolarity analysis using the well
known formalism. Indeed, to make spin-parity assignments to the newly identified
states we used y-ray angular distribution information as well as information on the
decay pattern and the data on transitions conversion coefficients extracted from the
transition intensity balances.

RESULTS

In the ®°Bi nucleus, which is one-proton, four-neutron holes system with respect to
doubly magic ?®®Pb core, the yrast level scheme was known up to 6719 keV, while the
highest spin 39/2" was assigned to a state at 5931 keV [2]. Results from the deep-
inelastic reaction experiments allowed us to extend the level scheme of 2®Bi up to an
isomeric level at 7974-keV. Ty, of this state has been estimated to be longer than 2 us
(the electronics setup allowed to construct the time spectrum only in the 400 ns range
and lifetimes longer than 2 ps could not be measured). The newly identified isomer
decays by two transitions: 385 keV to a 7589-keV level and an unobserved (most
likely because of the strong internal conversion) 58 keV y-ray populating the 7916-
keV state. The conversion coefficient extracted from the intensity balance for the 385-
keV line is a = 0.21(8), which suggests M1 multipolarity for this transition. In
addition, 16 new levels have been located below the new isomer.

Shell-model calculations with effective interactions predict in the considered
energy range states which arise from the excitations of valence proton particle and
three neutron holes. The comparison between results of those calculations and



experiment may be used to tentatively assign spins and parities to the newly found
states. Such analysis yields the spin-parity of 51/2" for the 7974-keV isomer.

In 2®Bi, new high-spin microsecond isomers have been identified as well. This
includes the states with J*=(31%) and J™=(28"), at 10170 (T1,>2 ps) and 9233 keV
(T12=155 ns), respectively [3]. Yrast and near-yrast levels populated in the decay of
these isomers have been located. The states identified at energies up to approximately
7 MeV can be described well in terms of one-proton particle, three-neutron-hole
couplings, while the higher-spin structures should originate from core excitations.
Spin-parity assignments were based on comparisons with the results of shell-model
calculations and the decay pattern for the levels arising from the valence particle-holes
excitations (up to J*=23"). For the states involving core excitations, the spin-parity
assignments were based on y-rays angular distributions and the transitions conversion
coefficients extracted from the intensity balances.
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FIGURE 1. Level scheme for yrast states in 2°Bi compared with the results of shell-model calculation
(b). Widths of the arrows indicate observed intensity. Examples of angular distributions (measured
points and fitted curves) obtained for the strong transitions (a).

The #°Bi nucleus (one-proton, one-neutron system) was another object of our
study. In this case, the investigation fully confirmed known thus far level scheme [4]
and resulted in adding new prompt lines: 371, 217, 296, 518, 783, and 663 keV, which
could be used to locate levels at 4966, 5183, 5479, 5749, and 5997 keV. The ordering
of these transitions was determined based on their intensities. Moreover, the existence
of a 4087-keV state was confirmed by the parallel 1360-keV branch connecting it with
the level at 2726-keV. A series of higher-lying y-rays observed in the delayed spectra
indicate the presence of an unknown isomeric state at some higher excitation energy,
but the exact placement of this isomer could not be done.



For the states arising from valence particles couplings, the comparison of the
experimental results with theoretical calculation using the modified Kuo-Herling
interaction is presented in Fig. 1(b). To describe higher lying states, the calculations
must involve excitations of proton or neutron across the energy gap. At present we can
estimate spins and parities values for some of those levels by using angular
distributions of y-rays. According to the Yamazaki formalism [5], the angular
distribution function is parametrized by the coefficients A, and A, of the Legendre
polynomials P,(cos®), where © is an angle between the beam direction and direction
of y-ray emission. As these coefficients depend on the angular momentum alignment,
the spins of the two levels involved in the y decay, and multipolarity of the transition,
we could confirm spins and parities for the previously known levels as well as make
assignments for the new ones. This procedure will also allow to extract the mixing
ratios. Additional source of information for low-energy lines are conversion
coefficients, which also were obtained. The results of this analysis are showed in Fig.
1(b) together with the examples of angular distributions for the strong lines in ?°Bi —
Fig. 1(a). As the further steps, we are going to perform shell-model calculations with
core excitations for which the newly identified states will serve as an excellent
material for comparisons.

CONCLUSION

The level schemes of 2®2%29Bj produced in deep-inelastic reactions have been

significantly extended. They include states arising from couplings of valence
particles/holes as well as core excitations, some of which are isomers. The
experimental outcomes on new yrast structures in presented nuclei will be compared
with the results of the shell model calculations based on the realistic shell-model
interaction, named V|ow.k, derived from the free nucleon-nucleon potential without
adjustable parameters.

The use of radioactive ion beams of neutron-rich 2?“Bj isotopes from EURISOL,
in combination with the technique employing discrete y-ray spectroscopy of deep-
inelastic reaction products, as presented here, will certainly allow the investigation of
heavier Bi isotopes, e.g., 2***Bi. With this, the testing ground for the realistic,
effective shell-model interactions will be also extended.
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Isomers in Heavy Neutron-Rich Nuclei
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Abstract. The long half-lives of isomers enable purification techniques to be applied, leading to
enhanced sensitivity. This gives isomers an important experimental role in the study of exotic
nuclei with ISOL and projectile-fragmentation techniques. Recent storage-ring isomer results for
1841t 1?Re and #?Bi are compared with y-ray and other measurements for the same nuclides.
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INTRODUCTION

The nuclear structure motivation for the study of isomers in heavy, neutron-rich
nuclei is at least two-fold. First there is the wish to determine the degree to which the
strength of the N = 126 shell gap is maintained as protons are removed from the Z =
82 closed shell. When modelling r-process nucleosynthesis, a weakened shell closure
could account better for the measured isotopic abundances in the A = 180 mass region
[1], but the experimental situation is unknown.

Second, as the N = 126 shell closure is approached from the well deformed A = 170
region, by the addition of neutrons, there is predicted to be a prolate-to-oblate shape
transition [2], with N = 116 being the critical neutron number. For N < 116, angular
momentum induces the same shape transition, due to rotation alignment in the oblate
well [3,4]. While there is evidence for this effect in the well deformed, Z = 72 nuclide
804 5], the clearest manifestation to date has been found in the y-soft, Z = 76
nuclide '%°0s [6]. Additional data are needed for well deformed cases, such as the
neutron-rich hafnium isotopes.

For both these situations, N = 126 and N = 116, the observation of isomeric states is
expected to provide key information. Isomerism is well known in closed-shell regions,
such as N = 126; and, at least for the neutron-rich hafnium isotopes, prolate high-K
isomers are expected to co-exist with oblate rotational states for N = 116 [4,7]. From
an experimental perspective, therefore, the ability to physically separate isomers from
the reaction region leads to the possibility of sensitive observations. This selectivity
appears to be particularly important for the study of heavy, neutron-rich nuclides,
since the production reactions (deep-inelastic and fragmentation) are themselves non-
selective.

With the isotope separation on-line (ISOL) method, physical mass selection is
achieved at low beam energy (about 50 keV) with a dipole magnet. In contrast, with
the in-flight projectile-fragmentation method, the mass-to-charge ratio and atomic
number can be determined electronically on an ion-by-ion basis using magnetic,
energy-loss and time-of-flight analysis, with ion energies of several hundred MeV per
nucleon. In the following, comparative examples of the application of these techniques
at GSlI are given, for the study of isomers in heavy, neutron-rich nuclides.



ISOTOPE SEPARATION WITH GAMMA-RAY DETECTION

Using the GSI on-line isotope separator, with magnetic mass analysis of ionised
reaction products, and detecting y-rays, an isomer with a half-life of approximately
one minute was discovered in ***Hf [8]. The y-ray spectrum is shown in fig. 1. This is
the most neutron-rich hafnium isotope for which excited-state structure has been
reliably determined. The observed y-ray transitions can be interpreted as cascading
from a K™ = 8™ isomer to the K* = 0" ground state.
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FIGURE 1. Spectrum showing transitions from an isomer in **Hf, from Krumbholz et al. [8].

FRAGMENTATION WITH GAMMA-RAY DETECTION

In conjunction with an array of y-ray detectors, the FRagment Separator (FRS) at
GSI has been widely used for isomer identifications in heavy, neutron-rich nuclei [9-
11]. Due to the need to correlate ion and y-ray events, the sensitivity for y-ray
detection is optimal for isomer half-lives in the range 100 ns to 100 ps. The lack of
isomer discoveries in neutron-rich hafnium isotopes, by this method, probably arises
from their long half-lives, such as the above case of *#*Hf.

A positive example, in the same mass region, is the observation of a 160 keV y-ray
transition in **’Re (Z = 75) with a half-life of approximately 100 us [9]. This will be
discussed in the next section.

FRAGMENTATION WITH STORED-ION DETECTION

A relatively new isomer-detection technique involves injecting highly charged ions
from the FRS into the 108 m circumference Experimental Storage Ring (ESR) at GSI.
lons with different mass-to-charge ratios have different revolution frequencies, which
can be used to distinguish between an isomer and its ground state, providing the half-
life is greater than 1 s, and the isomer excitation energy is greater than 100 keV. Three
different injections of A = 184 isobars with charge state g = 72+ are illustrated in fig.
2. A single ion of the ground state of ***Hf is seen in the second and third injections,
while the m1 isomer is seen in the third injection, and a previously unknown m2
isomer is seen in the first and second injections.
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FIGURE 2. A =184 isobars and isomers with g = 72+ observed in the ESR. The figure is from Reed et
al. [12]. The labels g, m1 and m2 refer to '®*Hf. The frequency scale has an offset.

It is notable that the excitation energy of the m1 isomer is 1272(1) keV from the y-
ray measurement [8] and 1264(10) keV from the ESR measurement [12]. The ESR
confirmation has particular value because there was an ambiguity in the y-ray data due
to possible feeding from *®*Lu B decay. In the ESR, the q = 72+ charge state rules out
any *84Lu (Z = 71) contamination. The second ®*Hf isomer, observed only in the ESR,
is at 2477(10) keV and is interpreted as a K™ = 15" state [12].
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FIGURE 3. Ground-state and isomeric ions of “?Re. Each count represents a single ion with q =
75+. The subset shown by the bold trace (seven counts in total) is for ions that y decayed during the
observation time, so that their revolution frequency could be determined both before and after decay.
The isomer excitation energy is 267(10) keV. The figure is from Reed et al. [13].

The ®*Hf measurements give little idea of the sensitivity to low isomer excitation
energies. In this respect, a clearer example is observed in ***Re, which is illustrated in
fig. 3. The newly found isomer is at an excitation energy of 267(10) keV, with a half-
life of 16(1) s [12,13]. This isomer is clearly different from the 100 ps state
determined from the observation of 160 keV vy radiation [9] mentioned above. The y-
ray and ESR data complement one another.



