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1. Introduction 
 
The SIS/FRS facility provides secondary beams of unstable rare isotopes after fragmentation reactions 
or secondary fission of relativistic heavy ions with sufficient intensity for in-beam γ-spectroscopy 
measurements. The proposed experiments for the first RISING (Rare ISotope INvestigations at GSI) 
campaign will exploit these unique beams at relativistic energies in the range from 100 MeV/u to 400 
MeV/u. Most of the experiments depend on fragmentation products from heavy primary beams and 
are only feasible at GSI. The RISING spectrometer will be employed not only for relativistic Coulomb 
excitation but also for pioneering high-resolution γ-spectroscopy experiments after secondary nucleon 
removal reactions and secondary fragmentation. New experimental methods for spectroscopy at 
relativistic energies will be investigated in order to obtain important nuclear structure observables 
beyond the directly accessible level energies and quadrupole deformations. Several proposals focus on 
new methods and techniques in order to determine magnetic moments and life times of short lived 
states, properties of isomeric states and spectroscopic factors at relativistic energies for the first time. 
 
The motivations to explore nuclear structure of exotic nuclei focus on the following subjects:  

�� Shell structure of instable doubly  magic nuclei and their vicinity.  
�� Symmetries along the N=Z line and mixed symmetry states.  
�� Shapes and shape coexistence.  
��Collective modes and E1 strength distribution.  

 
Shell structure  
Spectroscopic data on the single particle structure of instable doubly magic nuclei and their nearest 
neighbours are pivotal for theoretical description of the effective interactions in large-scale shell-
model calculations. The proposed studies around the N=Z doubly magic nuclei 56Ni and 100Sn provide 
an excellent probe for single-particle shell structure, proton-neutron interaction and the role of 
correlations, normally not treated in mean field approaches. The B(E2, 2+→0+) values in semi-magic 
Sn nuclei provide a sensitive test for changing (sub)shell structure, the E2 polarisability and the shape 
response of the magic core. For several reasons conventional techniques, employing (HI,xn) reactions, 
are very difficult or even impossible and the proposed Coulomb excitation measurements are the only 
way to obtain the information needed to investigate the evolution of shell structure close to the proton 
drip line. 
 
Beyond the very neutron-rich shell closures from 34Si to 132Sn the possible disappearance of the 
familiar Woods-Saxon shell closures and their reappearance as harmonic magic numbers is predicted 
by several mean-field calculations. Moreover, 78Ni and 132Sn are located close to the astrophysical 
rapid neutron capture process path and indirect evidence for an altered shell structure and shell 
quenching of magic gaps at N=82 and N=126 is derived from recent r-process network calculations. 
Alternatively, observed new shell structure in light and medium-heavy nuclei can be qualitatively 
understood in terms of monopole shifts of selected nucleon orbitals, with deviating predictions for new 
shell gaps and spin-orbit splitting. To date the investigative methods have not been able to gather 
information in the region of neutron-rich Ni and Sn isotopes about the most significant matrix 
elements, the magnetic moments and the spectroscopic factors, which are sensitive indicators of their 
structure.  
 
Symmetries    
The validity of the isospin symmetry for the strong interactions is a fundamental assumption in nuclear 
physics and the degree to which this symmetry holds as the proton drip line is approached, remains an 
open question. Experimentally, the symmetry shows as nearly identical spectra in pairs of mirror 
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nuclei obtained by interchanging protons and neutrons. A slight breakdown of the symmetry arises 
from the Coulomb interaction, causing small differences in excitation energies between isobaric 
analog states. The Coulomb energy differences between excited analog states in mirror nuclei have 
been studied for proton rich (N=Z-2) isobars in the A=50 region revealing subtle nuclear structure 
effects as a function of spin and energy. RISING will facilitate experimental studies of medium mass 
mirror nuclei with larger values of isospin T≥3/2 in order to provide rigorous tests of large-scale pf-
shell model calculations. 
 
Within the framework of the proton-neutron version of the interacting boson model (IBM-2) the 
existence of low-lying valence shell excitations, which are not symmetric with respect to the proton-
neutron degree of freedom, are predicted. These state are called mixed-symmetry states and are e.g.  
established in all stable N=52 isotones. Coulomb excitation experiments with radioactive beams are 
required to observe the evolution of these states for lighter N=52 isotones below Z=40.    
 
Collective Excitations  
Collective excitations such as the giant dipole resonance (GDR) , built from collections of single-
particle excitations are necessarily influenced by the nuclear shell structure. In exotic nuclei like 68-78Ni 
the proton-neutron asymmetry may give rise to differing shell structure. Theoretical calculations 
predict a significant change in the GDR strength distribution as one progress towards the doubly 
magic 78Ni. The excitation function of the isovector GDR mode is expected to fragment substantially, 
favoring a redistribution of the strength towards lower excitation energies (Pygmy resonance). 
Measurements of the GDR strength function provide access to the isospin dependent part of the in-
medium nucleon-nucleon interaction and on dipole type vibrations of the excess neutrons. The 
predicted low-energy shift of the GDR strength was confirmed in neutron-rich oxygen isotopes by the 
LAND group at GSI by means of virtual photon absorption measurements. The proposed GDR 
experiment in 68Ni will apply a complimentary method, virtual photon scattering, which relies on real 
projectile γ-ray emission following the virtual excitation. In order to observe discrete γ-transitions with 
high resolution and  γ-decay from the GDR, the RISING array will be augmented by BaF scintillators. 
 
Shapes 
The phenomenon of shape coexistence is caused by various structure effects, which can be 
traced back to the polarisation by high spin intruder orbitals, which happens to occur 
primarily in exotic regions of the Segré chart. Along semi magic isotopic and isotonic chains 
midshell between shell closures 2p-2h and 4p-4h excitations across the shell gap into high-
spin orbitals cause coexistence of spherical, oblate and prolate shape as seen in the Pb (Z=82) 
isotopes, so far without firm experimental assignment of the specific shape. Aided by shell 
gap melting, even the ground state may become deformed as in the well known N=20 nucleus 
32Mg. High-K isomers, built by multi-quasi particle configurations, due to their influence on 
the amount of pairing and/or collectivity left, may give rise to shape changes. Most often 
deformed nuclei obey axial and reflection symmetry. However, in specific nuclear regions 
where the Fermi level approaches pairs of close lying, opposite-parity orbitals with ∆j=∆l=3 
reflection asymmetric shapes are predicted, e.g. the heavy Ba nuclei may show octupole 
deformed states. 
 
 
 



2. Experimental Technique 
 
All individual experiments described in this proposal will use the same general technique introduced 
below. A basic set-up also described here will be employed in most cases. Therefore, the individual 
proposals concentrate on their specific physics case and rate estimate, while experimental details are 
only given for non-standard parts of the set-up. 
 
The proposed γ-ray spectroscopy of nuclei from exotic beams will be performed after in-flight isotope 
separation. The exotic beams will be produced by fragmentation of a heavy stable primary beam or 
fission of a 238U beam on a 9Be or 208Pb target (typical thickness ≈1g/cm2) in front of the fragment 
separator, FRS. A maximal beam intensity from the SIS synchrotron of 1010/s for medium heavy 
beams (e.g. 129Xe) and 109/s 238U is expected. The secondary beam intensities entering the rate 
estimates are easily calculated from  
 
 fragments [s-1] = target nuclei [cm-2] • beam intensity [s-1] • cross section [cm2], 
 
with cross sections for fragmentation reactions taken from the EPAX parameterisation , and from 
listed experimental data for fission processes.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: The RISING fast beam set-up at the FRS. 
 
 
Particle identification and tracking 
The FRS will be operated in a standard achromatic mode, which allows a separation of the species of 
interest by combining magnetic analysis with energy loss in matter. The transmission through the FRS 
is typically 20-30% for fragmentation and 1-2% for fission (depending on the actual isotope). The 
separated ions will be identified on an event-by-event basis with respect to mass and atomic number 
via combined time-of-flight, position tracking, and energy loss measurement. As shown in figure 1 
this is achieved with plastic detectors, MWPC’s and a MUSIC chamber optimised for high event rates 
(≤ 50 kHz).  
 
After passing the identification set-up, the radioactive ions at relativistic energies are focussed onto a 
secondary target, positioned approximately 4m behind the last FRS magnet in the experimental area 
S4. Massive slits, absorbing most of the radiation produced by hitting ions, are foreseen to reduce the 
amount of unwanted species reaching the secondary target. Behind the target the calorimeter telescope, 
CATE, will be used for channel selection. CATE consists of position sensitive Si ∆E detectors (lab. 



angular range ±3°) with a charge resolution of ≈1/100 and CsI scintillators for total energy 
measurement with a measured resolution of ≈1/100. It is assumed that the kinetic energy loss of a 
projectile-like nucleus due to nuclear excitation is negligible and thus the velocity behind the 
secondary target does not differ significantly from the velocity of those projectiles, which do not 
undergo nuclear interaction. In that case the mass of the projectile-like nucleus can be taken from the 
total energy without additional time-of-flight measurement. For heavy nuclei the mass resolution is not 
sufficient to discriminate single masses. However, due to the high resolution of the γ detectors and the 
expected low to medium γ multiplicities this is generally not required. The identification of a nucleus 
by gating on its characteristic γ line is of course always possible. 
 
Gamma detection 
For the excited fragments moving at a high velocity (v/c = 0.43 at a fragment energy of 100 MeV/u) 
the γ detectors have to be positioned at either forward or backward angles in order to minimize 
Doppler broadening. The distance to the target depends on the required energy resolution.  
The best possible configuration of the 15 Cluster detectors available for experiments with fast beams 
is displayed in figure 2.  

 
Fig. 2: Configuration of 15 Cluster Ge-detectors without BGO shields for 

 experiments with relativistic beams. 
 

Due to the Lorentz boost the main efficiency contribution comes from the first ring. This ring 
is positioned to achieve 1% resolution within the constraints of the beam pipe diameter of 
16cm. One should note that the 5 Clusters in the 2nd and 3rd rings could be moved closer to the 
target position, for an increased efficiency but a lower overall resolution. Table 1 summarizes 
the positions of the detectors. If a γ-ray energy resolution of 1% is required the target distance 
of ring two (three) needs to be 112 cm (137 cm). In that case the total full energy efficiency at 
1.3 MeV is 1.7% for γ rays emitted in flight (v/c=0.43).  
  

 



If both rings are placed at a minimum distance of ~70cm then the configuration will reach a 
total efficiency of 2.9% while the average weighted energy resolution is only slightly 
increased to 1.24%.  
 

Table 1: Position and distances of the Cluster detectors. 
 Cluster 

detectors 
Angle Target 

distance 
Ring #1 5 15.0° 680 mm 
Ring #2 5 26.5° 680 - 1400 

mm 
Ring #3 5 34.0° 680 – 1400 

mm 
 
 
 
 
 
 
 
 
3. Proposed experiments 
 
Within this campaign 12 experiments are being proposed as shown in table 2. No. 1 is only included 
for completeness since it has already been accepted in 1999 by the GSI Experimentausschuss as part 
of the γ-spectroscopy program with the Vega set-up but is suggested to be performed with the RISING 
set-up. The specific physics case and rate estimates for all  experiments are described in the annex. 
The primary beams and the requested running time is shown in Table 2. The total of 86 days does not 
include the FRS preparation time, which can be reduced to 7 days of main beam time by running in 
suitable blocks. For commissioning of RISING experiment No. 8 is foreseen. Additional 
commissioning and preparation of the individual set-ups will be done parasitic. 
 
    
Table 2: Summary of the experiments proposed for the fast RISING campaign. 

No. Nuclei of Interest Primary Beam Spokespersons Experiment  Type Request 
(days) 

1 
(S244) 

34/36Mg 48Ca P. Mayet 2 step fragmentation 
lifetime 

6 
(Accepted)

2 45Cr,53Ni,45Sc, 
53Mn 

58Ni M. Bentley 2 step fragmentation 7 

3 68Ni 86Kr A. Bracco GDR 7 
4 

54Ca, 78Ni   
H. Grawe, 
H. Hübel, 
P.Reiter 

Coulex 13 

5 88Kr, 90Sr, 86Se 238U D. Tonev Coulex 10 
6 102-110Sn, 94-98Ru 124Xe C. Fahlander, 

M. Górska Coulex 6 

7 132Sn 238U G. de Angelis Knock-out 5 
8 132Xe 136Xe A. Maj Coulex, Angular 

Distr. / Correlations 3 

9 134Te 136Xe K.-H. Speidel Coulex, g-factor 7 
10 142-146Ba 150Nd S. Mandal, 

W. Urban Coulex 8 

11 A ~ 180 238U, 208Pb Z. Podolyák Coulex 6 
12 

185,186,187Pb 238U 
J. Gerl, 

A. Andreyev 
G.D. Dracoulis 

2 step fragmentation 
lifetime 8 



Annex 
 
A1  Shape evolution in light n-rich nuclei 
 
A2  Isospin symmetry and Coulomb effects towards the proton drip-line 
 
A3  Gamma-decay of the GDR in the exotic nucleus 68Ni excited via Coulomb excitation 
 
A4  New shell structure at N>>Z – Relativistic Coulex in N=28-34 and N=40-50 nuclei 
 
A5  Investigation of the origin of mixed-symmetry states using relativistic Coulex on N=52 isotones 
 
A6  Relativistic Coulomb excitation of nuclei near 100Sn 
 
A7  Nuclear magicity at Z~28,50 N~40,82 investigated through knock-out reaction of  132Sn 
 
A8  Coulomb excitation at intermediate energies – Angular distribution and particle-γ angular 

correlation measurement 
 
A9  Magnetic moments of xenon and tellurium isotopes near doubly-magic 132Sn at relativistic beam 

energies 
 
A10 Search for stable octupole deformation in neutron rich 142-144Ba using Coulomb excitation 
 
A11 Prompt gamma spectroscopy and isomer tagging. Deformation of five-quasiparticle states in the 

A≈180 mass region 
 
A12 Investigation of the structure and deformation of  185-187Pb by γ-spectroscopy and  lifetime 

measurements 
 
B1  List of collaborating institutions 



Shape evolution in light n-rich nuclei

P. Mayet, et al.

Univ. Leuven

J. Gerl, Y. Kopach, S. Mandal, H.J. Wollersheim et al.

GSI, Darmstadt

F. Azaiez, et al.

IPN, Orsay

and the RISING collaboration

The light n-rich isotopes between the N=20 and N=28 shell closures provide an
interesting testing ground for the shell model where drastic shape changes and co-
existence of deformed and spherical structures are expected. One example is 32Mg
with a prolate deformation of the 2+ state of β ≈0.5 [1]. Recent theoretical work [2]
predicts an even stronger deformation for 34Mg and reduced deformation for 36Mg.
The aim of the proposed experiment is to study the level structure of nuclei in this
mass region and, in particular, to determine for the first time lifetimes of excited
states. B(E2)-values obtained from the lifetimes will be a measure of the deformation
of the nuclei in their excited states.

