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Foreword 

In the present booklet we have collected the one-page abstracts of all contributions 
(invited, oral and poster) accepted at the INPC2013 Conference in the topic  

Nuclear Reactions 

The submitted abstracts have been divided into the various topics of the Conference 
following mostly the indication given by the authors. In few cases, where the subject 
was on the borderline of two scientific areas or it appeared misplaced, the abstracts have 
been moved to the booklet of the more appropriate topic.  

The abstracts are numbered and arranged alphabetically  according to the name of the 
first author. In the parallel and poster sessions of the Conference, each contribution will 
be identified by the number of the corresponding abstract. 

We wish you a pleasant and stimulating Conference. 

The Organizing Committee 
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One of the most interesting puzzles of relativistic nuclear physics is an origin of cumulative 
particles which kinematic lies in a region forbidden for interactions of free nucleons. Though a lot of 
efforts have been spent over decades for measurement and an analysis of such processes in hadron-
nucleus interactions the origin of these particles is still an open question.  Ion beams can shed new 
light on above mentioned problem. In our present study we made a step in this direction by high  
sensitivity  measurement  of  high  momentum  protons  at  a  small  angle  from  12C  fragmentation. 
Projectile  fragmentation at  intermediate  energies  made  it  possible  to  study both cumulative and 
evaporation momentum regions in a single experiment. In a framework of the FRAGM experiment at 
ITEP heavy ion facility we have measured yields of protons from 12C  fragmentation   at  energies 
from  0.2  to 3.2 GeV/nucleon on a Be-target. Main attention was given to  the region of  high 
momentum where proton velocity exceeds the projectile velocity. The obtained data cover about six 
orders of the differential cross section magnitude and the range of cumulative variable  x ≈ p/p0  up to 
x = 2.4 (p0 and  p are  momentum per nucleon of the  projectile  and proton, respectively). Proton 
momentum spectra were analyzed in the framework of multi-quark cluster model with fragmentation  
functions calculated in the Quark-Gluon string model [1]. The multi-quark cluster probabilities were 
estimated and compared with the available theoretical  calculations and experimental  data.  These  
probabilities are in reasonable agreement with similar estimates, based on another methods [2,3]. It 
supports the hypothesis of quark nature of cumulative effect. Systematic uncertainties of the model  
used  are  discussed.   It  is  worth  to  mention  that  this  approach  is  also  an  effective  tool  for  
parametrization of high-momentum part of  the proton spectrum in nuclear fragmentation, where  
models of ion-ion interactions are far from agreement with experiment. 

 

[1]. A. V. Efremov, A. B. Kaidalov, G. I. Lykasov, N. V. Slavin ЯФ, 57, 932 (1994).
[2] K. S. Egiyan et al. PRL 96, 082501 (2006)      
[3] H. J. Pirner and J. P. Vary, Phys. Rev. C. 84 015201 (2011).
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The quantum diffusion approach was applied to study the sub-barrier capture reactions with well and
loosely bound nuclei [1]. We demonstrated a good agreement of the theoretical calculations with the
experimental data. We found that the influence of the neutron transfer on the capture cross section occurs
owing to the change of the isotopic composition and the deformations of the reaction partners. The 1n−
or 2n−transfer indirectly influences the quadrupole deformation of the nuclei. When after the neutron
transfer the deformations of nuclei do not change or decrease, the neutron transfer weakly influences
or even suppresses the capture cross section. Good examples for this effect at sub-barrier energies are
the capture reactions 32S+96Zr,94,96,98,100Mo,100,102,104Ru, 104,106,108,110Pd,112,114,116,118,120,122,124Sn.
The relative enhancement of the sub-barrier fusion cross sections for the reactions with 32S to those with
36S is mostly related to the deformation of the light nucleus. The point of view that the sub-barrier
capture (fusion) cross section strongly increases if the neutron transfer has with a positive Q value has to
be revised. The neutron transfer can enhance and suppress the sub-barrier fusion.