A remarkable case, that brings together ESR data [14] and B-delayed a-decay data
[15], is that of 2*?Bi. The new ESR results, shown in fig. 4, agree with earlier shell-
model calculations of the m2 isomer excitation energy [16], which have been in long-
standing conflict with the experimental interpretation. The ESR data now imply that
strong (>75%) internal decay from the second isomer competes with B decay, but the
internal decay remains to be observed. In this instance, it is clear that the ESR data add
essential ingredients for understanding the nuclear structure.
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FIGURE 4. A = 212 isobars and isomers with g = 81+ observed in the ESR, from Chen et al. [14].

DISCUSSION

It has been shown that storage-ring data complement decay-spectroscopy data. It
needs to be carefully considered if EURISOL should be equipped with a storage ring.
There is a choice of location for such a ring, with beams either at Coulomb-barrier
energies, similar to the TSR being installed at HIE-ISOLDE [17], or at high energies
to take advantage of secondary fragmentation.
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Nuclear Moments With Neutron-Rich
Radioactive Beams.

Georgi Georgiev?
4CSNSM, CNRS/IN2P3; Université Paris-Sud, UMR8609, F-91405 ORSAY-Campus, France.

Abstract. Nuclear moments are among the experimental observables that provide very high
sensitivity both towards single-particle and collective properties of the nuclei. They can serve as
stringent tests to the nuclear models especially in regions far from stability where the appearance
of new shell closures or built-up of collectivity are being discussed. The nuclear moment studies
with radioactive beams require some substantial developments of the applied techniques. Few
examples of ongoing, and plans for future investigations of techniques, to be applied with
EURISOL beams, will be discussed.
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Nuclear moment investigation methods are strongly dependent on the lifetime of
the state of interest. For example isomeric (t12 > few ns) and longer-lived states would
require stopping of the nuclei in a perturbation-free environment, e.g. cubic crystal.
This might appear in contradiction with the use of radioactive beams, especially for
“in-beams” techniques, in which the stopping of the beam in the center of the
detection setup would build up huge background activity. Therefore, for the nuclear
moment studies of longer-lived states, the beam, stopped at the implantation point,
needs to contain at least few percents of the state of interest, as e.g. in projectile-
fragmentation reactions. In the first section an example of nuclear moment
measurement of an isomeric state in two-step projectile fragmentation will be given.

The nuclear moment studies of very short-lived states (~ ps) are usually performed
using hyperfine fields, produced in-matter or by free ions. The interaction times,
comparable to the nuclear lifetimes, are of the same order as the times for the passage
of the ions through the target materials. Therefore there is no requirement that the
nuclei are stopped. This allows for the use of techniques as e.g. Recoil In Vacuum. An
example of the development of the Time Dependent Recoil In Vacuum (TDRIV)
technique, providing high-accuracy, model independent results for picosecond states,
will be given in the second section.

The interaction between polarized atomic states and nuclear spins in tilted-foil
geometry (Tilted Foils technique) could be used in order to provide nuclear spin-
polarized ensembles. Some recent results from the application of this technique at
ISOLDE, using low-energy post-accelerated beams, will be mentioned in the third
section.



NUCLEAR MOMENTS OF ISOMERIC STATES IN
PROJECTILE-FRAGMENTATION REACTIONS

Nuclear spin alignment in projectile fragmentation reactions has been investigated
for many years [1, 2, 3]. It provides a unique opportunity to study microsecond
isomeric states in neutron-rich nuclei, inaccessible by other means. Significant amount
of spin orientation is observed for species few nucleons away from the projectile,
although some alignment could still be observed for fragments removed further away
from the primary beam [4]. The nuclei of interest need to be transported through the
fragment separator in a fully-stripped charge state in order to preserve the spin-
orientation.

As one of the extreme examples in which the nuclear moment studies in projectile-
fragmentation were applied could be mentioned the investigation of the 1™ = 12°
isomeric state in *Pb [4]. The spin-aligned isomeric states were produced starting
from 28U at 1 GeV/u (46 nucleons away from the isotope of interest) and were
implanted at the final focal point with a remaining energy of ~290 MeV/u that was
sufficient to get 90 % of the secondary beam fully stripped.

A further development of the method has been performed in a recent study by
Ichikawa et al. [5] using a two-step projectile fragmentation in combination with a
dispersion-matching technique. The isomeric state of interest, **™Al, has been
populated through the fragmentation of 345 MeV/u “Ca beam. The level of spin
alignment, observed when using a single-step reaction, was determined as < 0.8%. In a
second approach a beam of radioactive **Al has been selected and further fragmented
at 200 MeV/u in order to populate the same isomeric state in *?Al. The two-step
fragmentation, producing nucleus just one nucleon away from the secondary
projectile, yielded much higher level of spin orientation, 8(1) %, at a production rate
suitable for nuclear moment measurement. The overall figure-of-merit from the
application of the two-step fragmentation reaction, combined with the dispersion-
matching technique, was estimated to be higher than 50. This approach should further
open the possibility of nuclear moment studies further away from stability using
projectile-fragmentation reactions.

At EURISOL it is foreseen that radioactive beams could be accelerated up to 150
MeV/u, which should allow performing projectile-fragmentation studies up to Z~50
and obtaining the fragments in fully-stripped charge state. Taking into account that the
radioactive beams would have intensities lower than the presently available stable
beams a projectile as close as possible to the nuclei of interest would be looked for in
most of the cases. However, considering that the ISOL beam intensities are strongly
chemically dependent, there could be cases in which choosing a projectile further
away from the nucleus of interest might appear more advantageous. For similar cases
it might be necessary to consider whether the presently foreseen 150 MeV/u are
sufficient or higher beam energies might be required. The higher beam energies would
be advantageous not only for applying the above presented approach of two-step
fragmentation in combination with the dispersion matching technique for nuclear
moment measurements, but as well for the production of more exotic species. For
example the higher beam energies would allow for higher effective target thicknesses
and provide more important forward focusing of the reaction products.



NUCLEAR MOMENTS OF SHORT-LIVED STATES THROUGH
TDRIV MEASUREMENTS

One of the main challenges in the nuclear moment measurements of very short-
lived (picosecond) states is to obtain a sufficiently strong magnetic field that would
allow for a measurable rotation of the nuclear spin ensemble within the nuclear
lifetime. Although the Transient Field technique has advanced considerably in the last
years [6] it still relies on calibration measurements on known cases since the obtained
fields could not be determined from first principles. This shortcoming could be
overcome by applying the Time Dependent Recoil In Vacuum (TDRIV) method using
H-like charge states [7]. The magnetic field, produced by a hydrogen-like ion at the
nuclear site, can be calculated by first principles and the use of a time-dependent
method could provide a high-accuracy results.

When applying the TDRIV method with radioactive beams the ions would not be
stopped in a thick perturbation-free host as is the case for stable beams [7]. Letting the
excited states decay in vacuum would cause a reduction of the amplitude of the
observed oscillation pattern. A new method, using a thin electron reset foil, has been
proposed by Stuchbery et al. [8]. This would preserve some significant amplitude of
the oscillations (see FIG. 1) even though the two components (decay-after-target and
decay-after-reset-foil) are not resolved.

An experiment, applying the technique proposed in REF. [8] has been performed at
ALTO, Orsay, France. The ORGAM Ge y-ray array has been used for detecting the y-
rays of interest. It was combined with an annular segmented particle, used for the
detection of the recoiling beam particles. The angular distribution of the y-ray of the 2*
- 0" transition of *Mg, obtained using *Nb target and **’Au reset foil, is presented in
FIG. 1.
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FIGURE 1. Time-dependent angular correlations (as a function of distance) for H-like **Mg ions as
obtained in radioactive beam geometry.

The preliminary results confirm the applicability of the approach and open the
possibility for high-precision g factor measurements of light radioactive nuclei. A
point that still needs further investigation is what is the highest-Z value for which the
TDRIV method on H-like could be applied. The use of heavier alkali-like charge states
might be envisaged as well.
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SPIN POLARIZATION OF RADIOACTIVE NUCLEI USING THE
TILTED FOILS TECHNIQUE

Nuclear spin-polarized ensemble is a requirement for nuclear moment
investigations but it can represent some important advantages as well for studies in
solid state physics, biophysics, chemistry etc. Therefore reliable and widely applicable
methods for nuclear polarization are needed. One such method that requires a
relatively simple experimental setup, and does not show a dependence of the obtained
polarization on the chemical properties of the polarized elements, is the Tilted Foils
(TF) technique, see e.g. [9]. It is based on the passage of ions through a stack of very
thin foils, positioned at oblique angle with respect to the beam direction. Some
sizeable atomic polarization (up to 50% for specific configurations) is produced at the
exit of each of the foils. It is subsequently transferred to the atomic spin ensemble
through the hyperfine interaction. A strong dependence of the amount of polarization
as a function of the beam energy has been figured out, with a maximum presently
observed around few tens of keV/u.

Radioactive beams at similar energies were no available until few years ago, which
hampered considerably the application of the TF technique. Some recent studies at
TRIAC, Japan [10], using post-accelerated ®Li beam, have allowed for a more detailed
investigation of the TF polarization as a function of beam energy and charge state.
However, the TRIAC facility has recently been closed for radioactive ion beams.

A B-NMR+TF setup was installed at REX-ISOLDE. Its test in 2012, using
conditions very similar to the TRIAC’s study, has shown an excellent reproducibility,
providing 3.6 (3) % polarization for ®Li beam. This opens the possibilities for further
studies using polarized beams at ISOLDE for nuclear-, solid-state- and bio-physics.

A further step, to be considered at HIE-ISOLDE in near future and further on at
EURISOL, is the post-acceleration of polarized beams to few MeV/u or higher. A
similar approach, presently under consideration at ISOLDE, could provide an access
to nuclear reaction studies with polarized beams.
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Abstract. The first EURICA campaign with high intensity Uranium beams took place at RIKEN
in November/December 2012. Within this campaign experiment NP1112-RIBF85 was performed
dedicated to the study of the isomeric and beta decays of neutron-rich Cd, In, Sn and Sb isotopes
towards and beyond the N=82 neutron shell closure. In this contribution we present a first status
report of the analysis of the extensive data set obtained in this experiment.



INTRODUCTION

The region around doubly-magic '32Sn is of great importance for nuclear structure
physics because it is the only region around a heavy doubly-closed shell nucleus far-
off stability (8 neutrons relative to the last stable isotope '>*Sn) for which detailed
spectroscopic information can be obtained using modern state-of-the-art techniques.
It therefore plays an essential role in testing the shell model and serves as input for
any reliable future microscopic nuclear structure calculations towards the neutron drip
line. In addition, this region is also relevant for nuclear astrophysics, in particular
nucleosynthesis calculations, due to the close connection between the N=82 shell closure
and the A~130 peak of the solar r-process abundance distribution.

The main goal of experiment NP1112-RIBF85 has been to extend the current knowl-
edge on excited states in very neutron-rich Cd, In, Sn and Sb isotopes. In particular we
were aiming i) for first experimental information on excited states in '3138Sn via the
search for 67 seniority isomers in these isotopes in anology to the one known in 13*Sn
[1], ii) for the first observation of transitions within the g, /12 ® vi;, multiplet in 1321n

populated in the B-decay of '32Cd and iii) to follow the evolution of the 7g; 2@ Vi

multiplet in 136:138Spb.