Beam cocktails of excited nuclei with A/Z ratios between 2.5 and 3.0 can be well
produced either by primary fragmentation [3] of a 48Ca beam or by secondary frag-
mentation [4] of e.g. a 38Si beam derived from fragmentation of the primary 48Ca
beam. The advantage of a two step process is that the intermediate beam produces
in the second step the isotopes to be studied with a relative abundance in the cock-
tail which is 3 to 6 orders of magnitude higher than the production in one step.
Thus detector load and background from unwanted channels is strongly reduced.
The number of useful intermediate beams is of course limited since they have to be
produced with a yield of 103 to 105 ions/s to be efficient.

The intermediate (respectively primary) beam will be selected by the first two sec-
tions of the FRS. The final fragmentation will take place with a target at the middle
focus S2. The final fragments will be selected and identified by the further FRS
sections and the standard S4 tracking detectors. The γ-decay of low energy low and
medium spin states of the excited secondary fragments will be detected by segmented
Clover detectors at forward and backward angles around the secondary target. The
target-detector distance will be chosen to obtain an energy resolution of about 1%
for a fragment energy of about 100 MeV/u. To determine lifetimes the target will
be composed of a stack of three 0.3 g/cm2 197Au foils, separated by 0.7 mm and 2.1
mm from each other. This arrangement results in specific γ-line shapes for lifetimes
between about 0.1 ps and 20 ps covering the range expected for the nuclei of interest.

1



To reach the very n-rich nucleus 36Mg a 48Ca primary beam is necessary producing
38Si as intermediate fragment. If this beam is available two settings of the FRS are
planned. The first one employs the 48Ca directly with an intensity of 105/s... 106/s
(depending on the rate capability of the tracking and γ-detectors at S2). In the
second setting a 38Si intensity of ≈ 103/s is expected for a primary intensity of 109/s
48Ca. With these two settings the whole range of Mg nuclei with A=28.. 36 will be
reachable in the experiment. If a 48Ca beam would not be available 50Ti could be
used instead. However, in that case the selected secondary beam would be 36Si and
34Mg would be the heaviest isotope. Beside the Mg isotopes the neighbouring isotopic
chains is present in the fragmentation cocktail with similar intensities. Therefore the
whole region of the nuclidic chart will be investigated with the two settings.

Using two Vega and four Exogam clover detectors at forward and backward angles
a γ-detection efficiency of about 1% (at 1.3 MeV) can be achieved. Thus to obtain
a minimum of 100 counts in the 2+ γ-line 6 shifts of beam time are required for the
direct fragmentation setting and 15 shifts for the secondary fragmentation setting.

[1] T. Motobayashi et al., Phys. Lett. B346 (1995) 9.

[2] H. Lenske, private communication, Univ. Giessen.

[3] M. Belleguic, Ph.D. thesis, Univ. Lyon, 2000.

[4] S. Wan et al., Eur. Phys. J. A6 (1999) 167.
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Abstract 
 
This proposal is aimed at the study of isobaric analogue states in light nuclei with a large proton excess and 
the use of the inherent isospin symmetry as a probe of detailed nuclear structure as the proton drip-line is 
approached. The principal aim of the proposal is to identify the lowest energy (yrast) structure of  Tz=-3/2 
nuclei in the A=50 region for the first time and, through comparison with their Tz=3/2 mirror partners, to 
interpret the resulting Coulomb energies in the context of the nuclear shell model. Spectroscopic studies of 
these extremely proton-rich systems are generally beyond the scope of the usual techniques using fusion-
evaporation reactions with intense stable beams. However, the fragmentation reaction has been shown to be 
capable of producing such exotic nuclei with manageable cross-sections and at reasonable angular momenta. 
The development of the RISING spectrometer now affords a unique opportunity to perform in-beam gamma-
ray spectroscopic studies towards the proton drip-line using the secondary-fragmentation technique. The 
nuclei to be investigated are the N=Z-3 systems 45Cr and 53Ni. 
 
1. Background and Physics Motivation 
 
The investigation and understanding of fundamental symmetries is one of the principal goals of nuclear 
structure physics.  One of the most basic of these is isospin symmetry – the exchange symmetry between the 
neutrons and protons in the nucleus - which arises because of the charge independence of the nuclear force. 
Excited states of the same total isospin, T, in a set of isobars have nearly degenerate values of excitation 
energy, with small differences attributable to Coulomb effects. The small differences in excitation energies 
(Coulomb energy differences, CED) between these isobaric analogue states can be associated with the subtle 
influence on the Coulomb force of the changing nucleon orbitals which contribute to the wave functions of 
the excited states. The study of this phenomenon, although still in its infancy, has shown some remarkable 
recent results and which help provide the motivation for the proposed experiment.   
 
Recently, advances in experimental techniques have allowed the detailed spectroscopic investigation of 
N=Z±1 mirror pairs in the f7/2-shell [1-4] up to high angular momenta. The evolution of the CED as a function 
of spin has revealed some remarkable effects. It has been found that the trends of the CED as a function of 
spin and energy can be understood quantitatively in terms of quite subtle nuclear structure effects – such as 
two-particle (rotational-) alignments, deformation changes and changes in the mechanisms by which the 



 

 

nucleus generates angular momentum. Figure 1 shows a typical CED curve for the A=49 mirror pair 
49Mn/49Cr [1] where the major variations in the CED have been successfully interpreted in terms of proton 
two-particle alignments, which result in changes in the spatial overlap of the proton wave functions. From 
studies such as this, it has now become clear that measurement of Coulomb effects as a function of spin can 
yield extremely valuable and very specific information on the details of the spatial behaviour of nucleons and 
nucleon-correlations within the nuclear potential. 
 
Nuclei in this mass region are accessible to large-scale pf-shell model calculations [5]. This model has been 
extended to include the Coulomb interaction, and consequently CED predictions are now obtainable. The 
CED data thus provide a uniquely stringent test of the model on a state-by-state basis, and comparisons with 
the model are already yielding new insights into the capabilities of the shell-model approach (e.g. [2,3,6]). 
 
A greater experimental challenge is the study of multiplets with larger total isospin, T. Very recently 
spectroscopy at high spin of even-even T=1 (Tz=±1) mirror nuclei with A=50 [6] and A=46 [7] has been 
achieved for the first time, by identifying gamma decays in the most proton-rich (N=Z-2) isobars. The CED 
between these T=1 mirror states again showed that a very detailed understanding of the spatial correlations of 
pairs of particles can be gained. In these cases, it was also found necessary to include “one-body” effects in 
order to understand the CED. One such effect [6] is the Coulomb energies associated with nucleon orbitals of 
different radii, the occupation of which evolve as a function of spin, resulting in a contribution to the CED. 
These A=46 and A=50 even-even mirror nuclei described above represent the largest value of total isospin, T, 
for which isobaric analogue states have been studied at high spin. 
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Figure 1: The Coulomb Energy Difference (CED) for the 49Mn/49Cr mirror pair [1]. The large rise at J~19/2 is 

attributed to the rotational alignment of a pair of f7/2 protons in 49Cr, and the drop at higher spins is associated with the 
later alignment of f7/2 protons in 49Mn as the band termination is approached. 

 
For mirror nuclei with larger values of isospin (T≥3/2) no detailed spectroscopic studies in medium-mass 
nuclei have been undertaken to date. Thus, the degree to which isospin symmetry holds (and hence our ability 
to interpret CED) as the proton drip line is approached remains an open question. For example, the large 
proton excess for the proton-rich members of these isobaric multiplets may be expected to have an 
increasingly significant effect on the one-body part of the measured Coulomb energy. This includes the bulk 
Coulomb effect associated with the differences in radii of specific orbitals as well as the more subtle effect of 
the Coulomb distortion of the specific nucleon wave functions (the Thomas-Ehrman shift). An indication that 
phenomena such as this may be important as the drip-line is approached can be found in the N=Z odd-odd 
nucleus 70Br [8]. Here the CED between the T=1 states and those in the neighbouring analogue nucleus 70Se 
shows anomalous behaviour which has been interpreted in terms of the Thomas-Ehrman shift.  
 
To date, the heaviest Tz=-3/2 nuclei for which excited states have been observed are to be found in the sd-
shell (e.g. 29S, see [9]), where one or two excited low-spin non-yrast states are known from transfer reactions.  
Thus there are no data that show how the CED evolves with increasing spin, and no information at all on 
excited states for Tz=-3/2 nuclei above A=33. In this work, we propose to study nuclei in the f7/2-shell – 
specifically the even Z, Tz=-3/2 nuclei (the odd Z, Tz=-3/2 systems all have very low proton separation 
energies, and the excited states are therefore likely to be particle-unbound). It is important to determine how 
the Coulomb effects to be investigated will evolve with mass across the single-j f7/2 shell and, thus, in this 
work we will concentrate on 45Cr and 53Ni – located in different regions of the shell. The mirror nuclei of 45Cr 
and 53Ni (i.e. 45Sc and 53Mn) are well known, with low spin yrast structures that are well described by pure f7/2 



 

 

configurations outside a closed 40Ca shell. In this experiment we aim to make a spectroscopic study of the 
energy levels of the proton-rich Tz=-3/2 nuclei up to 3-4 MeV excitation energy. This would correspond to 
the first few excited states in the yrast structures of the chosen nuclei. Additionally, the reaction mechanism 
proposed may populate low-spin non-yrast structures that are only weakly populated in the fusion-
evaporation technique, allowing a more complete study of the Coulomb effects. The mirror pair 53Ni/53Mn is 
of particular interest, as these nuclei have a very simple (f7/2)-3 structure – neutron holes in 53Ni and proton 
holes in 53Mn. This allows for a comparison of the (f7/2)-3 proton and neutron multiplets, and the CED between 
these will give new information on the Coulomb two-body matrix elements in the upper f7/2 shell – a vital 
ingredient for the shell model calculations that can only be derived from experimental data.  
 
The technique to be used, secondary fragmentation (see next section), has only very recently been 
investigated as a technique for pursuing spectroscopic studies of nuclei far from stability (see e.g. [10]). This 
technique has not yet been applied to such proton-rich systems, and the proposed experiment will provide an 
essential test of the effectiveness of this novel approach. 
 
In summary, we propose to use the secondary fragmentation technique to study exotic proton-rich nuclei 
through gamma-ray spectroscopy. These experiments are aimed at performing detailed spectroscopy, for the 
first time, of medium mass nuclei with N=Z-3, to test our understanding of Coulomb effects at large proton 
excess, and to provide the most rigorous tests of the nuclear shell model. 
 
2. Experimental Details 
 
The nuclei in question will be populated by the secondary fragmentation technique. A beam of 58Ni at 
600MeV/A from SIS will impinge on a 9Be target at the entrance of the Fragment Recoil Separator (FRS). 
The FRS will be used to select and identify a fragment (or range of fragments) close to the nuclei of interest. 
Following the FRS, at the target position of the RISING array, the fragments, at an energy of ~120 MeV/A, 
will impinge on a second 9Be target, where a second fragmentation reaction occurs producing a range of 
secondary fragments - including the nucleus of interest. Gamma decays from states populated in the second 
fragmentation event will be measured in the RISING detectors. The expected energies of the gamma-decays 
(based on the “mirror” transitions in the mirror-partners) are all above 500 keV, once the Doppler shift is 
accounted for, and have lifetimes that are sufficiently short to decay within the focus of the RISING 
detectors.  The secondary fragments will be identified down-stream in the transmission Si detector (∆E) and 
thick scintillator (E). In this mass region, the ∆E-E information is expected to give a unique identification of 
the secondary fragments. The gamma-ray events and the ∆E-E data will be correlated to produce a clean 
gamma-ray spectrum “gated” by the final fragment of interest. The low energy level scheme of the nucleus 
will be deduced from this spectrum, through comparison with the known energies of the equivalent 
transitions in the mirror nucleus. Such mirror-symmetry arguments have been successfully used to deduce 
level schemes in mirror pairs – (see e.g. [3]). The reaction process of the secondary fragmentation event (with 
a very few nucleons removed) is expected to directly populate a few quite low-lying energy levels (see e.g. 
[11,12]) in addition to electromagnetic feeding from higher-lying states. Therefore, although the mirror 
partner to each nucleus of interest is well known, the distribution of the total cross-section amongst the 
various levels is unknown. Thus, to aid the analysis, the mirror partners of the nuclei of interest will be 
populated using an equivalent (i.e. “mirrored”) reaction. The two gamma-ray spectra for the mirror pair will 
be compared and the level scheme of the proton-rich member of the pair deduced.  
 