Our approach revealed that due to the change of the regime of interaction (the turning-off of the
nuclear forces and friction) at sub-barrier energies, the first derivative in energy of the cross sections is
changed at about 3.55.0 MeV below the barrier [2]. This change is reflected in the logarithmic derivative
L(Ec.m.) and astrophysical S(Ec.m.) factors.

By analyzing the extracted breakup probabilities, we showed that there are no systematic trends of
breakup in the reactions studied [3]. Moreover, for some system with larger (smaller) ZT we found
the contribution of breakup to be smaller (larger). Almost for all reactions considered we obtained a
satisfactory agreement between calculated capture cross section and experimental fusion data, if the
calculated capture cross section or the experimental fusion data are renormalized by some average factor
that does not depend on the bombarding energy.

[1] V.V. Sargsyan, G.G. Adamian, N.V. Antonenko, W. Scheid, and H.Q. Zhang, Phys. Rev. C 86, 014602 (2012).
[2] V.V. Sargsyan, G.G. Adamian, N.V. Antonenko, W. Scheid, and H.Q. Zhang, Phys. Rev. C 86, 034614 (2012).
[3] V.V. Sargsyan, G.G. Adamian, N.V. Antonenko, W. Scheid, and H.Q. Zhang, Phys. Rev. C 86, 054610 (2012).
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Recently, fusion data were reported for the exotic proton-halo system 8B + 58Ni [1]. Remarkably, a 
strong enhancement both below and above the Coulomb barrier was observed with respect to Barrier 
Penetration Model (BPM) predictions for a bare potential. This behavior is qualitatively different 
from the usual sub-barrier enhancement observed for many heavy-ion systems and, in particular, it is 
quite different from the behavior observed for neutron-halo systems. While fusion tends to saturate 
the total reaction at high energies for the above proton-halo system, the corresponding excitation 
function σfus(E) is always below σR(E) in the case of measured data for the neutron-halo projectile 
6He.  

When comparing total reaction cross sections for both types of systems, however, they show a 
striking similarity. Indeed, the experimental σR(E) curves for systems with  8B and 6He projectiles, 
follow the same trajectory [2] when the data are properly reduced to eliminate trivial effects of size 
and charge. In fact, it has been shown that, in the reduced plot, this trajectory is enhanced with 
respect to the one followed by weakly-bound non-halo systems and the latter in turn lies above the 
one corresponding to tightly bound projectiles [2]. Within this context, it would seem that the halo 
nature of the projectiles provides in each case the mechanisms that enhance the total reaction cross 
sections, making them comparable to each other, but the fusion process is capable of distinguishing 
some important feature characteristic of the particular halo state. 

The different halo charges could be such a feature. It is possible that a dynamic effect of Coulomb 
polarization might be important in defining the fusion mechanism for halo systems. For the case of 
Coulomb breakup, it has been shown that both the halo nature and the Coulomb polarization of the 
8B projectile play important roles [3]. Coulomb polarization effects, if present, would affect 
differently the fusion process for the cases of proton- as opposed to neutron-halo projectiles, which 
could explain the mentioned differences in the respective fusion data. Within this context, the 
possible importance of the true halo nature of 8B can be tested by comparing the respective fusion 
cress sections to similar data for other proton-rich nuclei. 

The 7Be nucleus is an excellent reference to compare with. It certainly has a proton excess, it is 
weakly bound (Eth = 1.59 MeV) and, in addition, it is the core for 8B. In the present work, a 
comparison is made between fusion data for the (7Be, 8B) + 58Ni systems. It is shown that, similar to 
8B, the system with the 7Be projectile also presents an enhancement above the barrier, but to a lesser 
degree. The data are discussed and simple arguments are given that support the idea that Coulomb 
polarization might be responsible for the fusion enhancement in these systems. 