The results of this experiment should serve to test the predictions of shell-model
calculations in a very neutron-rich, medium-heavy region. Indeed, these nuclei, with
just a few neutrons beyond '3?Sn are very sensitive tests of these calculations and allow
us to search for possible new physics or deficiencies in current state-of-the-art shell-
model interactions. Only two regions are currently available for such studies, the one of
the present experiment and the one around "8Ni.

EXPERIMENTAL SETUP

The exotic nuclei of interest were produced by the in-flight fission of a 345 MeV/nucleon
238 beam from the RIBF facility, impinging on a 3-mm thick Be target. The ions of in-
terest were separated from other reaction products and identified on an ion-by-ion basis
by the BigRIPS in-flight separator [2]. The particle identification was performed using
the AE-TOF-Bp method in which the energy loss, (AE), time of flight (TOF) and mag-
netic rigidity (Bp) are measured and used to determine the atomic number, Z, and the
mass-to-charge ratio (A/q) of the fragments. Details about the identification procedure
can be found in Ref. [3]. The identified ions are transported through the ZeroDegree
spectrometer (ZDS) and finally implanted into the WAS3ABI (Wide-range Active Sili-
con Strip Stopper Array for 8 and Ion detection) Si array positioned at the focal plane
of the ZDS (F11). The WAS3ABi detector [4] consists of eight DSSSD with an area of
60x40 mm?, a thickness of 1 mm and a segmentation of 40 horizontal and 60 vertical
strips each. A sketch of the experimental facility together with a identification plot of
the isotopes implanted into WAS3ABI during experiment NP1112-RIBF85 is shown in
Fig. 1. To detect y radiation emitted in the decay of the implanted radioactive nuclei 12
large-volume Ge Cluster detectors [6] from the former EUROBALL spectrometer [7]
were arranged in a close geometry around the WAS3ABI detector.



&—— BigrIPS

4 Beam dump

SHARAQ-sDQ B

SHARAQ-D1  \32,

SHARAQ-Q3
.

SHARAQ-D2 Ay peest

FIGURE 1. Sketch of the experimental facility (adopted from Ref. [5]) including the identification plot
of the isotopes implanted into WAS3ABI during experiment NP1112-RIBF85.

The combination of the unprecedented high intensity of the primary U beam (on
average 8-10 pnA) and the high efficiency of the setup for both the detection of y rays
(8% at 1 MeV) and particles allowed to perform detailed decay spectroscopy in a region
of the chart of nuclides which has not been accessible for this type of studies before.

FIRST RESULTS

Delayed 7 rays were observed in coincidence with 13%138Sn and these constitute the first
observation of the decay of excited states in these very neutron-rich, semi-magic nuclei.
Indeed they are the nuclei with the highest N/Z ratio in this region for which excited
states are known and their semi-magic nature allows just the neutron-neutron part of the
shell- model interactions to be probed. Three delayed transitions have been observed
for each nucleus and these have been assigned as E2 transitions from the 6, 4™ and
27T states, by analogy with y rays of similar energies observed from the decay of a 6™
isomer in '*Sn [1]. The small spacing between the 67 and 4T states, and their relatively
pure V({5 /2)2 configuration, are responsible for the isomerism.

We found that the energies of the 2%, 4™ and 6" levels remain fairly constant as
the number of neutrons increases from N=84 to N=88. This agrees with the predictions



of shell-model calculations performed using state-of-the-art interactions, e.g. the CD-
Bonn bare nucleon-nucleon potential, renormalized using G-matrix [8] and Vy,,_ [9]
prescriptions. In contrast calculations performed using empirical interactions (SMPN)
deviate from the experimental data [10], despite the simple nature of these nuclei. These
data serve as useful input in to astrophysical r-process calculations as the path of this
reaction includes these nuclei. A low excitation energy of the 2;“ state can change the
effective half-lives of nuclei participating in this reaction at high temperatures.

OUTLOOK

In addition to the delayed transitions emitted from '36:138Sn, several other new isomeric
decays have also be observed in this experiment, for example in '*°Cd. Similarly,
B-decay data on the nuclei shown in Fig. 1 are currently being analyzed and will give
first half-lives and identification of excited states in many very neutron-rich nuclei.
The data on the Sb and In nuclei will allow very sensitive tests of the shell-model
predictions to be performed. Information on the excited states of these simple odd-Z
nuclei is particularly important as the neutron-proton part of shell-model interactions
is the most difficult part to reproduce. The experimentally extracted -decay half-lives
will be important ingredients for r-process calculations. To conclude, a very rich data
set has been obtained from experiment NP1112-RIBF85 which took place in December
2012 during the first EURICA campaign with high intensity Uranium beams at RIKEN.
Exciting results with respect to the structure of neutron-rich Cd, In, Sn and Sb isotopes
will be presented in the near future.
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Abstract. The MINIBALL Ge-detector array at the REX-ISOLDE post-accelerator has been a
workhorse in diverse nuclear structure studies over the past decade. In conjunction with particle
detector arrays it has provided excellent in-beam gamma-ray data. Especially, the REX-ISOLDE
accelerator is unique when it comes to intense radioactive heavy-ion beams. This has been
recently exploited in studies of shape coexistence and collectivity in nuclei ranging from Hg-182
to Ra-224 in Coulomb excitation experiments. The talk will focus on Coulomb excitation of Pb
isotopes and how our physics program can be extended in the next generation ISOL facility such
as EURISOL.
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SHAPE COEXISTENCE IN LEAD ISOTOPES

The interplay between single-particle motion, collectivity, and pairing in light Pb
nuclei is manifested as a rich gamut of coexisting nuclear shapes and exotic
excitations [1-2]. One of the goals of modern nuclear physics research is to understand
the origin of these structures and their relation to the fundamental interactions between
the nuclear constituents. These subjects can be investigated particularly well in the Pb
isotopes close to neutron mid-shell, where a relatively small proton shell gap, together
with a large valence neutron space, provides fertile ground for studies of shape
transitions within a small energy range. In a-decay studies, the first two excited states
of the mid-shell nucleus "**Pb were observed to be 0" states [3]. On the basis of a-
decay hindrance factors, the 0", state was associated with mainly n(2p—2h)
configuration, whereas the 03 state was associated with a m(4p—4h) configuration.
Consequently, together with the spherical ground state [4], the three 0" states with
largely different structures establish a unique shape-triplet in '**Pb.

EXPERIMENTAL DETAILS

The experiment was carried out employing the MINIBALL spectrometer [5] at the
REX-ISOLDE facility, CERN [6]. The radioactive beam of neutron deficient even-
mass °*'**Pb isotopes was post-accelerated up to 2.83MeV/u and was impinging on a



2mg/cm’ thick '"?Cd target. The beam intensity on MINIBALL target varied between
2x10°-1.4x10° Hz. The scattered particles were measured using the annular CD
detector at 30mm distance downstream from the target. In figure 1, the energy of
scattered particles as a function of strip number (angle) is shown. Two different
kinematic branches, corresponding to the scattered target-like and projectile-like
particles, labeled in white and black, respectively, can be distinguished.
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FIGURE 1. Energy of scattered particles detected using the CD detector in '**Pb Coulomb excitation
experiment. Kinematic branch for scattered target-like (projectile-like) particles is shown in black
(white). Four different angular ranges used in analysis haven been illustrated with dashed lines.

As an example, a gamma-ray energy spectrum measured in low centre-of-mass
angles, Doppler corrected for projectile-like particles, is shown in figure 2. Two
gamma-ray lines can be associated with '**Pb, whereas other gamma-ray lines
originate from the excitation of '®TI impurities in-beam. In this case, the purity of
beam was about 50%. By using the laser on/off technique, one can extract the amount
of target excitations arising from reactions with '**T1. Similar data have been obtained
for ”’Pb and '**Pb, with beam contamination levels below 10%. Preliminary analysis
suggests that the spectroscopic quadrupole moments and transition strengths for the
first 2" states in corresponding Pb isotopes can be extracted from these data. For the
even-mass ' ”*Pb isotopes the statistics is sufficient to obtain transitions strengths.
The analysis is still in progress and final results will be published later.
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FIGURE 2. Gamma-rays in coincidence with scattered projectile-like particles observed in low centre-
of-mass angles (Doppler corrected for projectile-like particles). Gamma-rays associated with **Pb
nuclei are labeled in blue, whereas gamma-rays from '**T1 are labeled in black.

VIEW ON POSSIBILITIES WITH THE EURISOL FACILITY

Our experimental program continues at HIE-ISOLDE. The HIE-ISOLDE will
provide improved beam intensity together with beam energies at first up to 5.5MeV/u
and finally up to 10MeV/u. This will allow us to conduct multistep Coulomb
excitation experiments of heavy nuclei. Multistep Coulomb excitation is essential
especially when probing the shapes and collectivity of the non-yrast bands in this
region. Another important step in understanding the competing structures in these
nuclei will be taken when the MINIBALL array is combined with the SPEDE electron
spectrometer [7]. SPEDE in conjunction with MINIBALL will allow a direct
measurement of the conversion electron strengths in nuclei of interest.

The amount of effort to understand the shape evolution in neutron-deficient Pb
nuclei, and very heavy nuclei in general, has been substantial. However, there are still
many open questions such as:

* Confirmation of three different shapes in one nucleus

*  What is the intrinsic configuration of the intruding structures

* Systematic behaviour of mixing between different shape coexisting structures

*  Why is the collectivity of prolate yrast bands in Pb higher than that of the

identical bands in Hg and Pt isotopes

In order to address these questions, more experimental and theoretical work is
required. For example, the multiparticle-multihole structures could be directly probed
via multinucleon transfer reactions, currently not feasible with existing facilities. In
order to investigate the odd-mass heavy nuclei in Coulomb excitation experiments,



higher particle fluxes are needed to obtain sufficient statistics since the level density at
the Fermi surface is higher. The EURISOL facility with further improved beam
intensity, energy and purity will provide better opportunity to conduct these
experiments.
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The results of systematic calculations of isospin-symmetry-breaking corrections to superallowed
(B-decays based on the self-consistent isospin- and angular-momentum-projected nuclear density
functional theory (DFT) are reviewed with an emphasis on theoretical uncertainties of the model.
Extensions of the formalism towards no core shell model approach with basis cutoff scheme dictated
by the self-consistent particle-hole DF'T solutions will be also discussed.

I. INTRODUCTION

Isospin symmetry in atomic nuclei is weakly broken mostly by the Coulomb interaction that
exerts a long-range polarization effect. Capturing an equilibrium between long and short range
effects is a challenging task possible only within no core approaches, which, in heavier nuclei, re-
duces possible choices to formalisms rooted in the density functional theory (DFT). However, as
it was recognized already in the 70’s [1], the self-consistent mean-field (MF) approaches cannot
be directly applied to compute isospin impurities because of spurious mixing caused by the spon-
taneous symmetry breaking (SSB) effects. This observation hindered theory from progress in the
field for decades.