To estimate rates, we take 45Cr as an example. To identify the energy of a gamma transition, we estimate that 
such a transition should have a few hundred counts in a photo-peak in the final gated spectrum. To determine 
a beam-time estimate we require 200-300 counts be observed in a gamma decay from a state populated (either 
by direct population or feeding from above) in 50% of the reactions leading to 45Cr. We assume a 4gcm-2 9Be 
primary target and a 700 mgcm-2 secondary 9Be target (limited to keep straggling and velocity spread at 
acceptable levels). We assume a primary 58Ni beam intensity of 109 s-1, an FRS efficiency of 25% and a 
photo-peak efficiency of 3% for a 1.3 MeV gamma ray measured in RISING. The EPAX code has been used 
to predict the cross-sections in each of the fragmentation reactions. The largest cross-sections are obtained 
when the intermediate fragment is chosen to be 47Cr or 46Cr. Each of these choices yields a similar final 
production rate of 45Cr of 0.15 s-1. For the purpose of an estimate, if we assume that the FRS is optimised to 
select just one of these intermediate fragments, then the required intensity in a gamma-ray peak in 45Cr is 
obtained in four 8-hour shifts. Due to the smaller cross-section for 53Ni, this requires an estimated 12 shifts 



 

 

for the same gamma-ray intensity, using either 55Ni or 54Ni as the intermediate fragment. If the higher mass 
intermediate fragment (i.e 55Ni and 47Cr) is used then the estimated intensities at the focal plane of the FRS 
are 10,000 to 20,000 s-1. Additionally, the set-up of the FRS may result in a more diverse cocktail of 
fragments – again resulting in a higher rate. Should these rates exceed the capabilities of the FRS tracking 
detectors, then these could be switched off if necessary (once the FRS settings have been established), as only 
the identification of the final product is needed for tagging the gamma decays of interest. We will use one 
shift to determine the best choice of intermediate fragment, based on the rates observed and the distribution of 
nuclides at the focal plane of the FRS. To obtain data on the neutron-rich mirror partners (45Sc and 53Mn) one 
shift is estimated to be sufficient for each of these, due to the larger cross-sections. Two further shifts are 
requested to facilitate the necessary changes to the FRS settings. A summary of the request is as follows: 
 

Nucleus of interest Intermediate fragment Number of 8-hour shifts 
45Cr 47Cr or 46Cr 4 
45Sc 47V or 46Ti 1 
53Ni 55Ni or 54Ni 12 

53Mn 55Co or 54Fe 1 
FRS setting changes  2 

FRS optimisation  1 
 
TOTAL REQUEST = 21 SHIFTS 
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Abstract 
 
The proposed experiment aims at the investigation of  the gamma-decay from the giant dipole resonance in 
the unstable neutron rich 68Ni nucleus. To excite the giant dipole resonance use will be made of  the 
Coulomb excitation in inverse kinematics of the  beam of 68Ni at 400 MeV/u  on a 208Pb target.  For the 68Ni 
nucleus calculations (in non-relativistic and relativistic random phase approximation)   predict a “pygmy” 
component of the dipole response, namely a  low-lying dipole strength  (at energy below 10 MeV) which is 
much stronger than that of the less neutron rich stable isotopes. The investigation of  the pygmy dipole 
resonance is interesting not only to study mean field modifications induced by large isospin in the ground 
state but also for its  implications in the  astrophysical models predicting the element abundances in the r-
process.  
For this experiment use will be made of both the RISING array at forward angles  together with large 
volume BaF2 detectors at  the backward  angles.   
With 7 days of beam time  we expect to  measure with  good statistics the pygmy part in the Ge detectors 
and the entire GDR response function with the BaF2 detectors, being  the main goal of the experiment . In 
addition, for the coincidence of high energy gamma-rays with the first 2+ state we expect approximately 
500 counts.  
 
MOTIVATION  
 
Giant resonances are basic nuclear excitation modes which carry useful information on 
the underlying nuclear structure as well as on the effective nucleon-nucleon interaction in 
the medium. Although this topic has attracted much attention over several past decades,  
in the case of  nuclei far from the stability line the investigation of collective modes is 
still in its infancy.  
The isovector giant dipole resonance (GDR) is one of the most important and easily 
accessible of these collective modes.  The question how the giant dipole resonance 
strength evolves when going from stable to exotic, weakly bound nuclei with extreme 
neutron to proton ratio is presently under discussion [1-3]. The general feature of the 
existing calculations of different types, is the redistribution of the strength towards lower 
excitation energies well below the giant resonance region. The details of these  
redistribution are found to depend on the effective forces used in the calculations [3].  



 

 

In the literature the low-energy part of the GDR strength function is often referred  to as 
Pygmy resonance and it was proposed to arise from the vibration of the less tightly bound 
valence neutrons against the residual core. 
Therefore measurements of the GDR strength function in unstable nuclei provide 
important information on the isospin dependent part of the in medium nucleon-nucleon 
interaction and on dipole type vibrations of the excess neutrons. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 The isovector dipole strength distribution for 4 different isotopes of Ni nuclei as 
predicted by D. Vretnar et al. using the Relativistic Random Phase Approximation 
approach. The dashed line is to separate the region of the giant resonances from the low-
energy region below 10 MeV (pygmy region). 
 
 
So far systematic experimental information on giant resonances in exotic nuclei is still 
not available and only for some light halo nuclei the low-lying dipole strength  was 
observed in electromagnetic dissociation measurements, the heaviest among them being 
the neutron rich Oxygen isotopes recently investigated at GSI [4]. In these experiments 
the process of electromagnetic excitation (virtual photon absorption) of fast projectiles by 
a high Z target is used and the excitation energy is reconstructed from the break-up 
fragments and the neutron.  
However, there is another method to study the GDR response function via relativistic 
Coulomb excitation, namely that of the virtual photon scattering. In this case one needs to 
detect the γ-ray decay which is a weak branch (at most of the order of a few percent ) 



 

 

from  the GDR.  It should be noted that the two methods are independent from each other 
and thus allow for a cross checking and that the gamma measurement may provide better 
resolution, i.e. may allow to resolve fine structures. In addition the gamma-branching 
ratios carries additional information. 
 Until now the virtual photon method has been used in  experiments performed at MSU 
on  11Be and 20O beams at bombarding energies of 77 MeV/u and 100 MeV/u , 
respectively.   
Results of these experiments (both performed with approximately 106 pps), are reported  
in references 5 and 6. The   case of  11Be,  for which data were collected using BaF2 
detectors  with energy  up to  Eγ  ≈ 25 MeV  [5,7] ( in coincidence with the elastically 
scattered 11Be particles detected in a ∆E-E Plastic Phoswich array),  can be taken  as a 
good example to illustrate the feasibility  of this type of measurements.   In the MSU  
experiment  on 11Be it was possible to measure the entire GDR strength function and the 
root  mean square  charge radius was deduced. It was found that the charge distribution of 
11Be is similar to that of 10Be core.   
 
From both the existing studies on 11Be and 20O it is clear that the GDR γ-decay 
measurements following Coulomb excitation  can be made more easily in the case of 
heavier neutron rich nuclei and  at  higher bombarding energies.  This is  because of the 
rapid increase of the excitation cross section with beam energy and charge.  In fact,  at a 
given Z the GDR excitation function increases by approximately one order of magnitude 
by going from 80 MeV/u to 400 MeV/u, the latter bombarding energy being available at 
GSI.  
 
A neutron rich  nucleus in the medium mass region  which is very interesting for the  
study the GDR is 68Ni. The energy of the first 2+ state ( 2.03 MeV) and the corresponding 
B(E2) value were measured showing a rather interesting interplay between shell closure 
and superfluidity at N=40 [8]. Recently Vretenar et al. [9] have applied the relativistic 
random phase approximation to predict the evolution of the isovector dipole response in 
nuclei with a large neutron excess. Their results for the case of the medium-heavy Ni 
isotopes are shown in figure 1. The low-energy dipole states built on valence neutron 
particle-hole configurations appear only on 62Ni and on heavier isotopes. The relative 
contribution of the low-energy region (E < 10 MeV) to the dipole strength distribution 
increases with the neutron excess. In particular, the ratio of the energy weighted moment 
in the low-energy region (E < 10 MeV) and in the high-energy region (E > 10 MeV) is 
predicted to be of the order of 8%.  Similar results have been obtained by Colo’ et al. 
using the non relativistic  Random Phase Approximation approach, which was first 
applied to the case of  Oxygen isotopes [3].  
In the case of 68Ni isotopes  it was found that  in the region up to ≈10 MeV there is ≈ 7 % 
of the EWSR (similar values were  found in break-up experiment for light nuclei).  The 
details of these calculations, focussing on the pygmy part  in the low-energy region are 
shown in figure 2.  
It is  important to point out  that the knowledge of the low-lying dipole strength (pygmy 
resonance) in medium mass neutron-rich nuclei is relevant  for astrophysical studies such 
as the calculations of the element abundancies in the r-process of the nucleosynthesis as 
reported in [10].  



 

 

 
We have calculated the Coulomb excitation cross section using the theory of Winther  
and Alder reported in reference [11]. For the region above 10 MeV and centered at ≈ 15 
MeV the expected cross section is 600 mb, while in the region of the pygmy resonance ( 
8-10 MeV ) the expected cross section is 150 mb. For the evaluation of the gamma decay 
branch from the resonance we have assumed a value of ≈ 2%. This last estimate  is based 
on the experimental and theoretical work made for the GDR on the 208Pb nucleus (see 
reference 12).  In that work  it was taken into account both the direct decay probability of 
the giant-resonance doorway state and the statistical decay probability of the underlying 
compound-nuclear levels.   
The gamma-decay from the GDR to the low-lying 2+ state depends on the details of the 
structure of this state. Presently calculations (within the quasi particle phonon model) and 
data are available only for the stable Sn isotopes and in that case the decay to the 2+  state 
was found to be from 20 to 50% of that of the decay to the ground state [13] .  
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Figure 2. Photo absorption cross section in the low energy part of the dipole response 
calculated as in ref [3] for Ni isotopes. The calculation for 68Ni is shown with filled 
circles.  The entire strength function in the case of  68Ni ( the one which is planned to be 
measured) is in figure 3.  
 
 
As a concluding remark it is important to stress that the availability of rather intense 
neutron rich beams at high bombarding energy together with the RISING facility makes 
GSI rather unique for the study of gamma-decay from the Coulomb excited Giant Dipole 
Resonance.  
 



 

 

 
Experimental details 
 
The experiment will be performed using a 68Ni beam at a bombarding energy of 400 
MeV/u impinging on a 208Pb target with a thickness of  2 gr/cm2 . The particle 
identification capability of the beam tracking before and after the interaction point is at 
the present energy and mass region sufficient to identify inelastic scattering events 
characterized by the same mass for the  ejectile and projectile. The gamma decay from 
the giant dipole resonance region is expected to populate most strongly the ground state  

Fig. 3 Effect of the detector response function of BaF2 positioned at backward angles on 
the GDR strengh function.  The curve extending at the highest energy is the 
photoabsoption cross section as predicted by the RPA calculation of G. Colo’  et al.  
The curve  at lower energy was obtain starting from the RPA calculation and applying 
the response function of the BaF2  detectors at the backward angles.  
 
 
but also the low-lying 2+ state at 2.03 MeV.  
Because of large Doppler shift we expect to be able to measure with the RISING Ge 
detectors only the pygmy part of the resonance ( gamma rays of 10 MeV will be shifted 
to the energy of 17 MeV when emitted by the fast moving 68Ni nuclei at 400 MeV/u, 
corresponding to  β=0.51).  
In contrast, the BaF2 scintillators  placed at the backward angles will detect the shift 
down gamma-rays and with those detectors one expects to be able to measure the entire 
dipole response function.   
 
In order to choose the geometry of the  BaF2 detector system we have simulated the 
response of these detectors at the various angles not covered by the Ge cluster detectors.  
For the final choice of the angles it was taken into account that by going at backwards 
angles the emission from the target can be separated from that of the projectile. In fact, in 
that case the emission from the moving source is shifted at lower energies in a region of 
spectrum separated from that where the target emission is important.  (at 13.5 MeV). The 
emission from the 208Pb  target  is at rest being characterized by a GDR strength function 
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with a centroid at 13.5 MeV and a total width of 4 MeV.  With the present choice of the 
geometry and beam energy is expected to be separated from the emission of the 
projectile. However, by measuring the gamma-rays in  two BaF2 detectors placed at 900  
we expect to be able to subtract the remaining small contribution from the target emission 
in the region of the ejectile decay.  The expected relativistic effects of the gamma 
emission combined with that of the  response of the BaF2 detectors are illustrated in  
figure 3. In that figure  two different curves are displayed. One is the predicted GDR 
strength function for 68Ni, while the other is obtained by folding the detector response 
function (calculated with the code  Geant) and the relativistic Doppler effects.  
One can note that the pygmy part of the GDR response function becomes rather 
compressed. The opposite situation is instead expected in the case of  the gamma 
emission as detected  with the Ge cluster detectors at the forward angles. The Ge 
detectors are therefore better suited for the study of the pygmy part of the dipole response  
particularly  because the calculations predict a rather narrow structure. The detection 
efficiency for the pygmy structure (which will be shifted at 16-17 MeV) was calculated to 
be 0.4 % .  
 
With seven days of beam time we expect to obtain  1.8*104 counts in the BaF2 detectors  
(about 400 counts in each 0.2 MeV bin ) and 1600 counts in the pygmy part in the Ge  
detectors. For the coincidence between the high-energy gamma-rays with the low-energy 
gamma-rays from the first 2+ state we expect 500 counts. 
 
In the appendix below all the details concerning the count rate estimates are given.  
 
APPENDIX :  estimate of the expected rates. 
 
Beam intensity : To produce 68Ni  use the fragmentation reaction of 86Kr on 9Be target.  
                            The cross section σσσσ is 5.4 10-5 barn  
                            Primary beam intensity of 86Kr  : 1 * 1010 particle/sec 
                                  9Be target thickness 1 g/cm2  (corresponding to 6.7 * 1022 atoms/cm2  
                            Luminosity L ( (number of beam particles) /s * (target atoms)/cm2 )                                    
                                                = 6.7 * 1032  
                            Secondary beam intensity = L* σσσσ  = 3.6 *104 particles/s 
                            Trasmission SIS-FRS = 70%  
 
                                  Beam on the secondary target = 2.5 * 104 particles/s    
 
                                 ( Note that  the same calculation made for the fragmentation of  86Kr  
                            on   208Pb   gives for the intensity of the beam on the secondary  
                            target =   2.7 * 103 particles/s   ) 
 
 
Secondary target thickness : 2g/cm2     
Coulomb excitation cross section = 600 mb (in the region at high energy) 
Coulomb excitation cross section = 150 mb (in the region of the pygmy ) 
Efficiency of BaF2  (at 10 MeV) = 1.1 % 
Efficiency of  RISING at 15 MeV  = 0.4 %  



 

 

Gamma- decay branch : 2%  
 
Efficiency to detect the 2.03 MeV state in the combined system Germanium + BaF2  
Detectors  : 5 %. 
 