The aim of this work is to present a brief overview of recent theoretical results obtained within
the isospin- and angular-momentum projected DFT on isospin-mixing effects. Our multi-reference
no core DFT was specifically designed to treat rigorously the conserved rotational symmetry and,
at the same time, tackle the explicit breaking of the isospin symmetry due to the Coulomb field.
The major physics motivation behind developing the model and studying the isospin symmetry
breaking (ISB) comes from nuclear beta decay. Theoretical corrections to the superallowed Fermi
beta decay matrix elements I = 07,7 =1 — I = 0%, T = 1 between the isobaric analogue states,
caused by the ISB, are critical for precise determination of the leading element V, 4 of the Cabibbo-
Kobayashi-Maskawa (CKM) flavour-mixing matrix and, in turn, for further stringent tests of its
unitarity, violation of which may signalize new physics beyond the Standard Model of particle
physics, see [2] and refs. quoted therein.

II. MULTI-REFERENCE DENSITY FUNCTIONAL THEORY

The formalism employed here starts with the self-consistent Slater determinant |¢) obtained by
solving Skyrme-Hartree-Fock equations without pairing. The state violates both the rotational
and isospin symmetries. The strategy is to restore the rotational invariance, remove the spurious
isospin mixing caused by the isospin SSB effect, and retain only the physical isospin mixing due to
the electrostatic interaction [3]. This is achieved by a rediagonalization of the entire Hamiltonian,
consisting the isospin-invariant kinetic energy and Skyrme force and the isospin-non-invariant

*This work was supported in part by the Polish National Science Center and by the Academy of Finland and
University of Jyvaskyld within the FIDIPRO programme. We acknowledge the CSC - IT Center for Science Ltd,
Finland, for the allocation of computational resources.
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Coulomb force, in a basis that conserves both angular momentum and isospin |¢; IMK; TT,),
projected from the state |p):

1 ~ ~
——— P, 1 P xlo) (1)

where sz . and ]5]{4 x stand for the standard isospin and angular-momentum projection opera-
tors [4], respectively. One must also treat the fact that the quantum number K is not conserved
and set (1) is overcomplete. This requires selecting the subset of linearly independent states,
known as collective space [4], which is spanned, for each I and T, by the so-called natural states
l; IM; TT.)® [5] and subsequently rediagonalizing the entire Hamiltonian in the collective space.
The resulting eigenfunctions are:

los IMK; TT.) =

s @y IM Ty = als? gy IMGTT.) D, (2)
i T2 |

where index n labels the eigenstates in ascending order of energies.

III. ISOSPIN MIXING

The isospin or Coulomb impurities are defined as:
ag=1- Z |UL§7T§(J ) (3)

where the sum extends over the norms corresponding to isospin 7" that dominates in wave function
(2).

It is well known that for modern density-dependent Skyrme and Gogny energy density functionals
(EDFs), the angular momentum projection is ill-defined [9, 10]. Hence, at present, the double-
projected DFT method can be safely used only with the functionals originating from the true
Hamiltonian. Nevertheless, for all modern Skyrme forces, the isospin-only-projected variant of the
approach is free from singularities [3]. Fig. 1 shows the isospin impurities in the ground-states
of even-even N = Z nuclei, calculated by using the state-of-the-art SLy4 Skyrme [6] EDF in
the isospin-only-projected variant of the model [3, 11]. It is gratifying to see that the calculated
impurities are consistent with the recent data extracted from the giant-dipole-resonance decay
studies in 80Zr [8] and isospin-forbidden E1 decay in *4Ge [7], see Fig. 1. Both data points disagree
with the pure MF results, which, due to the spurious mixing caused by the spontaneous ISB effects,
are lower by almost ~30%. The agreement with available data indicates that the model is capable
of quantitatively capturing the intensity of the isospin mixing. This is important in the context of
performing reliable calculations of the ISB corrections to the Fermi beta decay.



IV. ISOSPIN-SYMMETRY-BREAKING CORRECTIONS TO THE SUPERALLOWED
FERMI BETA DECAY

The 07 — 0% Fermi S-decay proceeds between the ground state (g.s.) of the even-even nucleus
|[I =0,T ~ 1,7, = +1) and its isospin-analogue partner in the N = Z odd-odd nucleus, |I =
0,7 ~ 1,T, = 0). Since the isospin projection alone leads to unphysically large isospin mixing in
odd-odd N = Z nuclei [11], to calculate Fermi matrix elements the double-projected method must
be applied. As already mentioned, the angular momentum projection brings back the singularities
in the energy kernels [11], preventing one from using the modern parametrizations of the Skyrme
EDFs and forcing us to use the Hamiltonian-driven Skyrme SV EDF [12].

The g.s. of the even-even parent nucleus is approximated by the state |¢; I = 0,T =~ 1,T, = £1),
projected from the Slater determinant |¢)) representing the self-consistent g.s. MF solution, which
is unambiguously defined by filling in the pairwise doubly degenerate levels of protons and neutrons
up to the Fermi level.

The odd-odd daughter state is approximated by the state |p; I = 0,T ~ 1,7, = 0), projected
from the self-consistent Slater determinant |p) = |7 ® ) (or |v ® 7)) representing the so-called
anti-aligned MF configuration, obtained by placing the odd neutron and odd proton in the lowest
available time-reversed (or signature-reversed) single-particle orbits. The isospin projection from
Slater determinants manifestly breaking the isospin symmetry is essentially the only way to reach
the T' = 1 states in odd-odd N = Z nuclei that are beyond the MF model space.
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FIG. 2: Matrix elements |Vya| (left panel) deduced from the superallowed 0% — 07 B-decay (dots) by
using values of dc calculated in: (a) Ref. [13]; (b) Ref. [14] with NL3 and DD-ME2 Lagrangians; and in
our work Ref. [15] with (¢) SV and (d) SHZ2 EDFs. Triangles mark values obtained from the pion-decay
[16] and neutron-decay [17] studies. The open circle shows the value of |V;a| deduced from the S-decays in
the T' = 1/2 mirror nuclei [18]. Right panel shows the unitarity condition for different values of |Via| [17].

This allows for rigorous fully quantal evaluation of the beta-decay transition matrix element and
the corresponding ISB correction dc:

(M2 = [(h; T =0,T~ 1,T, = £1Tw|p; I =0, T ~ 1,T, = 0)[*> = 2(1 — o¢). (4)

The calculated ISB corrections d¢ lead to |V,q| = 0.97397(27) and |V,q4| = 0.97374(27), for the
SV and SHZ2 EDFs, respectively [15]. Both values result in the unitarity of the CKM matrix up
to 0.1%. The new parametrization SHZ2 has been specifically developed to asses the robustness
of our results with respect to the choice of interaction. This shows that although individual ISB
corrections are sensitive to the interplay between the bulk symmetry energy and time-odd mean-
fields, the value of |V,4| rather weakly depends on the parametrization. It is gratifying to see
that our results are fully consistent with the results obtained by Towner and Hardy [13], which
were obtained within a different methodology, based on the nuclear shell-model combined with
mean-field wave functions. Both approaches disagree with the RPA-based study of Ref. [14]. The
theoretical results are summarized in Fig. 2.
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V. OUTLOOK: BEYOND THE MULTI-REFERENCE DFT

Implementation of the theory that we presented above was based on a projection from a single
Slater determinant, which, in odd-odd daughter nucleus, was not uniquely defined. At present, we
are implementing an extended version of the model, which allows for mixing of states projected
from different self-consistent Slater determinants representing low-lying (multi)particle-(multi)hole
excitations in a given nucleus. Such an extension can be viewed as a variant of no core shell-model
with two-body effective interaction (including the Coulomb force) and a basis truncation scheme
dictated by the self-consistent deformed Hartree-Fock solutions. Preliminary spectrum of low-spin
I = 0,1,2 states in 32Cl obtained by mixing states projected from nine low-lying particle-hole
configurations is shown in Fig. 3. In spite of certain technical problems related to divergencies,
which will be discussed elsewhere, the results are very encouraging. This is particularly the case
in view of the fact that the self-consistent states and their mixing were determined by using the

SV Skyrme EDF, which has rather poor spectroscopic properties.
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Isospin Mixing from the GDR studies
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Abstract. The Isospin mixing a? induced by the Coulomb interaction can be studied using a fusion-
evaporation reaction (using N=Z nuclei as projectile and target) and the first-step gamma-decay of the
Giant Dipole Resonance. The mixing o’(Tcy) Value is directly measured at the temperature of the
compound nucleus while the correspondent value at zero temperature o(T=0) could be extracted
provided that at least two measurements of o*(T) at different temperatures are available for the same
system.

The isospin mixing was studied in ®Zr, the heaviest nucleus which can be produced using stable N=Z
projectile and target, in two recent HECTOR-GARFIELD and HECTOR'-AGATA experiments. The
used fusion-evaporation reaction was “°Ca+*’Ca=*"Zr at Eyeam = 200 and 136 MeV and the preliminary
results show that the measured Coulomb Spreading width has a value which is constant with
temperature and compatible with the width of the IAS measured in ®Se.

As isospin mixing is a Coulomb driven effect, its strength increases with the mass of the N=Z
compound nucleus. Therefore, intense exotic beams from an EURISOL facility will permit to produce
heavy N=Z compound nuclei (i.e. ®°Zn + “°Ca = °Sn or **Ni + *°Ca = **Cd) and will provide a stronger
mixing signal if compared to that obtained in ®Zr or lighter nuclei using stable beams. This is important
in nuclear structure and beyond as the evaluation of isospin mixing provides an important correction to
the superallowed Fermi transitions rates and contributes to the extraction, in a nucleus independent way,
of the first element of the Cabibbo-Kobayashi-Maskawa Matrix.

Keywords: ®Zr, GDR, Compound Nucleus, Isospin Mixing
PACS: 24.30.Cz, 25.70.Gh, 24.80.+y, 24.60.Dr



INTRODUCTION

Isospin symmetry is largely preserved by nuclear interactions and the main violations are due to
Coulomb interaction [1-3]. This induce that isospin symmetry is violated and that isospin is not a
completely good quantum number for the nucleus. In many cases, however, this effect can be neglected
or it is small enough to be treated in a perturbative way. The breaking of isospin symmetry can be
observed through decays, which would be forbidden by the selection rules if isospin mixing was not to
occur as for example the neutron decay from the IAS or of the E1 decay from self-conjugate nuclei. As
it is a Coulomb driven effect the degree of mixing, quantified in the mixing coefficient o, is expected
to increase with the atomic number (see figure 1) almost linearly for A > 50.
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FIGURE 1. The isospin mixing parameter calculated for N=2<50 nuclei [4]

The Giant Dipole Resonance (GDR) is an excitation mode where the selection rule of E1 decay can be
fully exploited. Fusion-evaporation reactions allow the production of self-conjugate compound nuclei
(CN) at high excitation energy which, in many cases, are far from the g-stability valley. The use of a
self-conjugate projectile and target ensures that the CN produced in fusion reactions has isospin | = 0.
Therefore, E1 emission associated with the decay of the GDR is hindered. The most direct consequence
is that the first-step GDR y decay depends on the degree of isospin mixing of the CN. At a finite
temperature one expects a partial restoration of the isospin symmetry because the degree of mixing in a
CN is limited by its finite lifetime for particle decay. The competition between the timescale of the
Coulomb-induced mixing and the CN lifetime (which decreases for increasing temperature) drives
toward a restoration of isospin symmetry [3-8].
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FIGURE 2. The isospin mixing parameter measured in N=Z nuclei using the first step gamma decay
of the GDR [5-8]. The same data are plotted vs the compound nucleus mass number A=2Z (left panel)
and vs the nuclear temperature of the compound nucleus (right panel). The angular momentum of the



compound nuclei is included in the calculation of the nuclear temperature. The red point indicates *°Zr
(the heaviest N=Z compound nucleus which can be produced using a stable beam and target) [8].

In the past, several experiments have measured the isospin mixing coefficient through the gamma-decay
of the GDR [5-8] in N=Z compound nuclei and the data shows a trend where a2 seems to increase with
atomic mass number Z and to decrease with nuclear temperature T (see figure 2). However, the data are
very inhomogeneous as each point has a different value of A, T and angular momentum.

Recent theoretical works [9-10] have calculated the temperature dependence of the isospin mixing
coefficient a2 (see formula below) which, in the case of spin = 0, depends on the width of the IAS
(FﬂAs), the compound spreading width (FTCN(T)) and the width of the IVGMR (I'vm) calculated at the
excitation energy of the IAS:

1
2 —~ FIAS
X+ 1 1 ’
FCN(T) + FIVM

Therefore, in the case a? is measured in the same system at different temperatures it could be possible
to extract the zero temperature isospin mixing value substituting the value of 1as With that of the
Coulomb Spreading width extracted from the data as already suggested in ref [3].

This make extremely interesting the future availability of intense N=Z radioactive beams. In fact, these
beams will make possible to produce heavy self conjugated compound nuclei which are expected to
have a large and easier to measure isospin mixing coefficient.

THE MEASUREMENTS

Isospin mixing in the hot compound nucleus ®Zr was studied at two different excitation energies by
measuring and comparing the gamma-ray emission from the fusion reactions “°Ca+*Ca at Eyeam= 136
and 200 and MeV. A reaction where isospin mixing should do not play a role was additional performed
to tune statistical model calculations. Namely, the compound *Rb (using the reaction *’Cl+*Ca at
Epean=95 and 153 MeV) was populated. The yield associated with the Giant Dipole Resonance is found
to be different in the two reactions because in self-conjugate nuclei the E1 selection rules forbid the
decay between states with isospin 1=0. The two experiments were performed at the INFN Laboratori
Nazionali di Legnaro. The first uses the GARFIELD-HECTOR array (to measure high-energy gamma
rays, charged particles and evaporation residues) while the second employed the AGATA-HECTOR*
array system for the measurement of high and low energy gamma-rays. The reaction at the highest
excitation energy have been already analyzed [8] while for the reaction at lower excitation energy the
analysis is in progress.

EXPERIMENTAL RESULTS

The degree of mixing at high temperature is deduced from the statistical model analysis of the gamma-
ray spectrum emitted by the compound nucleus ®*Zr. From the data at high excitation energies the
Coulomb Spreading width was found to be . =10 + 3 KeV for Epeam = 200 MeV reaction while the
preliminary values for Epean, = 136 MeV is Y. =12 + 3 KeV. The two values are consistent between
them and equal to the width of the IAS measured in **Se [11] equal to s = 9.9 keV. This aspect is
extremely interesting as it experimentally confirms that the two width are very similar and independent
of nuclear temperature as the mechanism producing the width is substantially the same. In addition it
tells us that the Coulomb mixing can be considered as a basic intrinsic feature of the nucleus, similarly
to the GDR intrinsic width, which is also found to be independent of temperature [12-14]. The plots in



figure 3 shows the measured high energy gamma rays spectra calculated for three different values of
"> with, superimposed, the statistical model calculations.

102 — T T T . :
e Data
—— CASCADE no mixing
3 |
107 Fo — CASCADE T, =10 keV
CASCADE large mixing
104+
£ 10° |
10
107+
10—3 1 )
5 10 15 20 25 30
E (MeV)

10000 4
N
e
1000 | g
100 -
:
2
L
1 -
01 -
4 6

e DATA
- = T|=100keV
m===T|=0 keV
T|=12keV
\
o
w
[~
. SR
~
N!
RS
\‘\
N
Iy
8 0 12 14 16 18 20
Energy[MeV]

FIGURE 3. The measured high energy gamma rays spectra measured in the reaction “°Ca + “°Ca at
Epeam = 200 MeV (left panel) [8] and Epeam = 136 MeV (right panel). Superimposed there are the
calculations with the best fitting Coulomb Spreading width, the fully mixed isospin scenario and the
case where isospin symmetry is fully restored.

The used statistical model and GDR parameters used have been extracted using the ‘reference’
reaction 37Cl + 44Ca = 81Rb. For both beam energies we used 100% of EWSR and a GDR centroid of
16.2 MeV while for the GDR width, as expected, we've seen a decrease from 10.6 MeV to 7 MeV
due to the lower nuclear Temperature and angular momentum of the Epecam = 136 MeV case.

The measured isospin mixing a2 value in 89Zr at Epeam = 200 MeV is consistent with the theoretical
prediction of reference [4] (see figure 4). The new data point which will be located in the shaded
region is not yet available as the analysis work is still in progress. Once extracted it will permit an
estimation of the zero temperature isospin mixing value to be compared with the theoretical one

of ref [4].
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FIGURE 4. The temperature dependence of the mixing probability of the 2°Zr using the theoretical model of
ref [9-10]. The theoretical curve uses the Coulomb spreading width of [8], it has been normalized to the T=0 value
of [4] and uses a width of the monopole resonance at the temperature of the Isobaric Analogue State fixed with
temperature. The blue triangle is the experimental value of the isospin mixing obtained in [8], the red dot is the
theoretical value calculated in [4]. The light red rectangle is the temperature region for the Epe,,=136 MeV
experiment.

CONCLUSION

The 8%Zr dataset here discussed is the first set of experiments where isospin mixing is measured
in the same system at two different excitation energies. The preliminary results have shown that
i) the Coulomb Spreading width is the same at T=2.2 and T=3 MeV and has the same values as the
width of the IAS measured in 80Se, ii) the calculated zero temperature a? value and the one
measured in the reaction at Epeam = 200 MeV follows the expected theoretical behavior of ref [9-
10]. The technique here discussed, if fully validated, will permit the extraction of the zero
temperature isospin mixing in self-conjugated nuclei starting from the measurement of the
gamma decay of the hot GDR. The use of intense stable beams will permit the isospin mixing
systematic study below Z=40 A=80 while the use of radioactive beams, like those allowed by the
EURISOL facility, will permit the measurements of isospin mixing in nuclei heavier than A=80. In
fact 80Zr is the heaviest isotope, which is possible to produce using stable beams and targets. In
particular it will be possible to populate self conjugate nuclei in the mass region around 1%0Sn in
the isospin zero channel. For example the 4°Ca + 56Ni will produce the N=Z compound 196Cd.
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Abstract. Inelastic scattering of’O heavy ions at 20 MeV/u has been used to studyytdecay
from high-lying bound and unbound states'#iSn. The description of the experimental set up is
given and some preliminary results of the data analysistare/s.
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INTRODUCTION

Giant Resonances are fundamental modes of excitationglatiféquency, correspond-
ing to scape oscillation around the equilibrium of the naclgystem. Their study over
the years has provided useful information on the nucleacstitre and on the effective
nucleon-nucleon interaction, as well as on the bulk progedf nuclear matter [1]. In
recent years, particular attention has been given to thay sitithe dipole response at
energies around patrticle threshold. Indeed, an accuroalati dipole strength, larger
than that due to the tail of the Giant Dipole Resonance (GRRhund in several neu-
tron rich nuclei: this is commonly denoted as the Pygmy Dag@ésonance (PDR) [12].
The hydrodynamical model describes the PDR as originatiogp fthe collective os-
cillation of the neutron skin against a symmetric protomtnen core [2][4][12]. From
the experimental point of view, the PDR has been investigsystematically in a large
number of stable nuclei with the photon scattering techai@ug. [2][3]). Experiments
using Coulomb excitation in inverse kinematics to study PR in unstable neutron
rich heavy nuclei have been also performed [10][13][14kthble nuclei, by comparing
results of photon scattering (or also proton scattering) [dh those of alpha scatter-
ing experiments, a selectivity in the population of thesdRPates has been observed
[4][9]. In the case oft24Sn [4], the pygmy dipole structure reveals a splitting imot
components: one group of states which is excited in both ¢ypeactions, and another
group of states at higher energies which is only exciteden(jtty’) case. These findings
call for additional investigation, making use of differgambbes to excite the resonance
states (as for example heavy ions). Indeed, experimeriisrpexd with different probes
are complementary, altering the relative population ofdifierent states. Motivated by
this interest, we used the inelastic scattering’af heavy ions at 20 MeV/u as a tool to
study they-decay from this resonance [6][8][11].



EXPERIMENTAL SET-UP AND DATA ANALYSIS
Experimental set-up

In this experiment af’O beam at the energy of 20 MeV/u in the laboratory frame,
provided by PIAVE-ALPI accelerator system of the Legnaraidlaal Laboratories, was
used. The gamma ray detection system was composed by theAMBémonstrator [7]
coupled to an array of large volume LaBte scintillators named HECTOR16]. The
scattered’O ions were detected by twikE-E Silicon Telescopes of the TRACE project
[5], mounted inside the scattering chamber and coveringuigeilar range between 12°
and 22° with respect to the beam axis.

Data analysis

Gamma decay from the Pygmy Dipole Resonance

The identification of the ions detected in the silicon tetgses was performed with
the standard\E-E technique. Fig. 1 shows the total kinetic energy (TKE)yswed
in one pad of the telescopes versus the energy deposit nedasutheAE pad in the
region of the oxygen isotopes. The clear mass separatidreioxygen isotopes region
permits a clean gate condition on the inelastic scatterlmnoel. Once the inelastic
scattering channel has been selected, the total kinetigetass (TKEL), deduced from
the measured energy of the scatté@ ions, has to be correlated with the decay energy
obtained from the coincidently measurgdays energies in order to select the decays
into the ground state. This is done by applying a diagonabouhey-ray energy against
the TKEL matrix. Furthermore, since the typical lifetimethése states is of the order
of the femtosecond, a Doppler correction for the recoil was performed. Finally, to
clearly identify they-decay of the PDR, a background subtraction was perfornmgd2F
shows the/-ray energy spectrum of tHé*Sn obtained with these conditions. As can be
observed the PDR states are clearly visible at energiesedbMeV. In Fig. 2 transitions
observed in previous experiments [2][3][4] are indicated.