Counts/day in the interval 5-13 MeV = 2514 Counts per day in the BaF2 detectors  
(about 60 counts in each 0.2 MeV bin ). 
 
Counts/day in the interval 15-17 MeV in the germanium detectors (Forward shifted 
pygmy part) =  230 counts per day. 
 
Counts  in coincidence with 2+ state : 70 per day.             
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Abstract

It is proposed to measure the Iπ=2+ excitation energy and the B(E2;0+ →2+) strength
of neutron-rich Ca isotopes and N=32,34 isotones, Ni isotopes and N=50 isotones using rel-
ativistic Coulomb excitation at 100 A·MeV. The radioactive species will be produced, sep-
arated and identified by fragmentation of 750 A·MeV 82Se and 86Kr at the GSI SIS/FRS
facility, and γ rays will be detected in the RISING fast-beam setup. The main goal of
the project is the study of changing shell structure of n-rich nuclei around N=28-34 and
40-50 via the aforementioned experimental signatures.

Spokespersons: H. Grawe, H. Hübel, P. Reiter
GSI contact persons: H. Grawe, M. Górska

1 Introduction and physics motivation

The development of new shell structure at N�Z as studied in light and medium-heavy neutron-
rich nuclei around N=8,20,28 [1, 2, 3] is generally ascribed to the weakening of the surface slope
of the neutron potential due to the large neutron excess [4]. As a consequence the familiar
Woods-Saxon (WS) shape of the potential for nuclei close to stability is expected to change
towards a harmonic oscillator (HO) type. This goes along with a reduction of the spin-orbit
splitting, which is proportional to the potential slope, and thus HO magic numbers are expected
to be reenforced [4].

Alternatively, the existing experimental evidence of changing shell structure along the N=8,
20 and 28 isotonic sequences can be qualitatively explained in terms of the monopole part of
the nucleon-nucleon residual interaction. Schematically this is due to the (σ · σ) (τ · τ) part of
the interaction, which is binding and strongest in the S=0 (spin-flip) and T=0 (proton-neutron)
channel of the two-body interaction. This causes large monopole shifts of neutron single-particle
orbits due to their missing S=0 proton partners at large neutron excess, and thus generates
new shell gaps. The effect was first discussed recently for the sd shell [5, 6] and for the pf shell
[6, 7] . The relevant regions of known and expected changes in shell structure are indicated in
Fig. 1. It should be pointed out that the effect leads to an increased spin-orbit splitting.
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2 Status and expected trends

The status and basic experimental features of shell structure at N�Z for medium-heavy nuclei
have been reviewed recently [7]. With respect to three typical signatures for shell structure
they are summarized in Fig. 2 for the Ca and Ni isotopes and the N=50 isotones.

2.1 The Z�20, N�34 region

It is known experimentally [7] that the neutron νf5/2 orbit from
57Ni towards 49Ca undergoes

a large monopole shift due to the reduced binding with increasing removal of the proton πf7/2
S=0 spin-orbit partners. Beyond N=28 this opens a gap between the ν(p3/2,p1/2) and νf5/2
orbits, which might be subject to change depending on the 2p1/2 position, as this also forms a
S=0 pair with π1f7/2 but with less radial overlap. In Fig. 2 experimental signatures for shell
structure, the two-nucleon separation energy differences δ2n/δ2p, the I

π=2+ excitation energies
E(2+) and the B(E2;2+ →0+) values are shown for several chains of isotopes and isotones [7].
In the Ca isotopes (Fig. 2a) beyond N=28 a possible (sub)shell closure at N=32,34 seems to
develop in E(2+). It has been reported out recently that the Cr isotopes show a maximum in
E(2+) at N=32 [8]. On the other hand within the N=34 isotones E(2+) is increasing from Fe
to Cr in contrast to the expected trend towards midshell, which supports a N=34 closure [8].
Besides masses, which due to short halflives are difficult to measure, obviously E(2+) and B(E2)
values for 50−54Ca are missing for a proof of the concept. Similarly a study of the N=30-34
isotones of Cr and Ti would reveal such a change in shell structure.

2.2 The Z�28, N�40-50 region

The shell behaviour in this region is dominated by the monopole strength of the πf5/2 νg9/2
and πf7/2 νf5/2 pairs of nucleons, which is known from experiment [7, 9]. At N=40 68Ni as an
isolated nucleus exhibits doubly-magic features, which rapidly disappear when adding protons
into πf5/2 or removing them from πf7/2 as in both cases the gap between ν g9/2 and νf5/2 is
closed by increased νg9/2 and decreased νf5/2 binding, respectively. It is an interesting question
whether this affects the N=50 shell at 78Ni, too, where the πf5/2 orbit is empty, which shifts
νg9/2 towards νd5/2 (see Fig. 1).

The experimental evidence is scarce, indirect and partly contradictory. A reduced shell gap
can be inferred from 80Zn β-decay [10] and the existence of a Iπ=(5/2)+ ground state in 67Fe
[11]. On the other hand the Iπ=8+ νg29/2 isomer found in 78Zn has an almost identical B(E2)

strength as the corresponding one in 70Ni [12], which seems to exclude a major νg−19/2d5/2 E2

polarisation. Whether the puzzling disappearance of the Iπ=8+ isomerism in 72,74Ni [13] can be
related to an admixture of this configuration to the Iπ=6+ state is an yet open question. Shell
model calculations of the B(E2; 2+ →0+) [14] have not treated excitations beyond N=50. An
E(2+) and B(E2; 0+ →2+) study of the N=50 isotones 84Se and 82Ge (Fig. 2c), 70−74Ni (Fig.
2b) and 66,68Fe will shed light on the development of shell structure in this region. In none of
these cases a deformed structure can be excluded, as has been postulated for 66Fe [15] (see also
Figs. 2b,c).
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3 Proposed experiments

We propose to study Coulomb excitation of the nuclei listed in Table 1 including calibration
points. The radioactive isotopes are produced by projectile fragmentation at 750 A·MeV pri-
mary beam energy. Reaction products after slowing down to 100 A·MeV are Coulomb excited
by a secondary Pb target. They are traced and identified in the FRS from the production
target to the secondary target at S4, and after that the scattered products are identified in A
and Z with a resolution of about 1%. The γ-rays from the deexcitation of Coulomb excited
states emitted in-flight are detected in RISING.

4 Count rates and beam request

In Table 1 the nuclei to be studied are listed with their EPAX production cross section, cor-
responding RIB beam intensities, Coulomb excitation cross sections based on known and es-
timated E(2+) energies and B(E2; 0+ →2+) values as deduced from Raman systematics [16].
The number of detected γ-rays per hour were calculated assuming a primary beam of 1×109

particles/s, a thickness of 2 g/cm2 for the Be fragmentation and 1 g/cm2 for the Pb Coulex
targets, 20% FRS transmission and a γ-ray efficiency of εγ=2.5 % . We require a minimum
count rate of 2/h in a 1 MeV 2+ →0+ γ-ray. The most exotic and interesting cases in Table 1
require two beams, 86Kr and 82Se, the latter with two FRS settings. We therefore request 15
shifts of 86Kr and 24 shifts of 82Se, which includes time for FRS tuning and is mandatory to
cover the most significant cases.

Table 1: Details of RIB intensities and γ-ray count rates

RIB Beam A/Z σfrag IRIB E(2+) B(E2) σCoul Nγ comment
barn 1/s MeV WU mb 1/h

50Ca 82Se 2.50 4.5[-6] 1.8[+2] 1.03 15.6 250 7.8 direct evidence
52Ca 82Se 2.60 1.4[-7] 5.7[0] 2.56 0.58 10.3 0.01 not feasible
50Ti 82Se 2.27 2.3[-3] 9.2[+4] 1.55 5.3(8) 86 1380 calibration
52Ti 82Se 2.36 3.2[-4] 1.3[+4] 1.05 17.1 290 650 direct evidence
54Ti 82Se 2.45 2.3[-5] 9.2[+2] 1.00 16.6 290 47 direct evidence
56Ti 82Se 2.55 1.0[-6] 4.0[+1] ∼1.25 12.4 230 1.6 direct evidence
58Cr 82Se 2.42 1.0[-4] 4.0[+3] 0.88 19.5 366 255 direct evidence
60Fe 82Se 2.31 2.7[-3] 1.1[+5] 0.82 13.3(25) 260 4930 calibration
66Fe 82Se 2.54 2.8[-6] 1.1[+2] 0.56 27.6 580 11 indirect evidence
68Fe 82Se 2.62 1.5[-7] 6.0[0] ∼0.50 29.1 630 0.6 difficult
70Ni 82Se 2.50 4.0[-5] 1.6[+3] 1.26 12.6 290 80 indirect evidence
72Ni 82Se 2.57 2.5[-6] 1.0[+2] 1.10 13.7 320 5.5 indirect evidence
74Ni 82Se 2.64 1.4[-7] 5.7[0] ∼1.00 12.9 330 0.3 difficult
82Ge 86Kr 2.56 8.7[-7] 3.5[+1] 1.35 11.2 290 1.7 direct evidence
84Se 86Kr 2.47 4.7[-4] 1.9[+4] 1.45 11.2 310 1030 direct evidence
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Figure 2: Excitation energy of Iπ=2+ states, E2 strengths B(E2;2+ → 0+) and the two-nucleon
separation energy differences δ2n/δ2p for Ca (a), Ni (b) isotopes and the N=50 isotones (c)
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1 Introduction

The atomic nucleus with its two different constituents, protons and neutrons,

represents a unique finite quantum many body system. The evolution of

its properties can be investigated in detail by varying the finite number of

protons and neutrons. One of the fundamental aspects of nuclear structure

physics is the understanding of how collective quantum phenomena, such as

deformation or phonon excitations, arise. From these studies one knows that

proton-neutron correlations in the valence space play an important role in the

formation of collective motion. However, possible combinations of protons

and neutrons which could be studied in detail were up to now mostly limited

to stable and proton rich nuclei. Important observables, needed for such

studies, are lacking for nuclei on the neutron rich side of the nuclear chart.

In principle, the nuclear shell model represents the ideal theoretical micro-

scopic tool to attack the problem of understanding the evolution of collective
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nuclear structure. However, the description of collective excitations requires

often a very large configuration space and, hence, model calculations must be

truncated to appropriate valence spaces leading to necessary re-adjustments

for the parameters of the effective residual interactions and single-particle

energies. These effective model parameters must be obtained from exper-

iment. The investigation of symmetries can help to gain a more detailed

understanding of nuclear forces. The isospin symmetry represents one of the

fundamental symmetries of nucleonic systems.

Recent nuclear structure studies address the detailed investigation of nu-

clear shell structure, in particular, at extreme values of isospin. Besides the

studies of yrast excitations in very neutron rich nuclei another sensitive probe

for the isospin-dependence of nuclear forces in the valence shell is represented

by the properties of collective isovector valence shell excitations. Since shell

model descriptions of collective structures often requires too big spaces it is

useful to employ specific truncation schemes optimized for the description of

the phenomena of interest.

The interacting boson model (IBM) [1] represents a kind of a truncated

shell model appropriate for the description of quadrupole-collectivity. Be-

sides its schematic character the IBM offers very useful insights into the nu-

clear structure revealing different symmetries of the nuclear wave functions.

Because the Interacting Boson Model is based on nucleon pairs formed by

either two valence neutrons or two valence protons, it allows also the study

of proton-neutron correlations, albeit of nucleon pairs.

The framework of the IBM-2 extends the isospin formalism to the IBM

boson systems. These bosons are considered to be “elementary” particles

that form a doublet with projection +1/2 (proton boson) and -1/2 (neutron

boson). In order to avoid confusion with the ordinary isospin for nucleons the

“boson-isospin” is called F-spin. It should be also mentioned that the F-spin
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in the IBM does not match the total isospin of corresponding valence nucleon

pairs. However, formally, isospin and F-spin are complementary analogous.

The former applies to “elementary” nucleons, the latter to “elementary”

bosons.

For the description of a given nucleus with fixed numbers of proton and

neutron bosons, Nπ and Nν , respectively, the z-component of the F-spin is

a good quantum number, namely it is Fz = Nπ(1/2) + Nν(−1/2) = (Nπ −
Nν)/2. For a given total boson number, N = Nπ + Nν , the total F-spin

quantum number can take values between Fz and Fmax = N/2.

The IBM predicts new entire classes of collective states with F -spin quan-

tum numbers F < Fmax. Wave functions of such states contain at least one

pair of proton and neutron bosons that is antisymmetric under the exchange

of the proton and neutron labels. These states are called mixed-symmetry

(MS) states. They are different from the low-lying collective states, which

are symmetric with respect to the pairwise exchange of boson isospin labels.

In the mid-eighties a new collective Jπ = 1+ excitation, called scissors

mode, was discovered in deformed gadolinium nuclei by A. Richter and col-

laborators [2]. Scissor states were subsequently observed in many deformed

nuclei [3] and intensive theoretical studies of such states were done. The

scissors mode was predicted [4] by the IBM as a one representative of the

class of collective MS states in which valence neutrons and protons move out

of phase.

According to the IBM approach the whole class of MS states is formed by

quadrupole-collectivity. The building block of all MS excitations is, therefore,

predicted to be the MS 2+
ms state, which should occur in spherical nuclei as the

lowest, one-phonon MS state on which collective multiphonon structures can

be built. The existence of such a multiphonon structure with MS character

was recently discovered in the nuclide 94Mo [5, 6, 7]. Recent measurements
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on 94Mo and other N = 52 isotones confirm [8, 9, 10] the initial findings as

a general phenomenon.