Angular distribution

It is known from previous NRF experiments [2][3] that enegpectrum measured in
the PDR region is dominated by E1 transitions, however, seth&ansitions are also
present. Thanks to the position sensitivity of the AGATA Dmrstrator and the Silicon
Telescopes, it was possible to effectively separate darttons from gamma radiation of
different multipolarity, using angular distributions. particular this is done by selecting
the range off ¢ (i.e. the angle between tH84Sn recoil nucleus and the emittee
ray) in which the E1 and E2 component are respectively damigén intensity. Fig. 3
displays the comparison between taeay spectra of2*Sn in the pygmy region. The
E1 component is enhanced in the red spectrum (angular g&ftef)G..<115°) instead
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FIGURE 1. Total Kinetic Energy measured in one pad of the TRACE telpsceersus the energy
deposit measured in th&E pad in the region of the oxygen isotopes. The relative paijmr of the
oxygen isotopes is specified.
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FIGURE 2. y-decay in the PDR region measured with the AGATA Demonstrati@y for the reaction
1245n{’0, 170y) with the gating conditions described in text. The dotted aalid black lines indicate
transitions already observed in previous experimentSTE].

the E2 component in the blue one (angular gate: Bprs<65°). As expected the
PDR region is dominated by E1 transitions. The dotted and $d&ck lines indicate
transitions observed in previous experiments [2][3][4].

CONCLUSION

An inelastic scattering experiment, usit@ ions accelerated at 20 MeV/u, aimed at the
study of the gamma-decay from PDR states in¥$n nucleus has been performed.
Preliminary spectra show lines associated toyuecay from PDR states known from
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FIGURE 3. y-decay in the PDR region measured with the AGATA Demonstrati@y for the reaction
1245070, 170’ y) gated on the angular distribution of the emitjethys. The E1 transitions are enhanced
in the red spectra (angular gate: 68)5ec<115°) instead the E2 transitions in the blue one (angulr:ga
15°<B,rec<65°). The dotted and solid black lines indicate transiiobserved in previous experiments

[2](3]14]-

previous experiments performed with different probes. iadipolarity of the observed
gamma transitions is determined thanks to angular digtobumeasurements. The anal-
ysis performed in this work has demonstrated the uniqueilpibgsoffered by heavy-
ion scattering studies, in coincidence with an efficigtatetection, to obtain important
structure information on the underlying nature of the pygstates. The experimental
technique employed in this experiment could also be usadate facilities, which will
be able to produce neutron-rich radioactive beams, to stndgverse kinematics, the
structure of the pygmy resonance in more neutron-rich syste
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Abstract. An experiment focusing on study of the properties of hot rotating compound nucleus of
8Mo was performed in LNL Legnaro using **Ti beam at energies of 300 and 600 MeV on *°Ca
target. The compound nucleus was produced at the temperatures of 3 and 4.5 MeV, with angular
momentum distribution with Ip,x > 60 7 (i.e. exceeding the critical angular momentum for fission
barrier). High-energy gamma rays, measured in coincidence with evaporation residues and alpha
particles, were analyzed with the statistical model. During fitting procedure the GDR parameters
were obtained, which allowed to investigate an evolution of the GDR width up to high temperatures.

Similar studies in more exotic nuclei will be possible in the context of planned radioactive beam
facility of EURISOL.

Keywords: GDR width, high temperature
PACS: 21.10.Re, 24.30.Cz

INTRODUCTION

The study of Giant Dipole Resonance properties at high temperature and angular mo-
mentum is important for investigation of nuclear structure since it provides information
on behavior of nuclei under extreme conditions. In particular, the change of the GDR
width with angular momentum and temperature reflects the role played by quantal and
thermal fluctuations in the damping of giant vibrations [1-7].

In last years the GDR width has been measured for several nuclei at different tem-
peratures. The highest temperature region, up to 3.7 MeV, was investigated for '32Ce
showing almost linear increase of GDR width as a function of temperature [8]. The ob-
tained GDR dependence on the temperature was found to be mainly due to the nuclear
deformation increase and, at higher temperatures (above 2.5 MeV), taking into account
the compound nucleus lifetime. Additionally, it was shown that very important was the
evaluation of proper excitation energy of the compound nucleus considering preequi-
librium processes that may occur at high energies. It was almost negligible for studied
mass symmetric reaction while in mass asymmetric reactions had large impact.

Here there are presented results of new measurements of the GDR width for high
temperature performed for Mo produced in fusion-evaporation reaction.



EXPERIMENT

The decay of the 33Mo compound nuclei has been studied in the experiment performed
at Tandem-ALPI accelerator at the laboratory of LNL Legnaro using 300 and 600 MeV
“8Ti beam on *°Ca (500 pg/cm?) target. The compound nucleus (CN) has been produced
at 124 and 262 MeV excitation energy, corresponding to the average CN temperature of
3 and 4.5 MeV respectively. The high-energy gamma rays as well as charged particles
were measured using the combined HECTOR [9] and GARFIELD [10] arrays. The
GARFIELD detectors consisting of AE—E gaseous micro-strip and CsI(TI) scintillation
detectors were positioned at 6 = 29° to 0 = 82° and 27 in ¢ in the same gas volume.
The 8 large volume BaF, HECTOR detectors were placed at backward angles. The
phoswich [11] detectors were placed at forward angles to identify the evaporation
residues, which provide possibility to select fusion-evaporation channel of the reaction.

To obtain GDR parameters such as centroid energy, strength and width (I'gpg),
high-energy gamma-ray spectra, which were measured in coincidence with evapora-
tion residues, were analyzed. In the analysis the GEMINI++ [12] Monte Carlo statisti-
cal model code with incorporated GDR emissio [13] was employed. The high-energy
gamma-ray spectra were fitted in the GDR region to obtain the GDR parameters. Both
measured and calculated spectra are presented in Fig. 1 together with the extracted
strength functions.

Apart from high-energy gamma rays, also charged particle spectra have been mea-
sured allowing investigation of the preequlibrium process which after analysis occurred
not to be observed in the experiment.

THE GDR WIDTH

Since GDR can be emitted at different decay steps, namely from nucleus characterized
by different excitation energy, the temperature of nucleus at which the GDR is excited
is not the same as for CN. Its values are calculated at each decay step using formula:

—_

Topr = [(E* — Eror — Egpr)/a(T))? (D

where E* is the excitation energy, E,, is the rotation energy, Egpg is the energy of
emitted gamma and a(7T) is level density parameter for decaying nuclei. The tempera-
ture of nuclei after gamma emission was estimated for both experimental cases using
GEMINI++ calculations taking into account all experimental conditions. As a result
the calculated temperature values for beam energies 300 and 600 MeV respectively are
(Topr) = 2.0(6) and 3.1(9) MeV.

The GDR widths were obtained as FWHM of the GDR strength functions for both
experimental cases and found to increase from 10.3(6) MeV for 2 MeV temperature to
11.2(9) MeV at temperature equal to 3.1 MeV [14]. The measured values were compared
to the theoretical predictions of the two models assuming that the damping of giant
vibrations is caused by the different processes. One of the model, phonon damping
model (PDM) [15, 16] (Fig. 2a), describes the GDR width due to interaction of the
GDR phonons with the particle — hole, particle — particle and hole — hole excitations. It
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predicts an increase of the GDR width up to certain value of temperature and then its
saturation [14]. Another employed model was the recent version of the liquid drop model
- LSD [17, 18] (Fig. 2b) with the thermal shape fluctuations anticipating the increase of
the GDR width with temperature. The calculations were performed for I’y = 6 MeV,
which is GDR width at Tpg = 0.

CONCLUSIONS AND PERSPECTIVES

Both models predict that for Mo in the investigated temperature region the GDR width
increase is similar to the increase observed experimentally. It is observed quite good
agreement of the measured values compared to the calculations based on PDM model
as well as to LSD based results shown in Fig. 2. This may indicate that both models
describe well the GDR width behavior. The GDR width increase with temperature can
be explained due to phonon — single particle interactions or thermal shape fluctuations
increase with temperature.

Continuation of the GDR decay investigation for the neutron-rich nuclei will be possi-
ble after launch of the planned EURISOL facility. Usage of highly intensive radioactive
ion beams, by example ggNi on ?gSi — ZgMo or ggKr on %gMg — }1§0Cd, will be useful
for creation of nuclei at high angular momentum, which will allow in addition to study
the Jacobi and Poincare shape transitions [19, 20].
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Deep inelastic reactions, as tools towards
high Z and A
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Abstract. The semi-classical model GRAZING [1, 2, 3] will be used to illustrate that it is possible
to use Deep Inelastic Collisions (or multi-nucleon transfer reactions) to populate nuclei heavier than
the target. This may me achieved by using suitable radioactive neutron rich projectiles. Reactions

for the production of neutron rich nuclei, relevant for the r-process (in particular for the waiting line
N=126), will also be discussed.

Keywords: deep inelastic reactions, GRAZING model, radioactive beams
PACS: 25.70.Lm, 25.70.Pq

INTRODUCTION

The Deep Inelastic Collisions (DIC) are characterized by large energy losses, the frag-
ments are emerging from the reaction with an energy that is below the Coulomb repulsion
of two touching spheres, and by a charge (Z) distribution of the fragments that is very
large. For large energy losses these charge distributions, are centered at a Z that is smaller
than the one of the projectile. These reactions played, in the past, a very important role
for the understanding the reaction mechanism in particular it was possible to extract the
relevant degrees of freedom of the reactants that are responsible for the evolution of the
reaction. In this contribution after a short overview of DIC I will show how they may
be used, with suitable choices of projectiles, to produce neutron rich nuclei in the region
around N=126 and to produce nuclei that are heavier than the target thus allowing to map
the nuclear chart in unknown region.

Fig. 1 shows an illustrative example of the charge distribution of the yields of a DIC
plotted as a function total final kinetic energy. Here one can clearly recognize two compo-
nents: a ridge that from the entrance channel extends to very low energies and to charges
smaller than the one of the projectile and a broad peak centered at a very low energy and
at a charge compatible with a fusion-fission process. The ridge component contains most
of the reaction cross section and it is compatible with transfer reactions and evaporation
processes.



THE MODEL

For the description of the collision several models have been proposed. They can be classi-
fied in two broad classes: macroscopic and microscopic models. The macroscopic models
take inspiration from the broadening of the charge distribution (the ridge component) as
a function of dissipated energy and describe the exchange of mass and charge with trans-
port equations and introduce frictional forces for the dissipation of energy and angular
momentum. The microscopic models, instead, try to calculate the evolution of the reaction
by using the intrinsic degrees of freedom of projectile and target. In the model I am going
to use, these are identified as the isoscalar surface modes (low lying and high-lying states)
and as the transfer of nucleons (neutron and protons, stripping and pick-up). This model
will not be summarized here, for details refer to the refs. [1, 2, 3], here suffices to remem-
ber that the cross section are calculated by solving in an approximate way the system of
coupled equations

inég(t) =Y calt) < B|Hin|o > o (Ep—Ea)i+i(83—8q) )
o

obtained from the time dependent Schrodinger equation by expanding the total wave func-

tion of the system in terms of channel wave functions Wy = W (1) y* (1)e®®) correspond-
ing to states of the asymptotic mass partitions. The coefficient ¢y gives the amplitude for

the system to be in channel . The above system of coupled equations is well known from
Coulomb-excitation it is shown here since GRAZING generalizes the mentioned theory by
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FIGURE 1. Double differential cross section for the *°Fe + ®Ho reaction. The dash-line corresponds to
the Coulomb barrier of two touching spheres. The fact that a large fraction of the yields lies below this line
indicates that the fragments separate with large deformations.



including the nuclear interaction in the excitation of the surface modes and the exchange
of nucleons. The multi-nucleon transfer is considered to be only sequential.

58Ni+2%8Pb (330 MeV)
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FIGURE 2. Adiabatic cut-off functions for one and two neutron and proton transfer channels for the
reaction Ni+?%Pb at the indicated energy. The horizontal lines represent the location of all possible
transitions.

Since we are here interested in showing how DIC may be used to produce heavy
nuclei reach of neutrons I have to illustrate the main properties of a transfer process. The
magnitude of a given transfer process can be estimated easily by writing down its first
order Born approximation. For a given impact parameter (incoming partial wave ¢) the
probability for the transition from the entrance channel @ to the exit channel 3 may be
written in the form

2
A |
Ppo(f) = % i e%al fg o (7)€l Ep—Ea)+(3p=0a)lt/n 2

where the time integral has to be performed along the classical trajectory for the given
partial wave /. By approximating the true trajectory with a parabolic parametrization
around the turning point, and taking into account that the form-factors have an exponential
shape we can write the transition probability in the form

1

S B — M)
Pﬁa B 167'5712’}"0’ K'a/1 (3)

rat)F 8(@pa)  ¢(0)=exp( - Lo
h r()K'all
where 7 is the radial acceleration at the distance of closest approach ry and Ky, is the
decay length of the form-factor (it is related to the binding energy of the single-particle
states involved in the transition).
The adiabatic cut-off function g(Q) defines the actual value of the transition probability,
the maximum being Q,; at the optimum Q-value. This derives from the requirement that



the trajectory of entrance and exit channels matches smoothly close to the turning point
where the contribution from the form factor peaks.

In fig. 2, for the *3Ni+2%®Pb reaction is shown the adiabatic cut-off function g(Q) for one
and two nucleons transfer channels. In the same figure with horizontal lines are represented
the location of all possible transitions. Since only channels whose Q-values lye below the
bell shaped curve can actually occur, it is clear that the only allowed transfers are neutron
pick-up and proton stripping. All the other channels are hindered by optimum Q-value
consideration. These conclusions are valid for most projectile and target combinations
obtained with stable nuclei.

RESULTS

By looking at the chart of nuclei it is clear that one should be able to reach neutron reach
heavy nuclei in the region of N=126 (i.e. below the lead) just by extracting protons from
a heavy stable targets (i.e making protons pick-up reactions) or by transferring, to the
target, some neutrons (i.e. making neutron stripping reactions). As seen above, proton
pick-up and neutron stripping are very weak channels when stable nuclei are involved.
The opening of these channels can only be obtained via the use of neutron rich projectiles
as it was discussed in refs. [4, 5].

Focusing in the region of the nuclei chart close to the magic number N=126, we show on
Fig. 3 how multi-nucleon transfer reactions on 2°®Pb evolve by using, as projectile, several
isotopes of xenon. This evolution is shown by displaying, for the indicated projectile, the
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on 2%8Pb reactions.



production of mercury (+2p channels) and polonium (-2p channels) isotopes. It is clear
from the figure that with neutron-rich projectile the population of mercury (Hg) isotopes

is strongly enhanced toward the neutron rich side.
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FIGURE 4. Isotopic distributions for the reaction of '**Xe on 2*8Cm reactions.

To have an idea on the population of heavier than target nuclei obtained via DIC I show
the results of a collision of one of the neutron rich xenon isotopes on one of the heaviest
available target, 2>3Cm. In Fig. 4 are shown the isotopic distributions of the different
elements populated in the reactions. It is clear that the main flux goes to the population of
nuclei that have a Z lower than the target but reasonable cross section are also predicted for
nuclei with Z large. The red histogram represent the primordial isotopic distribution while
the black one gives an idea how these distributions are altered by neutron evaporation. The
vertical green lines indicated for the two ions the last known isotopes. Th



CONCLUSTIONS

I have been showing some simple calculations, performed with a semi-classical model, that
demonstrate how multi-nucleon transfer reactions, with neutron rich projectiles, provide a
tool for the population of heavier than target nuclei and of neutron rich nuclei in the region
around N=126. Unfortunately the calculations do not provide any hint on how these nuclei
may be identified. The present spectrometers are of little use since the ions are emerging
with a too low energy to be discriminated both in A and Z. The use of y-array may only
be useful trough a systematic study of the decay spectra in the neighboring nuclei (notice
that the reaction mechanism populate all these nuclei at ones). Also for the 3-decay one
has to make similar considerations.
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Abstract. In view of the Eurisol project, we report on some aspects, relating the isospin degree-
of-freedom to the fragment production in heavy-ion reactions. For detailed isospin investigation, a
crucial point for the next experiments will be the improvement of isotopic separation (over a large
solid angle) of the many reaction ejectiles produced in a broad range of sizes and velocities. The
FAZIA collaboration started a program in order to build a novel detector array with unprecedented
ion resolving power. Some recently obtained results are reported in view of future programmes.

Keywords: fragments, isospin, symmetry energy, pulse-shape-analysis
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INTRODUCTION

The production of nuclear fragments (Z>3) of different sizes and energies is a com-
mon feature of many heavy-ion reactions. The properties of the fragments and their
abundance depend on the reaction mechanism which varies as a function of the rela-
tive velocity and impact parameter. For example, at energies a few MeV/u above the
barrier, fragments are mainly produced via asymmetric fission of nuclei formed in fu-
sion reactions, or from the evaporation of the hot quasi-projectile (QP) or quasi-target

Fragment production and isospin related phenomena in heavy ion collisions July 21, 2013 1



(QT) in dissipative collisions. In the Fermi energy domain, several experiments demon-
strated that many processes contribute to fragment production. Multifragmentation of
expanding systems in central collisions generates several fragments at a time. Also, the
QP and/or QT can multifragment for mid-central reactions, provided that the excitation
energy and the system size allow to enter the instability region. Also, fragments coming
from the socalled midvelocity region are a specific feature of semiperipheral reactions at
Fermi energies. These fragments are typically emitted on short time scales, overlapping
with the interaction times, thus making them an essential probe to access and study the
nuclear EOS very far from stability.

In the last decade the focus has been put on the link between the fragment production
and the isospin degree of freedom. In fact, the isovector part of the nuclear potential
is not well known at densities far from the saturation value and at high temperatures.
Since the isospin observables are supposed to be related to the symmetry energy term
of the nuclear EOS, a lot of work has been done in this sense, both theoretically and
experimentally. The use of Radioactive Ion Beams (RIB) will help much, as the isospin
will be naturally more unbalanced in such collisions, than with stable beams. However,
the ISOL-RIB facilities under construction in Europe will not allow to investigate colli-
sions at intermediate energies (maximum energies around 12 MeV/u are expected for tin
beams) and this severely limits the scientific investigation on the nuclear EOS. Therefore
the advent of third generation powerful facilities, like EURISOL, will strongly support
the studies on the symmetry energy far from stability, especially in systems very neutron
rich.

In the following, we briefly outline some physics subjects dealing with fragment pro-
duction which are particularly interesting to be studied with efficient arrays, capable of
extended isotopic identification. One of these detectors will be FAZIA [1], whose first
results on the isospin research are shortly presented [2], in the second part of this paper,
to show its potential in future experiments.

ISOSPIN AND FERMI ENERGIES

Disassembling of medium-mass hot nuclei formed in central collisions. The limiting
temperature is expected to decrease towards the drip-lines as a result of the broken equi-
librium between several nuclear potential contributions. In particular, the level density
should drop to zero at drip lines where bound levels are no more present. We cite here
two experiments that try to evidence variations in the decay of excited systems formed in
central collisions. Strong differences for composite systems formed in symmetric Cal-
cium reactions at 25MeV/u have been observed by the Chimera group [3, 4], who com-
pared two systems, mainly differing in the isospin content. The observed differences can
be reproduced by a dynamical model where an asystiff isovector term is assumed. More-
over, the INDRA-Vamos collaboration started a program, using both stable and exotic
Argon beams (from Spiral), to investigate evolution of the level density parameter by fol-
lowing the decay of Pd isotopes from near f-stability to rather n-deficient isotopes [5].
In future, this kind of studies will be extended with Eurisol beams and next-generation
arrays for charged products, accessing over large solid angles the isotopic distributions
of heavy species (e.g. fission fragments or even the evaporation residue) over large solid
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angles.

Exotic shapes and instabilities. According to some dynamical models, strange
shapes can appear in heavy systems formed in energetic central collisions. For instance,
BUU calculations [6, 7] suggest that, with energy thresholds depending on the mass of
the colliding nuclei, toroidal structures can survive for long times (300 fm/c) before the
final disassembly. These structures should appear above 20-25MeV/u for systems like
Au+Au and above 35MeV/u for lighter symmetric systems. Data are very scarce on this
subject, no idea of the associated cross-section exists and, also, there aren’t predictions
about the role of the Symmetry Energy on these patterns.

Another interesting indication, somehow linked to this subject, comes from the detection
of three-fold and four-fold events in the decay of semicentral Au+Au at 15 MeV/u [8].
These events have been ascribed to seemingly fast (7 < 100fm/c) splits of aligned QP-
QT configurations. QMD calculations predict these channels but miss the lifetime: the
alignement is not reproduced.

Finally, dealing with extreme nuclear shapes, we mention the possibility that very n-
rich systems can survive fission at very high spins, due to the lowering of the fissility
for given Z. These could permit studies on the Jacobi or Poincaré instability regimes [9],
where nuclei abruptly change shape from oblate to elongated prolate or pear-like shapes,
when led to extremely high spin states. These phenomena, all associated with exotic nu-
clear shapes, fit the range of mass-energy from Eurisol and could be studied in experi-
ments in which most (if not all) charged fragments are well identified also in mass with
sufficient angular precision. An interesting region would be the one of Ba isotopes (A
from 116 to 144).