2 Scientific motivation

The N = 52 isotones close to the Z = 38, 40 sub-shell closures correspond

to sufficiently small valence spaces for a practical description of those nuclei

in terms of the nuclear shell model. This fact offers the unique possibility to

compare IBM calculations to shell model calculations and such to achieve a

microscopic understanding of the building blocks of nuclear collectivity [11].

Moreover, the evolution of MS states in N = 52 isotones can be tracked

over different proton shells enabling us to investigate the variation of the

proton-neutron interaction as a function of the nuclear valence space. It is of

great interest to study the cases with the smallest possible number of valence

particles which are already able to induce the collective features. There we

can apply the shell model to understand the generating mechanism of collec-

tivity, the role of the proton-neutron interaction, to explore the microscopic

origin of the symmetries in the IBM and to test the limits of application of

the IBM.

Unfortunately, the light N = 52 isotones below Z = 40 are unstable neu-

tron rich nuclei and, therefore, no data on absolute transition rates exist. Ab-

solute electromagnetic transition rates and magnetic moments for low-lying

states are, however, necessary information in order to uniquely identify MS

states and are, therefore, the prerequisites for the systematical understanding

of the proton-neutron non-symmetric building blocks of nuclear collectivity.

It is the aim of our proposal to study the quadrupole collectivity and

to identify MS states in neutron rich N = 52 isotones by using relativis-

tic Coulomb excitation. It was recently demonstrated that the process of
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Coulomb Excitation in inverse kinematics is very well suited also for the pop-

ulation of one-phonon MS states [8]. The single step COULEX reaction will

populate in a very clean way the excited 2+ states and the B(E2; 0+
1 → 2+

i )

transition strengths and large B(M1; 2+
i → 2+

1 ) values can be deduced from

the measured cross sections and branching ratios. These absolute transition

strengths will then be used for comparison with detailed shell model and IBM

calculations. They should allow us to obtain a microscopic understanding of

the mixed symmetry states and their evolution with proton number.

The next questions arising from these studies are: How do symmetric

and mixed symmetry structures evolve at Z ≤ 38? What is the importance

of different proton orbitals? How do single particle and collective motions

interfere? How does the change in proton number influence the neutron

configurations? And how good is the sub-shell closure at Z = 38 or Z = 40?

Approaching the sub-shell at Z = 38, the nuclei 90Sr (two neutrons outside

the N = 50 closed shell), 88Kr (two proton holes and two neutrons outside

the closed shells), 86Se (four protons holes and two neutrons), form an ideal

testing ground to answer these questions. Since the neutron number N = 52

is the same in all these nuclei we could extend in a systematic way (see Fig.

1) our studies of 92Zr [10], 94Mo [5, 6, 7], and 96Ru [8, 9]. The crucial point

for this extension is a measurement of the B(E2; 0+
g.s. → 2+

1,2,3) values (see

also Fig. 1).

In order to check how good our experimental approach using relativistic

Coulex would be, we shall investigate as reference nucleus 84Kr to determine

B(E2; 0+
g.s. → 2+

1,2,3) values. It should be mentioned that the transition

energies of 2+
1 → 0+

g.s. of all three neutron rich nuclei of interest are well

known (see also Fig. 1) - 84Kr [13], 88Kr [14] and 86Se [15]. Theoretical

calculations of energy spectra and transition strengths are also available [12]

and it would be of considerable interest to compare these model predictions
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with the new experimental data that we hope to obtain.

3 Experiment and preliminary calculations

Coulomb excitation is the excitation of a nucleus via the electromagnetic

interaction with another nucleus [16]. The electromagnetic interaction be-

tween the projectile and target as well as the reaction mechanism of Coulomb

scattering are well known [17].

We will use the standard RISING set up for relativistic Coulex experi-

ments. We propose to use the fission of a 750 MeV/nucleon 238U beam on

a 1.0 g/cm2 208Pb target in order to produce the neutron rich 90Sr, 88Kr,

86Se nuclei. The primary beam intensity of 238U is estimated to about ∼
109 particles per second. According to the calculations, the predicted cross

section for the production of 88Kr is 26 mbarns.

In order to estimate the Coulomb excitation cross sections we assume an

energy of about 100 MeV/nucleon in a 0.4 g/cm2 208Pb secondary target.

The photopeak efficiency is about 0.029. According to the calculations we

found a cross section for the Coulomb excitation of the first 2+
1 state in 88Kr

with Eγ = 775 keV, σCoulex = 200 mbarn. For the second 2+
2 which is at about

Eγ = 2 MeV the σCoulex = 50 mbarn. In this case, the particle-γ events rate

is 300 day−1 for the first 2+
1 and 50 day−1 for the second 2+

2 . Since we have

a cocktail beam we expect to investigate also neighbor isobars and to obtain

for them lifetime information as well. In our case to investigate the nuclei of

interest we need three different beams. For the investigation of the reference

nucleus 84Kr we need 1 day of beam time, for 88Kr, 90Sr, and 86Se three days,

each. We, thus, request 10 days of beam time in total.
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1 Physics motivation

100Sn is the heaviest isospin symmetric doubly-magic nucleus, which is particle bound.

This gives rise to a lot of interesting physics, which we can hope to study in 100Sn

and in nuclei in its vicinity. One of the burning questions in nuclear structure physics

is whether the shell closures as we know them today are valid also at the limits of

stability. This question is related to the E2 polarizability and shape response of the

magic core, which we could get information on in 100Sn if we have measured the energy

of its first excited 2+ state, and the transition rate from that state to the ground

state. However, although 100Sn was observed a few years ago in relativistic projectile

fragmentation reactions, both at GSI and at GANIL, it will not be possible to study its

detailed structure before we have available radioactive beams from the next generation
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of RNB facilities, but meanwhile we can learn about E2 correlations of the 100Sn core

by studying nuclei close to it.

In the past we have done many experiments involving heavy-ion fusion evaporation

reactions in conjunction with large gamma-ray detector systems in a very successful

collaboration between many universities and laboratories in Europe. The partial level

structures have been measured in the light Sn isotopes, the lightest being 102Sn, which

together with 98Cd are the closest neighbours to 100Sn with known excited states.

In particular it has been possible to measure the lifetimes of low-lying isomeric 6+

states in the even Sn isotopes [1, 2], and of an isomeric 8+ state in 98Cd [3]. These

measurements were followed by an enhanced interest from the experimental as well as

from the theoretical side [4, 5, 6, 7] The lifetimes range from a few ns to some few

hundred ns, which give the B(E2) values of the 6+ to 4+ and 8+ to 6+ transitions in

the order of a few W.u. The B(E2) values provide information on the neutron and

proton effective charges, which are measures of the E2 polarizability (n-particle,n-hole

excitation) of the core [6, 8]. They can be adjusted in, e.g., shell model calculations

to reproduce the measured B(E2) values. However, the B(E2) values are sensitive

also to effects other than core polarization, e.g., to the single particle energies of the

orbits involved in the transitions, so care has to be taken not to draw too far reaching

conclusions. The single particle level energies lack the experimental values especially

for low spin orbitals, which however may contribute significantly to the strength of the

6+ → 4+ transition for even Sn isotopes [9]. The B(E2;2+ → 0+) values are however

the most sensitive test of E2 correlations related to core polarization.

Figure 1 shows the two particle separation energy differences, the measured B(E2;2+ →
0+) values and the excitation energies of the 2+ states for the light Z=50 Sn isotopes

and N=50 isotones [10]. The level energies of the 2+ states in the Sn isotopes above
102Sn are know experimentally and their almost constant values along the whole chain

is the classical example for the generalized seniority scheme [11, 12]. This indicates that

the 2+ states may be described as one broken pair upon a ground state condensate of 0+

pairs. The transition probabilities known only for stable Sn isotopes show an irregular

behaviour as they are the most sensitive to the details of the shell structure and to

quadrupole collective effects. The aim of the present proposal is therefore to measure

the B(E2;2+ → 0+) values for the missing nuclei using relativistic Coulomb excitation.

Their measurement, by standard Doppler methods, is hampered by the existence of the

higher lying isomeric states, and they are too fast for electronic lifetime measurements.

Therefore, Coulomb excitation is the only way to obtain this very important piece of

structure information.

The nuclei of interest are the Z=50 tin isotopes 102Sn, 104Sn, 106Sn, 108Sn, and 110Sn,

and the N=50 isotones 94Ru, 96Pd, and 98Cd. The Coulomb excitation of odd mass
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Sn isotopes, which are produced simultaneously could give the first information on the

single particle energy of the 3s1/2 orbital. The large matrix element of the stretched

E2 transition between 2d5/2 and the 3s1/2 strongly favours Coulomb excitation in the

search for this quantity. In in-beam fusion-evaporation or β-decay experiments those

states are not populated. In some cases of the even Sn isotopes, where the lifetime of

the isomer is long enough to survive the passage through the FRS, it will be possible

to Coulomb excite the nucleus from its isomeric state, and measure the B(E2) value

to the first excited state above the isomer. Also we would like to measure 112Sn and
92Mo, where the B(E2;2+ → 0+) values are known, because they would provide very

good calibration points.

2 Count rates

We propose to produce the isotopes by means of projectile fragmentation reactions at

around 750 MeV/u primary beam energy. The reaction products will be slowed down

by degraders to about 100 MeV/u, and Coulomb excited by a secondary target, either

from their ground states or from their isomeric states. The reaction products will be

traced from the primary target to the secondary target placed at the focal plane S4 of

the FRS. The scattered reaction products will be detected and identified by means of



A and Z, and the gamma rays following the Coulomb excitation will be measured in

RISING.

The number of secondary beam particles at S4, NS4, is given by the production cross

section times the luminosity times the transmission through the FRS:NS4 = σ ·L·TFRS .

Assuming a primary beam intensity of 109 particles per second, and a primary target

of 1.6 g/cm2 9Be, the luminosity L is 1032 cm−2s−1 (a 1.3 g/cm2 208Pb target gives a

factor of 25 smaller luminosity). A production cross section of 10−5 barn thus gives

300 secondary particles per second at S4 assuming that the transmission through the

FRS is 30%.

The number of excitations to the 2+ state is: N2+ = NS4 ·σ2+ ·4 ·1020, where σ2+ is the

Coulomb excitation cross section of the 2+ state and 4 · 1020 is the number of atoms

in the secondary target assuming it to be 208Pb with a thickness of 200 mg/cm2. This

gives about 6000 excitations to the 2+ state per day with a Coulomb excitation cross

section of 400 mb.

The number of detected γ rays is: Nγ = N2+ · εγ, where εγ is the photo peak efficiency

of RISING. Assuming it to be 2% (for Doppler shifted γ-ray of 1.2 MeV) this gives

120 detected γ decays per day in the photo peak. For the experiment to be feasible it

will be necessary to detect about 50 γ decays per day, which then sets the limit of the

production cross section to be larger than about 4 · 10−6 barn.

The production cross sections for the isotopes of interest are estimated using the EPAX

code and shown in Table 1 for different primary beam and target combinations, namely

for a 112Sn, a 124Xe, and a 129Xe beam, all on a 9Be target. Using the limit above on

the production cross section we would thus be able to study the tin isotopes down to
104Sn using the 124Xe beam, as well as 94Ru and 96Pd. Unfortunately, 98Cd and 102Sn

seem to be out of reach. However, the experimental cross sections for the 112Sn beam

[13], also shown in the table, are in almost all cases larger than the EPAX estimates,

in some cases even an order of magnitude larger, e.g., for 104Sn.

Calculations using the MOCADI code supports the estimated count rates above. We

thus ask for 18 shifts (6 days) of beam time using 124Xe as a primary beam. This

includes 3 days for 104Sn which will give about 200 counts in the photo peak of the

2+ → 0+ transition, and an average of 1 shift per each other case mentioned in Table

1, 2 shifts for calibration runs 112Sn and 92Mo, and 2 shifts for changing of the FRS

settings.
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Table 1: EPAX-2 and experimental cross sections in barns

EPAX-2 Experiment EPAX-2 EPAX-2
Isotope 112Sn-9Be 112Sn-9Be 124Xe-9Be 129Xe-9Be

110Sn 2.2-02 – 1.13-02 6.9-03
108Sn 1.1-03 4.1(1.7)-03 3.7-03 1.4-03
106Sn 2.5-05 1.4(8)-04 3.2-04 7.3-04
104Sn 3.0-07 2.1(9)-06 5.6-06 6.9-07
103Sn 2.4-08 1.7(8)-07 3.6-07 3.3-08
102Sn 1.5-09 7.0(2.6)-09 1.4-08 9.5-10
101Sn 9.8-11 2.1(9)-10 3.1-10 1.7-11
98Cd 1.6-07 1.0(4)-07 7.3-08 8.7-09
96Pd 1.8-04 – 6.4-05 1.7-05
94Ru 5.9-03 – 2.9-03 1.5-03
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Abstract: 
 
The availability of radioactive nuclear beams of good intensity and optical quality makes 
possible the use of direct nuclear reactions to investigate fundamental properties such as the 
nuclear matter distribution, deformation and the  evolution of shell structure very far from 
stability.  The predicted reduction in the spin-orbit term in the nuclear force with increasing 
neutron excess is attracting considerable interest because it underlies major changes in the 
single particle energies of intruder states and shell quenching effects . 
A recent study of the structure of the very neutron-rich Sn and Sb nuclei using a resonance 
ionization laser ion source at CERN/ISOLDE has given indication of a possible signature of 
the effects of a more harmonic-oscillator-like potential .  
Here we propose  to investigate at RISING  the magicity of the Z=50, N=82 shell by means 
of  knock-out reactions using a  beam of  132Sn secondary fission fragments produced at the 
FRS and detecting the gamma rays de-exciting the states in 131Sn .   
We request five days of beam time at the FRS in order to be able to  extend the spectroscopic 
information  of the region  and  determine spectroscopic factors.  
 
 
 
 



 

 

Motivation: 
 
Neutron-rich nuclei close to the N=20 and 28 shell gaps have  attracted  particular interest 
because of  the possible existence of anomalies in the shell structure. It has been suggested 
on the basis of self consistent mean field calculations that the major N=28 shell gap 
disappears when approaching Z=16 and the energy surfaces become very soft, with close 
lying and shallow minima corresponding to different deformations [1,2,3]. There is also 
evidence of the shrinking of the shell gaps from the results of astrophysical calculations of 
the nuclear abundances of heavy elements, created in the rapid neutron-capture process of 
nucleosynthesis. The predictions of the disappearance of the ''classical'' shell gaps have  
been further reinforced by Hartree-Fock-Bogoliubov calculations with the SKP force [4,5] 
and by mass predictions from the infinite nuclear matter model [6]. Experimentally the 
weakening of the neutron shell structure near the drip line has been investigated for both 
N=20 and N=28 nuclei [7,8]. Evidence for such an effect at N=50 has also been put 
forward  by Kratz et al. [9,10] for the decay of the r-process waiting-point isotope 80Zn. 
A recent study of the structure of the very neutron-rich Sn and Sb nuclei using a resonance 
ionization laser ion source at CERN/ISOLDE has given indication of a possible signature of 
the effects of a more harmonic-oscillator-like potential [11].  
 
 
 
 

Figure 1: Pictorial view of Knock Out 
Reactions. Spectroscopic factors are 
deduced  from the intensities of gamma 
rays depopulating the excited states in 
the A-1 fragment. The l-value of the 
ejected  nucleon can be determined from 
the momentum distribution of the 
particle. 

 
 
 
To investigate this  phenomenon it is straightforward to follow specific nuclear properties 
along extended isotopic chains, from stable nuclei towards the limit of nuclear stability. A 
variety of different nuclear reaction mechanisms has been used for the investigation of 
nuclei far from  stability, such as Coulomb excitation [12], elastic and inelastic scattering 
[2], transfer [13] and knock-out reactions [14]. Coulomb excitation and proton scattering 
experiments have been used to probe the proton and neutron densities respectively, but the 
limitations on secondary beam intensities have precluded the extension of such studies 
above the N=28 shell closure. 
Direct evidence of the breakdown of the N=8 shell closure has recently been obtained 
through the measurement of the partial cross sections and corresponding momentum 
distributions in the one-neutron knockout reaction ( 12Be, 11Be + γ ) on a 9Be target at 78 
MeV/nucleon [14]. The resulting spectroscopic factors have shown wave functions with 
substantial contributions from intruder states. Again similar studies for other shells have 
been limited until now  by the low production rates of  beams of unstable nuclei.   
Here we propose  to investigate the magicity of the Z=50, N=82 shell using a beam  of  132Sn 
produced by secondary fission fragments at the FRS. 
 
 



 

 

 
 
Figure 2: Comparison between the theoretical and  experimental values of the energies and B(E2)s  associated 
with the lowest 2 +   states in even  Ni and Sn isotopes. The data are from reference 15 and the theory from 16. 
 
 
In fig.2 the energy systematics of the low-lying 2+ states is reported  for a number of isotopes 
of Ni with 28≤ N ≤40 and for Sn isotopes with 70≤ N ≤84  (cf. Fig. 2).  The high value 
observed for 132

50Sn82  fits well with its doubly magic character. Still missing, however are  
measurements of the reduced transition probabilities  and studies of more neutron rich 
isotopes, as well as the properties of negative parity states including octupole vibrations. 
Recently the B(E2) value for 68Ni has been measured at Ganil [17]. The unexpected small 
value, together with the small two-neutron separation energy,  has been interpreted in terms 
of an erosion of the N=40 harmonic-oscillator subshell by neutron-pair scattering. 
While calculations with different forces predict rather similar excitation energies for low-lying 
collective surface vibrations, they predict reduced transition probabilities which differ by 
factors of two. This reflects the limitations in our understanding of effective nuclear forces 
which can  only be overcome with data on unstable nuclei. 
 
Spectroscopic factors in 132Sn: 
 
The N=82 shell closure in unstable nuclei has only been partially investigated.  The 
determination of the spectroscopic factors in A-1 nucleus (for states populated in knock-out 
reactions by detecting the gamma ray de-exciting the states ) will provide detailed information 
on the mixing of single particle states with more complicated configurations. The mixing is 
expected to occur mainly with configurations containing a low-lying surface vibrational mode. 
Estimates of absolute one-particle removal cross sections for knock out reactions indicate 
cross sections of the order of a  few mb/sr –fig.4-. 
In addition  the evolution of the single-particle levels, of which only a few are known,  could  
be studied  with knock out reactions by detecting the gamma rays deexciting the states  in 
nuclei around  the Z=50 proton closed shell and the N=82 neutron shell.  Naively  the single-
particle gap and the 2+ excitation energy (≈ 5 MeV  and ≈ 4 MeV, respectively) remind us  the 



 

 

situation for 208Pb (≈ 4 MeV  for both quantities), where the pairing correlation energy 
(pairing gap) associated with the systems with two neutrons outside a closed shell  (i.e 134Sn 
and 210Pb) is approximately 0.7 and 1.4 MeV respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3:  Left panel : Single-particle and single-hole levels of  132Sn50 . The experimental values (on the right, 
from reference 15) are compared with two predictions (from reference 16). Those on the left are based on 
Hartree-Fock (HF) calculations with the  SGII effective interaction while the one shown in the middle also 
includes  the self energy contributions from the coupling to collective phonons. Right panel : Spectroscopic 
factors  associated with the different single particle (and hole) levels obtained in the HF plus phonon coupling.  
 
Figure 3 shows spectroscopic factors for 132Sn obtained through Hartree-Fock calculations 
with SGII effective interaction (right), and including (middle) the coupling to collective 
phonons. The values close to unity underline the doubly magic character of the 132Sn. 
A clearly  related topic is the study of the spin-orbit splitting in the 132Sn nucleus i.e. the 
νd5/2 - νd3/2 and the πg7/2 - πg9/2 splittings. The spin-orbit splitting plays an important role in 
determining the binding and structure of nuclei. Indeed, the introduction of spin-orbit 
splitting of the nucleon orbitals in the nuclear mean-field potential was the key to the 
development of  the nuclear shell model. Depending on the relative orientation of the spin 
and the orbital angular momentum, the energy of the associated nuclear state is  pushed up 
or down. This effect is essential for the understanding of the magic numbers. According to 
certain model predictions, the energy splitting of these spin-orbit partners should decrease 
or even vanish far from stability for very neutron-rich isotopes.  
 
A direct way to measure the ground state structure of 132Sn  is to determine the 
spectroscopic factors for the removal of a neutron.  Already the observation of the decay of 
the  7/2-  level in the gamma spectrum of 131Sn  should directly probe the occupancy of the 
2f7/2 orbit. Here for example the neutron closed shell configuration (h11/2)12 would give 
spectroscopic factors of 12/(2j+1) for the 11/2-  and 0 for the 7/2-states. Also the 



 

 

experimental determination of the single particle character of the 5/2+ state at 1.655 MeV 
above the vd3/2 ground state, should shed some light on the relatively low value of the vd5/2-
vd 3/2 spin orbit splitting. 
 

 
Figure 4 : Knock out cross sections calculated for the 132Sn + 9Be reaction at 120 MeVA. The binding energies 
are taken from ref.15. These estimate do not change very much for energies up to 300 MeVA. 
 
Experimental details: 
 
The experiment involves the measurement of the partial cross sections for the population of  
the final states of the residues formed in the one nucleon knockout reaction 9Be(132Sn, 131Sn 
+ γ)9Be. The secondary beam will be produced by induced fission of an  238U beam and 
analysed in mass and momentum by the FRS.   
The expected production rate of 132Sn at the secondary  target position is of ~5 102  atoms/s 
with a momentum spread of 1%. 
The fission fragments will  be analysed in charge and mass by a standard FRS detectors. 
The recoils from the secondary target will be identified in the CATE telescope. 
The 132Sn beam will be incident on a 1000 mg/cm2 9Be target. Assuming a cross section of 
~100 mb the estimated production of 131Sn is of 3.8 atoms/s. The high granularity of the 
RISING germanium array should allow us to achieve a gamma resolution of 18 keV at 1.3 
MeV. Assuming a gamma efficiency for Rising of 2% (including the Lorentz boost)  we 
expect a counting rate in the Ge detectors of ~6 10 3   in  24 h. 
 
With the calculated rates and assuming the cross sections reported in fig.4, we request five 
days of beam time  at the FRS in order to be able to determine spectroscopic factors with a 



 

 

precision better than 10%. A similar investigation in the Ni region could be based on the 
data of the proposal (this PAC) of A. Bracco.  
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Coulomb excitation is a well-established experimental probe in nuclear physics, which is sensitive to 
the internal structure of the nuclei involved. Traditionally, stable targets are bombarded with stable 
heavy-ion beams at energies well below the Coulomb barrier between the projectile and the target. 
With the recent availability of short-lived beams of β-unstable nuclei it has become desirable to apply 
the same electromagnetic probe to exotic nuclei, which cannot be prepared into targets. This task is 
somewhat complicated by the properties of the radioactive beams; they are generally several orders of 
magnitude less intense than stable beams, and the beams prepared by in-flight separation have energies 
of e.g. Tlab/A1=100 MeV/nucleon (v/c≈0.43). Intermediate-energy Coulomb excitation takes advantage 
of these large exotic beam velocities and compensates for the low exotic beam intensities by employing 
very thick secondary targets (500mg/cm2). 
 
1. Angular distribution measurement 
 
To use the theory of electromagnetic interactions [1,2] to relate the measured excitation cross sections 
to electromagnetic matrix elements, the experimentalist must assure that nuclear contributions to the 
excitation process are small. This can be accomplished by keeping the projectile and target nuclei at a 
safe distance from each other so that the short-range nuclear force does not contribute. This is 
accomplished in experiments at intermediate beam energies by selecting reactions with an extremely 
forward scattering angle θlab, corresponding to a large impact parameter b or distance of closest 
approach R≈b. With the relativistic expression for the deflection function one obtains  
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where Z1 and Z2 denote the nuclear charge of the collision partners, A1 the projectile mass, Tlab the 
laboratory beam energy in MeV and b the impact parameter in fm. 
 
One aim of the present proposal is a measurement of an angular distribution, in order to check the 
validity of the semi classical Coulomb excitation approach. For impact parameters around grazing 
incidence, electromagnetic cross sections are reduced due to nuclear reactions absorbing part of the 
flux. Most frequently, the electromagnetic cross sections are computed adopting a minimum impact 
parameter bmin below which electromagnetic excitation is cutoff. An appropriate choice of bmin is 
crucial in calculating reliable Coulomb excitation cross sections.  Several empirical parameterizations 
(e.g. [3]) for the nuclear interaction radius Rint≈bmin exist, which are based on low-energy reaction data. 
For projectile-target combinations like 86Kr on 197Au or 136Xe on 197Au one obtains an interaction radius 
of Rint=14.2fm (15.0fm) resulting in a grazing angle of θmax=35mrad (32mrad) at a bombarding energy 
of 100 MeV/nucleon.   
Measurements of angle-differential cross sections are often washed out in relatively thick targets, as 
usually applied, by multiple scattering to small angles (angular straggling). Therefore, we propose to 
use rather thin (50mg/cm2) Au targets, which lead to a small angular straggling of 2.7mrad. The use of 
a stable Kr beam has the advantage not to be limited in beam intensity and requires no particle 
identification before the Coulomb excitation target. The obtained result on the minimum impact 



 

 

parameter bmin is essential for all other planned Coulomb excitation experiments using radioactive 
projectiles. It will be used together with a mass identification to calculate bmin and to extract 
electromagnetic matrix elements B(Eλ) from the measured Coulomb excitation cross sections. 
 
 
 
 
2. Particle-γ angular correlation measurement 
 
Measuring the Coulomb excitation cross section by counting deexcitation γ-rays requires also a precise 
knowledge of the particle-γ angular correlation. The angular correlation of the photons measured in the 
laboratory is a convolution of the intrinsic angular distribution of the photons in the projectile frame 
and the Lorentz boost from the projectile frame into the laboratory frame. This is depicted in Fig.1 for 
an E2-decay from a 2+ state to the 0+ ground state in 20Ne, which was excited in a Coulomb excitation 
experiment on a 208Pb target at a bombarding energy of 200 MeV/nucleon. The population of magnetic 
sub states in the excited state depends on the multipolarity λ of the transition, the spin of the state and 
the minimum impact parameter bmin . If the excitation mechanism is purely Coulomb and if the spin of 
the excited state is known, then the particle-γ angular correlation can be calculated for a given 
multipolarity by integration over the impact parameter from b=bmin to b=∞. 
 
 
 
 

`  
Fig.1: Particle-γ angular correlation for a 2+→0+ E2-transition in 20Ne (solid line) calculated in the 
projectile rest frame (left) and in the laboratory frame (right). The 20Ne projectile was excited on a 
208Pb target at a bombarding energy of 200 MeV/nucleon. Dashed line – isotropic distribution in the 
projectile rest frame.  
 
As one can see from Fig.1, the pronounced double-humped E2-angular correlation (projectile frame) 
can hardly be distinguished from an isotropic distribution (dashed line) in the laboratory frame. 
 
However, for a symmetric γ-setup - Ge-detectors on the left hand side (Φγ=00) and on the right hand 
side (Φγ=1800) of the beam direction – an intensity ratio can be determined which is sensitive to the 
particle-γ angular correlation if plotted as a function of the azimuthal projectile angle Φp (see Fig.2).  
The transformation from the projectile rest frame into the laboratory frame is the same for Ge-detectors 
positioned at the same polar angles (θγ) and extreme forward scattering of the projectiles.  
 
The proposed particle-γ angular correlation measurement will be performed for the first time in 
Coulomb excitation measurements at intermediate energy. The γ-rays deexciting the 2+ state will be 
detected in Ge-clusters detectors, while scattered particles in the segmented Si/CsI telescope. It will 
also allow us to use this correlation for radioactive ion beams to determine the multipolarity λ of  γ-
transitions, which is crucial for nuclear structure investigations of unknown level schemes. In addition, 



 

 

we have to determine the maximum slope of the particle-γ angular correlation for nuclear g-factor 
measurements of short-lived states using the transient magnetic field method. 
 