Midvelocity emission and isospin physics. The neutron content of the fragments
which are emitted from the separation region of the QP-QT in semiperipheral reactions
has been proposed to be a very powerful isospin observable [10, 11]. SMF calculations
indeed predict that unbalanced neutron-proton fluxes (isospin drift) can occur between
nuclear systems with different density. The net isospin flow depends on the asystiffness
of the EOS; it is almost zero assuming asy-soft behaviour while it is appreciable for
asy-stiff prescriptions, corresponding to a steep gradient of the symmetry potential with
density. The neck region is supposed to be diluted during the QP-QT separation and
the isospin drift can manifest. Several experiments, in fact, evidenced such kind of
phenomenon, more in agreement with asy-stiff recipes of the nuclear EOS [12, 13];
Eurisol energetic beams of heavy nuclei will extend this investigation, in particular one
could follow the evolution of the neutron enrichment of the midvelocity region with
mass and energy. It could be, e.g., that fast preequilibrium emission of the abundant
neutrons reduces isospin effects in the remaining system, therefore producing a rise-
and-fall behavior of the excitation function of some isospin variable.

THE FAZIA PROJECT

The FAZIA collaboration started some years ago a R&D towards a major step in ion
identification using, as a basis module, a three-stage Si-Si-CsI(TI) telescope. The inves-
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FIGURE 1. Average Isospin N/Z as a function of fragment charge. Data of FAZIA [2] (left) compare
well with those of [12] (right). The frame dimensions of the two parts have been scaled for the sake of
clarity

tigated aspects and the many results are reported in the literature (e.g. [14]). Here we
note that a particular effort was made to extend ion identification for particles stopped
in the first silicon layer of the telescope, thanks to digital pulse shape analysis. Various
effects related to the signal production, fast sampling and processing, have been studied
finally resulting in good perfomances. The excellent isotopic resolution of the detectors
already permitted to perform first experiments (although in simple configurations) about
isospin dynamics. An example, described in details elsewhere [2], is shown in Fig.1. It
presents the average N/Z of fragments for Z up to 20 (left part) measured by FAZIA
(circles) and compared with the data of [12] (triangles). The same latter data are plotted
as black circles in the righ part of the Fig.1, where the experimental isospin is com-
pared with two calculations assuming different asy-stiffness. Two observations can be
done. First, the nice agreement of the two measurements, coming from different detec-
tors and data reduction procedures, reinforces the experimental findings and can better
constrain models. Then, we observe that with the FAZIA telescope one can explore the
1sospin on a much larger range and this is a good starting point for the next generation
of high-quality experiments.
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Abstract. In neutron-rich nuclei, studies of excited states at high spin became possible by using
deep-inelastic heavy-ion reactions and the discrete gamma-ray spectroscopy technique based on
efficient Compton-suppressed germanium arrays. The measurements can be carried out by
applying thick or thin target method. Thick target experiments are especially suitable for studies
of heavy nuclei as they do not require product identification in magnetic spectrometers. Here,
accurate assignment of gamma rays to product nuclei is provided by the gamma-gamma
coincidence analysis which uses as “starting points” the known gamma rays. By applying thick
targets with deep-inelastic collisions, previously inaccessible yrast structures have been located
in many neutron-rich nuclei. The results include location of high-spin structures near the doubly-
magic “°®Pb. With the advent of high-intensity, neutron-rich radioactive beams of heavy nuclei at
energies close to the Coulomb barrier, deep-inelastic processes will be a unique tool to access
yrast excitations in nuclides located close to the radioactive projectile.

Keywords: deep-inelastic reactions, nuclear structure of *®Hg and 2°°Tl, shell-model
calculations
PACS: 27.80.+w, 23.20.Lv, 23.20.En, 21.60.Cs

INTRODUCTION

In 1959, Kaufmann and Wolfgang [1] showed that in heavy-ion reactions fragments
associated with transfer of many nucleons, and, as a result, quite remote from the
projectile or target, are produced with sizeable cross-sections, contrary to the
expectations. It became clear that in the reaction between heavy ions a new class of
processes exists — these processes acquired the name deep-inelastic or dumped
collisions.

Through the 1960’s and 1970’s, the importance of the new deep-inelastic reaction
mechanism was recognized and theoretical concepts were developed [2-5].
Characteristic features of deep-inelastic reactions include: formation of a dinuclear
system which rotates almost rigidly, exchange of nucleons governed by equilibration
of the neutron to proton number ratio, damping of the relative kinetic energy between
the reaction partners, transfer of the angular momentum into intrinsic spin of the
reaction products, and, eventually, separation into two fragments which retain the
identities of the projectile and target nuclei. What regards the spin of deep-inelastic
collision products, already in the early studies the angular momenta of the primary
fragments produced in the damped reactions were determined [6,7]. It was
demonstrated that average spin of the heavy products in such cases can be as high as



30 hbar. It became obvious that deep inelastic reactions might be very valuable as a
tool of preparing excited nuclei with well-defined high angular momenta.

ACCESSING HIGH-SPIN STRUCTURES IN NEUTRON-RICH
NUCLEI

To be able to identify high-spin structures in deep-inelastic reaction products, the
discrete gamma-ray spectroscopy technique had to be involved, however, the issue
was not straightforward. Characteristic gamma rays from nuclei produced in deep-
inelastic collisions in principle could be measured, but, since the total reaction yield is
spread over many nuclei, the spectra are extremely complicated and the detection
systems made of a few germanium detectors were not sufficient. The solution came
with the advent of very efficient, Compton suppressed germanium arrays which were
developed in the 80’s and 90’s - examples of those gamma-ray spectrometers
included: GASP (Legnaro-Padova), EUROBALL (Legnaro, Strasbourg, GSI),
GAMMASPHERE (Argonne, Berkeley). Once a highly efficient germanium gamma-
ray array is available, one can use its high resolving power for the precise
identification of gamma rays from the DI reaction partners. The method is rather
simple. Since in such measurements the reaction products are stopped within 1-2 ps
inside the target, the gamma rays emitted from the states with the cumulative lifetime
longer than the stopping time are detected as sharp lines. Here, the gamma-gamma
coincidences with known gamma rays provide unique assignment of the newly
displayed transitions to the emitting nuclei. An especially important feature is that the
coincidences between gamma rays emitted from the reaction partners may be directly
observed - this can be used for identification in the cases in which spectroscopic
information about the product of interest is not available.

One of the features of DI collisions, which is of main interest here, is the ability to
produce nuclei with the neutron to proton number ratio (N/Z) larger than N/Z of the
already neutron-rich projectile. This characteristics is related to the N/Z equilibration
phenomenon that occurs in deep-inelastic reactions. For example, if one scatters a
neutron-rich projectile ®Ni (for which N/Z=1.286) on a heavy target like *®*U (for
which N/Z=1.587), the N/Z equilibration driving force favours transfers of neutrons
into the projectile while protons flow in the opposite direction. In this way states in the
Ni, Co, Fe, Mn, Cr isotopes which have N/Z ratio higher than that of ®Ni are
populated.

Over the last 20 years, we have performed a large number of experimental studies
using thick targets with deep-inelastic collisions. We have located yrast and near-yrast
structures in many nuclei which were previously inaccessible. The results include: the
discovery of the doubly-magic character of ®Ni [8], the identification of a sub-shell
closure at N=32 in neutron-rich nuclei [9], the location of high-spin yrast isomers in
neutron-rich nuclei in the neighborhood of the doubly- magic *°®Pb (e.g., [10-13]), etc.



YRAST SPECTROSCOPY “SOUTH-EAST?” OF *®PB

Now, | will concentrate on the region of ®Pb which can be considered an excellent
laboratory for the effective nucleon-nucleon interaction studies. The attractiveness of
the investigations in this part of the nuclidic chart relies on the fact that, since the
2%8ph nucleus is the best doubly magic core, one deals here with the relatively simply
structures arising from couplings of a small number of valence particles/holes. Since
detailed shell model calculations of those excitations are available, extensive
comparisons between experiment and theory is possible. In this way, new shell model
interactions based on various nucleon-nucleon potentials can be precisely examined.

An opportunity to access yrast excitations in the neutron-rich species around 2°®Pb
is offered by deep-inelastic processes that occur in collisions of a ?®Pb beam with a
28 target. As mentioned above, this is made possible by a tendency towards N/Z
equilibration of the di-nuclear system formed during the collisions. In the reactions
under investigation, the lighter colliding partner, ®Pb, had lower N/Z ratio than the
target nucleus ***U and, as a result, the production of nuclei with larger neutron excess
than the projectile was favored.

The experiment was performed at Argonne National Laboratory using the 2°®Pb
beam from the ATLAS accelerator and the GAMMASPHERE detection system
consisting of 101 Compton-suppressed large germanium detectors.

In the case of products belonging to the “south-east” quarter in which isomeric
states were known from earlier studies, the analysis of the off-beam coincidence
events showed that the “®Hg, *®Hg, 2®TI, ?°Pb, #*'Pb nuclei were present in the data
with vyields sufficient to explore their structure above the isomer. Indeed, by setting
gates on gamma rays which deexcite those isomers, we were able to display transitions
occurring above the metastable states and to establish significant level schemes. The
high detection sensitivity of the Gammasphere spectrometer was crucial for this work.
Figure 1 shows the structures located in ?*®Hg, *®Hg, **°T1, °Pb and #'Pb [10-13].
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deep-inelastic thick-target gamma-ray coincidence technique.



The new findings in nuclei belonging to the yet unexplored region of the nuclidic
chart with Z<82 and N>126 could now be used to perform a stringent test of the so
called Vo realistic shell model interactions that became recently available. These
interactions are derived from realistic nucleon-nucleon (NN) potentials without
adjustable parameters. We have obtained Vo effective interaction for the 50<Z<82
and 126<N<184 model space by using the Computational Environment for Nuclear
Structure (CENS) by T. Engeland, M. Hjorth-Jensen and G.R. Jansen [14], based on
[15].

The shell model calculations have been performed using the OXBASH code [10].
We allowed the valence protons occupy the five single particle levels 0g7/2, 1dsp, 1d3p,
25172, and Ohyy, of the Z=50-82 shell, while for valence neutrons the model space
included the 2992, li11/2, 1j15/2, 3dss2, 45112, 2772, and 3dsj, orbitals of the N=126-184
shell. We used the experimental single particle energies defined with respect to the
2%8ph core. The results for ?°Pb and 2®*Hg N=128 isotones are displayed in Fig. 2.
Considering that no adjustable parameters have been involved in the procedure of
deriving the shell model two-body matrix elements from the NN potential, the
agreement between experimental and calculated level energies is satisfactory.
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CONCLUSION

Concluding, discrete in-beam gamma-ray spectroscopy with deep-inelastic
reactions turned out to be efficient in elucidating high-spin structures in neutron-rich
nuclei. In particular, identification of high-spin structures in neutron-rich nuclei
around doubly-magic 2®®Pb was possible with this method. These structures can serve
as a testing ground for the shell-model calculations with the realistic nucleon-nucleon
interaction derived from the free nucleon-nucleon potentials. The agreement between
the results of such calculation with the realistic Vo« Shell model interaction seem to
be very successful in describing yrast states in nuclei located “south-east” of 2%8pp It
is almost certain that discrete in-beam gamma-ray spectroscopy of deep-inelastic
reactions products will greatly benefit from radioactive beams. Experiments using the
radioactive beams and modern tracking germanium arrays should extend the
investigations of high-spin structures toward the ,,terra incognita”.
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