 
 
 
 

 
Fig.2: Particle-γ angular correlation for a 2+→0+ E2-transition in the projectile rest frame as a function 
of the azimuthal projectile angle Φp 

 . G2 and G4 are the attenuation coefficients due to hyperfine 
interactions in vacuum. 
 
3. Beam time request 
 
For the particle-γ angular correlation measurement of 132Xe projectiles excited on a Au or Pb target we 
estimate a total beam time of 3 days which also includes the determination of the angular distribution. 
This request is based on a target thickness of 50mg/cm2, a Coulomb excitation cross section of 500mb, 
a segmentation of the Si/CsI telescope (∆Φp=180), the beam intensity of 105-106[s-1] and  3%  efficiency 
of the Ge-cluster detectors for gamma energy of the 668 keV , the  2+� 0+ transition in 132Xe. 
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1 Introduction

Magnetic moments are an indispensable source of information on the microscopic structure
of atomic nuclei. It results from the fundamental difference of the spin g factors of protons
and neutrons, in sign and magnitude, gS(π)= +5.586 and gS(ν)= –3.826, which enables
to determine the nucleonic components of the wave functions of nuclear states. This
behaviour was clearly demonstrated in recent experiments on low-spin states of stable
even-A neodymium isotopes, for which the well established decrease of g(2+

1 ) values with
decreasing neutron number, approaching the N = 82 shell closure, arises from a strong f7/2

neutron component in the wave function [1]. It is a general feature, that nuclei near closed
shells, in particular with magic neutron and proton numbers, are characterized by orbital
specific single particle components in the wave functions, which changes into collective
structures when departing from shell closures. The competition between single particle
and collective degrees of freedom is sensitively probed by magnetic moments as well as E2
transition rates.

For ps lifetimes of nuclear states, there is at present only the technique of transient
magnetic fields (TF ) which provides the necessary field strengths of several kTesla, to
observe spin precessions with the method of perturbed γ-angular correlations (PAC). The
TF are hyperfine fields of the Fermi contact type, which are experienced in fast moving
ions during their passage through ferromagnetic materials [2], among which Gd provides
the best properties in terms of the polarization of the ions. Its Curie temperature of 298
K, however, requires cooling of the target to liquid nitrogen temperature.
TF are well studied and described by empirical parametrizations [3] at intermediate ion

velocities, v << Zv0 (in units of the Bohr velocity v0 = e2/h̄), whereby the field strength
generally increases with velocity reaching a maximum at v = Zv0 for single-electron ions
with its maximum fraction at the 1s electron Bohr velocity. Beyond this velocity the field
strength decreases towards zero as the ions become fully stripped (see e.g. [4]). Hence,



the largest TF are accomplished for H-like ions implying velocities which correspond to
relativistic heavy ions.

For these highly charged ions the TF is parametrized as follows:

BTF = p1s(Z, host) · q1s(v, Z, host) · B1s(Z) (1)

where p1s is the degree of polarization of the 1s electron, q1s the ion fraction with a single
1s electron and B1s its Fermi contact field as given by,

B1s(Z) = 16.7 ·K(Z) · Z3 [Tesla] (2)

K(Z) is a relativistic correction [5]; the polarization p1s is proportional to 1/Z and q1s � 0.5
at the Bohr velocity v � Zv0. Our present knowledge on the Z dependence of p1s refers
to light ions only, with Cr-ions (Z=24) as the heaviest species so far investigated in TF
measurements [6].

2 First measurements on radioactive 132,134,136Te iso-

topes and 138Xe

2.1 Nuclear structure motivation and expectation

In comparison to the stable even-A Te isotopes 120−130Te, which are collective of vibrational
nature with E(4+

1 )/E(2
+
1 ) � 2.0, the structure of the unstable neutron- rich isotopes 132Te,

134Te and 136Te is strongly influenced by the N = 82 shell closure and the two protons
outside the magic Z = 50 shell. This feature becomes evident already from their 2+

1

excitation energies (Fig. 1a).
It is also determined by their proximity to doubly-magic 132Sn (Z=50, N=82) and

directly relates to neighbouring isotones 134Xe, 136Xe and 138Xe, respectively (Fig. 1b).
For stable 134Xe and 136Xe g factors were recently determined for the 2+

1 and 4+
1 states

clearly exhibiting single proton excitations with dominant (π1g7/2) configuration [7]:

134Xe : g(2+
1 ) = +0.354(7) 136Xe : g(2+

1 ) = +0.766(45)
g(4+

1 ) = +0.80(15) g(4+
1 ) = +0.83(14)

It is the large and positive g factor of both states in 136Xe and of the 4+
1 state in 134Xe which

unambiguously shows the dominant proton nature whereas the smaller g(2+
1 ) value in

134Xe
implies additional neutron hole configurations mainly in the h11/2 orbit (with its negative
Schmidt value, g(νh11/2) = −0.348). This structure is nicely confirmed by shell model
calculations which in addition yield small admixtures of configurations of neighbouring
single particle orbits.

For the isotones 132Te and 134Te we expect for the first 2+ states very similar g factors
although the number of protons in the g7/2 orbit is reduced. For 136Te or its isotone 138Xe,
where the f7/2 orbit is occupied by neutrons, its 2+

1 g factor should be smaller than that
of neighbouring semi-magic 134Te. Evidence for these expectations can only come from
measurements, but such behaviour has been observed for the light Cr isotopes, where the
g(2+

1 ) factor peaks at
52Cr with its N = 28 shell closure [8].

2
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Figure 1: Low-lying states with relevant γ transitions of even-A (a) unstable Te isotopes
and (b) corresponding Xe isotopes.

2.2 Experimental details

The technique used for the nuclear states of interest (Fig.1) is projectile Coulomb excitation
in combination with TF in ferromagnetic Gadolinium. The target, consisting of approxi-
mately 50 mg/cm2 of 208Pb and 50 mg/cm2 of Gd, serves for excitation in Pb and Gd and
spin precession in the Gd layer. The latter is observed via the rotation of the anisotropic
angular correlation of γ rays emitted from the excited 2+

1 and 4+
1 states. Both precession

and angular correlation are measured simultaneously with γ detectors at fixed polar angles

3



Θγ, in and close to the reaction plane, using a particle detector with azimuthal position
sensitivity. In this geometry TF measurements were successfully carried out at beam en-
ergies of ∼15 MeV/u [6]. At projectile energies of ∼100 MeV/u, the strong Lorentz boost
of the γ intensity distribution requires to set the γ detectors at forward angles, which is
foreseen with the RISING detector array. (Fig. 2) The radioactive 132,134,136Te and 138Xe
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Figure 2: Schematic view of the fragment separator, various tracking detectors, the tar-
get assembly and the RISING detector array. Also displayed in more detail is the target
composition.

projectiles will be produced in fragmentation reactions of stable 136Xe and 164Dy beams,
respectively, accelerated by the SIS accelerator to energies of ∼500 MeV/u. The secondary
ions are separated with the fragment separator and will be focussed onto the double-layered
target polarized by an external field of 0.08 Tesla. Ion tracking of the incoming and the
scattered ions is required for Doppler-shift correction and well-defined determination of
the interaction time of the ions in the ferromagnetic Gd layer. The de-excitation γ rays
are measured with RISING Ge Clover detectors in coincidence with the scattered ions,
registered in a position sensitive Si strip detector.

2.3 Angular correlation and precession
134Te ions are produced in the fragmentation of a 136Xe beam of 500 MeV/u on a 4 g/cm2

Be target. The target for Coulomb excitation and precession of the excited states consists
of 50 mg/cm2 208Pb deposited on 50 mg/cm2 thick Gd.

The separated 134Te ions enter the entire target with an energy of ∼100 MeV/u and
exit at ∼92 MeV/u. The mean energy in Gd corresponds to a velocity of vion � 60v0,
which slightly exceeds the Bohr velocity, implying a H-like ion fraction of q1s � 0.5. From
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COULEX calculations of the 2+
1 state at 1279 keV one derives a mean transit time of the

ions through the Gd layer T = 0.5 ps or T = 0.23, depending on the excitation in the Pb-
or Gd-layer, respectively. The grazing angles in the center of mass frame are for Pb 2.9◦

and for Gd 2.7◦.
For the TF strength in these conditions, using eqs. (1) and (2), with p1s = 0.03,

q1s = 0.5 and B1s(Z = 52) = 3.05 MTesla, and an estimated attenuation factor of the
field, Gbeam � 0.5, due to the energy loss of the heavy ion beam in the target, one obtains:

BTF � 23 kTesla.

With this effective TF one derives for effective interaction times, teff � 0.3 ps and 0.2 ps
for excitation in Pb or Gd, respectively, a total precession angle:

Φexp

g
=
µN

h̄

∫ tout

tin
BTF (vion(t))e

− t
τ dt � 300 mrad,

where tin and tout are the mean entrance and exit times of the ions in the Gd layer. For
an estimated g(2+

1 )=+0.8 one obtains a precession angle:

Φexp(2+
1 ) � 240 mrad.

The expected angular correlation of the (2+
1 → 0+

1 ) γ rays of 134Te in the rest frame of the
emitting nuclei is shown in Fig.3. As the Te ions recoil out into vacuum, the anisotropy
of the correlation will be attenuated by the strong hyperfine fields of 1s electrons in the
dominant H-like ions, expressed by the attenuation coefficients G2 and G4. In addition, a
sensible calibration of the field can be accomplished in similar conditions with the known
g factor of Coulomb excited 136Xe(2+

1 ) state.

3 Beam time request

In the following we give an estimate of the beamtime, requested for the determination of
the angular correlation and precession aiming for a 10% accuracy of the 2+

1 g factor of
134Te, and a calibration of the TF with 136Xe(2+

1 ).
With an intensity of the primary 136Xe beam of ∼ 1010/s one can expect for the

secondary beam of 134Te ions an intensity of ∼ 106/s. Due to the count rate limitations of
the particle detection system, MUSIC, the maximum tolerable intensity of the Te ions on
the target, however, is ∼ 2·104/s. With the Coulomb excitation cross-sections of 300 mbarn
and 200 mbarn in Pb and Gd, respectively, one obtains in the γ photopeak a coincidence
count rate of ∼ 10 counts/h for both field directions ’up’ and ’down’. This corresponds
to a photopeak efficiency of ∼ 1% compared to a total efficiency of ∼ 2.6% of the whole
RISING detector array. With essentially two γ detectors in the reaction plane and a 10%
accuracy of the g factor one requires in each γ detector and field direction a total peak
intensity of ∼ 500 counts. This implies a total beam time of 7 days, composed of 5 days
for the 134Te measurements and 2 days for the calibration of the TF with 136Xe(2+

1 ). The
latter requires 136Xe as primary beam with an intensity of ∼ 106 ions/s. This increased
intensity can be tolerated as the limiting MUSIC detector is not needed.
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Figure 3: Particle-γ-angular correlation of Coulomb excited 134Te(2+
1 ) as ratio of γ inten-

sities of two Ge detectors at angles |Θ| = 26.5◦ symmetric to the beam direction, calculated
as a function of the azimuth angle ΦP of particle detection in the rest frame of the γ-
emitting nuclei. G2 and G4 are the attenuation coefficients due to hyperfine interactions
in vacuum [6].
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1 Introduction

The atomic nucleus is a quantal many-body system and possesses a variety of shapes and

sizes throughout the periodic table. The shape can be a sphere, an ellipsoid or a shape

in between the two, depending on the number of protons and neutrons; some nuclei show

the coexistence of different shapes. For nuclei at and near closed shells, the ground state is

spherical and phase transition gradually occurs from spherical to deformed shapes as one

moves away from closed shells. The observation of large quadrupole moments of rotational

band structures and measurements of their properties have confirmed the deformed shape

(spheroidal shape) of nuclei. For the majority of deformed nuclei a description assuming

an axial and reflection symmetry (i e. symmetry under space inversion) is adequate to

reproduce the band structure. In this case all the members of the rotational band will

have the same parity. However, the observation of parity doublets in some nuclei suggests

the possible existence of shapes, which are asymmetric under space inversion, the so called

reflection-asymmetric shapes.

The calculations with a reflection-asymmetric mean-field (RAMF) predicted that the
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reflection-asymmetric shapes (i e., octupole deformation or octupole collectivity) appear

in specific regions of the nuclear chart, where the Fermi level approaches pairs of close

lying, opposite-parity orbitals with ∆j = ∆l = 3, which may be coupled by the octupole

interaction. The strong octupole deformation or correlations are localized around particular

proton and neutron numbers. The maximum octupole coupling occurs just above the closed

shells viz. Z, N = 34, 56, 88, 134 where (Nlj) intruder orbitals interact with (N-1, l-3, j-3)

natural parity states through the octupole component of the mean field. Though about

an order of magnitude weaker than the quadrupole one, the octupole residual interaction

is of a fundamental importance because it correlates orbitals of opposite parity, leading

to mixed-parity states in the reference frame of the nucleus. Such exotic states may, for

instance, enhance the effect of ”true” parity violation in weak interactions, thus making

a nucleus a convenient laboratory to study this fundamental phenomenon. The increased

binding of a nucleus, due to octupole interaction, which may be of the order of 1 MeV,

may affect another important process, the astrophysical r process. It has been suggested

recently, that enhanced octupole correlations are present in very neutron-rich Kr isotopes

[1]. The presence of extra binding in these nuclei may influence the direction of the r-process

path, running across this region. It is also worth mentioning that lower in magnitude but

easy to discriminate from the dominating quadrupole residual interactions, the octupole

component provides a more precise probing of the nuclear mean field. For all these reasons it

is very important to localize on the nuclear chart and study in detail the effects of octupole

residual interaction in nuclei. Detailed mean field calculations for the ground state predict

that the strongest octupole deformation is present in the neutron deficient nuclei around
224Th, with negative parity excitations of the order of 200 keV and in the neutron rich

nuclei around 146Ba, with the energy of the lowest 1− state of about 750 keV [2].

In the present proposal we would like to investigate reflection asymmetric neutron-rich

Ba isotopes in their ground and excited states. It has been a long standing question of

whether octupole correlations in these nuclei are strong enough to produce stable octupole

shapes at low excitation energy. Several theoretical calculations suggested the presence of a

stable octupole deformation in 142−146Ba. It has been also speculated that the energy gain

due to octupole deformation in Ba isotopes is insufficient to produce octupole-deformed

shapes [3]. In the region of 146Ba, octupole instability was first predicted by Nazarewicz

et al. [4] using the Strutinsky-type potential energy calculations for axially symmetric
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and reflection asymmetric deformations. Skalski [5] has also predicted the signature of

octupole-deformed ground states in the above nuclei, where he calculated the deformation

energy within the Strutinsky method with the Woods-Saxon mean field. The deformed

shell model calculations yield large energy gaps at Z=56 and 62 in the proton spectrum

due to octupole mixing between the h11/2 and d5/2 orbitals. For the neutron system there

is a gap at N=88, which results from the octupole mixing between the i13/2 and f7/2 orbitals

[6].

The observation of opposite-parity intertwined bands, connected by enhanced E1 transi-

tions in 144Ba [7], confirmed the theoretical prediction of octupole instability in this region.

Later measurements by Mach et al [8] and Urban et al. [9] also confirmed this predic-

tion. The experimental evidence for stable octupole-deformed shapes in 142−146Ba is based

on B(E1)/B(E2) branching-ratios. Such simple estimates of β3 based on B(E1)/B(E2)

branching-ratio values are not fully conclusive. More precise information can be obtained

by performing direct measurements of electromagnetic transition probabilities. Such mea-

surements could provide the conclusive information on stable octupole deformation in Ba

isotopes. Using the Coulomb excitation technique the E3 matrix elements can easily be

determined. In Coulomb excitation the probability for excitation of the 3− state coupled

by the E3 operator is much larger than that for E1 compared to de-excitation (the E1

transition rate is many orders of magnitude faster than that of E3).

Apart from verifying the existence of octupole deformation in Ba isotopes, the pro-

posed experiment could help resolving another intriguing problem, concerning the octupole

deformation in these nuclei. It has been noticed already by Phillips et al. [7], that the

B(E1)/B(E2) branching ratios in 146Ba, indicated by the theory as the best place to look

for the effect, are an order of magnitude smaller than in the neighboring 144Ba isotope.

This surprising observation prompted further calculations, which have explained low val-

ues of B(E1) rates in 146Ba as the result of a local cancellation the electric dipole moment

D0 in this nucleus. The D0, moment is a sum of the volume and the shell-correction con-

tributions, which cancel each other in 146Ba. This explanation was further supported by

the observation of enhanced B(E1)/B(E2) branching ratios in the next, 148Ba isotope [9].

The discussed picture assumes that the volume contribution, originating from the octupole

deformation of a nucleus, is non zero in 146Ba. On the other hand the alignment process ob-
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served in the ground-state band of 146Ba, is characteristic of a reflection-symmetric shape.

It is therefore of a great interest to verify the degree of octupole deformation in the ground

state of 146Ba via a direct measurement of the B(E3) transition probability to the 3− state.

Similar discrepancies are encountered in Ce isotopes. The theory predicts that octupole

correlations in these nuclei are generally weaker than in Ba isotopes due to the Z=56 gap,

and in the 148Ce a reflection-symmetric shape is expected [6]. This disagrees with the

recent observation of enhanced B(E1)/B(E2) branching ratios in the discussed Ce isotopes

[10]. Future, direct measurements of electromagnetic moments in these nuclei could further

verify the presence of octupole deformation in the neutron-rich lanthanides.

In summary, we propose to investigate the neutron-rich even-even Ba (A=140-146)

isotopes. We intend to measure the B(E2), and B(E3) values using presently available

radioactive beams of those nuclei in order to study the stable octupole shapes. First we will

investigate 142−144Ba because of sufficient secondary beam intensity. The rates estimates

for 146Ba are rather pesimistic at the moment.

2 Experimental Method

We propose to use in-beam γ spectroscopy following relativistic Coulomb excitation to

investigate the electromagnetic properties of these neutron-rich radioactive nuclei. For

the present project, we intend to use 500-600 MeV/u 150Nd beams from SIS to produce
142−144Ba. The fragments with energy of 100 MeV/u will be focused on the Pb target

for Coulomb excitation of the first 2+ and 3− states. Standard FRS detection setup by

combining measurements of the fragments’ magnetic rigidity Bρ, their energy loss ∆E

and their time of flight TOF, will be used for the tracking of the fragments before the

COULEX target. The reaction products emerging downstream after interaction with the

Pb target of 300 mg/cm2 thickness will be identified by a E-∆E telescope (CATE) which

is a combination of position sensitive silicon PIN diode (to measure the position and ∆E)

and CsI scintillator (for total energy E). The de-excitation γ-rays of the scattered beam

particles will be detected by RISING Cluster detectors placed at forward angles.
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3 Count Rate Estimates

We estimated the value of electromagnetic moments B(E3) from the theoretically predicted

β3 [11] value for Ba isotopes. The total relativistic Coulomb excitation cross section has

been calculated by using theWinther and Alder formalism [12]. In order to be free of nuclear

excitation, the safe distance of closest approach used was 15.2 fm, which corresponds to

scattering angles θcm ≤ 3.0o of the beam particles.

The experimentally observable E(3−) and E(2+) γ-ray transition rates, Nγ(3
−) and

Nγ(2
+), have been estimated from the known secondary beam production rates. To estimate

the secondary beam intensity and transmission through the FRS and size of beam spots at

the secondary (COULEX) target position, a simulation has been performed using the ion-

optics simulation code MOCADI [13]. The production cross section of secondary fragments

was calculated by using EPAX2 [14]. We assumed a primary beam intensity of 5x109

particles per second. 9Be of 4 g/cm2 will be used as a primary production target. We use

for Coulomb excitation a Pb target of 300 mg/cm2 thickness. The secondary beam will

be 100 MeV/u at the reaction target. The final count rates, Nγ(3
−) after corrections for

efficiency of the RISING Gamma detectors array are given in Table 1. The count rates

Nγ(2
+) of Ba isotopes are more then 10 times larger than Nγ(3

−).

Table 1: Estimates of B(E3), σE3 and γ-ray transition count rates of 142,144,146Ba nuclei

Nucleus Secondary Beam E(3−) B(E3) σE3 Nγ(3
−)

Intensity (PPS) (keV) (e2fm6) (mb) (per day)

142Ba 18300 1292.2 76501.3 7.03 240

144Ba 2099 838.0 98402.7 8.89 38

146Ba 104 821.3 100530.3 9.01 2
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4 Beamtime Request

Based on the above count rate estimates (Table 1) we ask for the following beam time.

For 144Ba 15 shifts and for 142Ba 9 shifts. This will allow a statistical precision in the

measurement of the B(E3) values of 3 % to 10 %, depending on the particle count rates.

The total requested beam time : 24 shifts or 8 days
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MOTIVATION  
 
The light Pb isotopes are a particularly interesting testing ground for the nuclear shell 
model.  Due to the Z=82 magic gap they are spherical in their ground states. Proton pair 
excitation across the Z=82 shell coupled to spin and parity 0+ comes low in energy.    
This is due to the creation of one particle and one hole pair which yields a gain in pairing 
correlation energy. Furthermore, the attractive proton-neutron interaction lowers the 
energy of the 2p-2h states, so that for even Pb isotopes with mass A ≤ 194 the 
corresponding 0+ state lies below the first excited 2+ state. Within a deformed mean-field 
approach this is equivalent to a macroscopic phase change from a spherical to an oblate 
shape. The band structure built on top of it has been observed only for a limited number 
of isotopes, the lightest being 190Pb.  
 
This schematic picture can also be extended to multi-particle and multi-hole excitations, 
each of them possibly leading to a different shape. The large space available for valence 
neutrons (mid-shell between N=82 and N=126) favours deformed configurations. 
Combined with the strength of the proton-neutron quadrupole force and the pairing,         
a subtle balance originates where the promotion of specific proton pairs to the next shell 
leads to either a prolate or to an oblate state. At lighter masses (Sn and Ni region), the 
steady increase in the shell gap energy, combined with a decreasing open space for the 
valence particles, lead to an increase in excitation energy of deformed states. For heavier 
elements the shell gap becomes too narrow and the proton-neutron correlation causes the 
ground state to become deformed. Therefore, only the n-deficient Pb region shows 
dramatic shape changes close to the ground state where the level density is low. Thus, it 
provides ideal conditions to study the microscopic origin of the spherical-symmetry 
breaking which leads to spheroidal deformation. 
 
A 4p-4h state has been associated to a recently discovered 0+ state in 186Pb [1] 
establishing the only triple shape coexistence of low-lying 0+ states found so far.       
Based on the energy systematics of the oblate band heads in the heavier Pb isotopes,     
the extrapolation of the 0+ band-head energy starting from the higher-spin members of a 
band assumed to be prolate deformed [2,3] and reduced α-decay widths, the first excited 
0+ state at 532 keV has been assigned oblate and the second excited 0+ state at 650 keV 
prolate deformed.  
 



 

 

This characterization is supported by detailed potential-energy-surface calculations (see 
fig. 1) predicting quadrupole deformations around β2≈0.15 and β2≈0.27 for the oblate 
respectively prolate shape as well as super and hyper-deformed states at higher excitation 
energy [4,5]. To proof this scenario true, experimental determination of deformation 
parameters for 186Pb is helpful. Moreover, the level scheme of the low lying non-yrast 
states needs to be determined to perform mixing calculations. This new structure 
information will help to pin down the parameters used in the calculations, leading to an 
improved understanding of subtle shell effects and a better predictability of exotic shapes.  
 
Triple shape coexistence is predicted for the odd neighbours 185,187Pb too. Low lying 
states are known from α-decay measurements, e.g. at 226 keV and 280 keV in 185Pb [6] 
interpreted as prolate deformed. Again, deformation parameters and any additional 
information on the decay scheme is very valuable.  
 
We propose to measure the  lifetime of  the 4+ state at 923 keV in 186Pb assumed to be 
prolate deformed, the states at 226 keV and 280 keV in 185Pb and possibly of other low 
lying states in 185-187Pb, in order  to deduce corresponding deformation parameters.         
In addition, detailed γ-spectroscopy is planned to clarify the low lying level structure in 
these nuclei. As a by-product, isomers (hampering fusion-evaporation type experiments) 
can be identified and transitions above isomers selected.  
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 Calculated potential energy surface for 184Pb showing spherical, oblate and 
prolate minima at rather low energies (from [1]). 
 
 
 



 

 

Experimental details 
 
We propose to use a secondary fragmentation reaction to populate excited states in       
185-187Pb and to measure the lifetime of the states of interest by their γ-decay employing a 
differential Doppler shift method with a stack target. For that purpose 200Rn produced by 
fragmentation of a 600 MeV/u 238U beam on a 9Be target is selected by the FRS and 
identified by the standard Rising set-up. The following rate estimation follows the 
assumptions made in the general Rising proposal. Although the nuclei of interest could be 
produced directly by 238U fragmentation their cross section (e.g. σ(186Pb) = 260 µb) is too 
small -compared to the total fragmentation and fission cross section- to be separable from 
the overwhelming contribution from other channels. Moreover, the rate capability of the 
particle tracking system would severely limit the usable primary beam intensity and thus 
turn the yield of 185-187Pb down. In the proposed two-step process 200Rn is produced with 
σ(200Rn) = 2.1 mb.  Assuming a primary 238U intensity of 6⋅107 /s about 104 /s 200Rn 
projectiles are available behind the FRS embedded in ≈4⋅104 /s other beam species which 
are indeed distinguishable by the tracking detectors. 
 
 Using a secondary Al target consisting of three foils with 1.5 mm and 5 mm spacing 
respectively, and a total thickness of 0.5 g/cm2, the yield of 186Pb produced with σ(186Pb) 
= 2.9 mb is about 0.5 /s. The corresponding yields for 185Pb and 187Pb  is about 0.2/s 
respectively 1/s. About 10% of the total fragmentation and fission yield go into these 
three channels of interest. Therefore the selectivity of the CATE system is adequate to 
reduce unwanted channels and fission events. A single isotope selection is not required 
since the resolution of the γ-detectors enables to distinguish lines from neighbour nuclei 
(gating on unknown lines on the other hand allows for an unambiguous determination of 
the mass and charge of the corresponding nucleus).  
 
It can be assumed that the decay of most of the highly excited Pb fragments will proceed 
through yrast or close to yrast states. According to recent investigation [7] the most 
strongly populated spin is around 6 ħ and the spin distribution should reach values up to 
20ħ. Taking into account the efficiency of the Ge detectors and internal conversion a final 
full energy γ-rate of about 30 /hour for the 260.6 keV 4+ → 2+ transition in 186Pb and 
about 5 /hour for the transition of the 280 keV state to the ground state of  185Pb is 
estimated if a population probability of 50% and 20% is assumed. Following the above 
discussion the lifetime of the two transitions could be 30 ps and 20 ps leading to 
characteristic line shapes with the stack target, which is sensitive to lifetimes between 
about 0.2 ps and 50 ps. It should be mentioned that the background from atomic 
Bremsstrahlung does not exclude the measurement of 260 keV γ lines (or even lower 
energies) since selecting the 14 nucleon removal channel in itself biases nuclear de-
excitation (The “prompt flash” problem only arises if the purely atomic interaction events 
can not be distinguished from nuclear interaction events, e.g. Coulomb excitation without 
trajectory selection).  
 
To be able to identify isomers by their delayed γ-decay it is suggested to surround the     
E-detector of CATE by a compact array of fast BaF detectors. The useful time range is 



 

 

from 50ns to 5µs, limited by the prompt radiation and the background from uncorrelated 
projectiles. 
 
To reach sufficient statistical accuracy for the determination of the lifetimes about 103 
full energy γ-events are required. Therefore about 1.5 days would be sufficient for186Pb, 
whereas 8 days are required for 185Pb. These 8 days are very useful for the spectroscopy 
of 186Pb, since they will enable measurement of γγ-coincidences for cascade decays.  
Thus a total beam time of  8 days is asked for. 
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