  
  
 
 
[1] E. F. Aguilera et al., Phys. Rev. Lett. 107, 092701 (2011). 
[2] J. J. Kolata and E. F. Aguilera, Phys. Rev. C 79, 027603 (2009).  
[3] H. Esbensen and G. F. Bertsch, Phys. Rev. C 66, 044609 (2002). 
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The synthesis of superheavy nuclei as evaporation residues in heavy ion fusion reaction has 
been investigated by theoretical model of the dinuclear system (DNS) [1,2]. The evaporation residue 
cross section has been considered as product of the partial capture cross section responsible for the 
transition of the projectile nucleus through the entrance Coulomb barrier and the DNS formation, the 
probability of the formation of the compound nucleus after the capture and the survival probability 
of the formed compound nucleus. The dependence of the compound nucleus formation probability 
on the nuclear temperature and compound nucleus survival probability on the nuclear level density 
(NLD) [3,4] has been analyzed by considering different models of the NLD and level density 
parameter. 
 
 
 
 
[1] V. I. Zagrebaev, Phys. Rev. C 64, 034606 (2001); 
[2] N. Wang, et al., Phys. Rev. C 77, 014603 (2008); 
[3] H. T. Nyhus, et al., Phys. Rev. C 85, 014323 (2012); 
[4] B. Canbula, H. Babacan, Nucl. Phys. A 858, 32 (2011). 
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 The study of incomplete fusion (ICF) dynamics at energy ~3-8 MeV/A has been topic of 

considerable interest for last few decades [1-3]. At higher angular momentum (  > crit ), a part of

the projectile fuses with target nucleus while remnant moves with the same beam velocity as that 

of incident ion beam. The information of ICF has been obtained from the measurement of 

excitation function (EF) of ERs populated in 
20

Ne + 
55

Mn, 
20

Ne + 
159

Tb and 
16

O + 
156

Gd systems. 

Sizable enhancement in the measured cross-sections has been observed in -emitting channels 

over theoretical predictions, which has been attributed to ICF of the projectile. It has been 

observed that ICF-fraction is sensitive for mass-asymmetry of interacting partners and supports 

the Morgenstern et al; systematics [4]. In order to confirm the findings of the measurements and 

analysis of EFs, the forward recoil range distributions of ERs populated in 
20

Ne + 
159

Tb (E 

~165MeV) and 
16

O + 
156

Gd (E ~ 72, 82 & 93MeV) systems, have been measured. It has been 

observed that peaks appearing at different cumulative thicknesses in the stopping medium are 

related with different degree of linear momentum transfer from projectile to target nucleus by 

adopting the break-up fusion model consideration. In order to deduce the angular momentum 

involved in various CF and / or ICF reaction products, spin distribution and side-feeding intensity 

profiles of radio-nuclides populated via CF and ICF channels in 
16

O + 
160

Gd system at energy, E ~ 

5.6 MeV/A, have been studied. Spin distribution of ICF products are found to be distinctly 

different than that observed from CF products. It has been observed that in ICF-products, mean 

input angular momentum increases with fusion incompleteness as compared to CF-products. The 

present observation clearly indicates that production of fast α-particles arises from relatively high 

angular momentum, which leads to peripheral interaction.  

 

[1] D. Singh et al; Nucl. Phys. A, in Press, 2012. 

[2] Rahbar Ali et al; J. Phys. G: Nucl. Part. Phys.  37 (2010) 115101. 

[3] D. Singh et al; Rev. C 79 (2009) 054601.      

[4] H. Morgenstern et al; Phys. Rev. Lett. 52 (1984) 1104; Phys. Lett. B 113 (1982) 463. 
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Fusion excitation function measurement has been carried out for the 20Ne + 51V system
to obtain a representation of the fusion barrier distribution. Using the present data along with
previously measured result on 12C, 16O + 51V[1,2] systems, a systematic analysis has been carried
out to investigate the role of target and/or projectile structure on fusion barrier distribution.
It was shown by Rowley et al. [3] that, under certain approximations, the distribution in
energy of a discrete spectrum of barrier could be obtained from precise fusion cross-section σ by
taking the second derivative with respect to centre-of-mass energy Ec.m of the quantity (Ec.mσ).
When quantal tunneling are considered, d2(Ec.mσ)/dE2

c.m becomes continuous and each barrier
is smoothed in energy with a full width at half maxima (FWHM) of 0.56h̄ω, where h̄ω is the
barrier curvature. In this work it is observed that the excitation functions are not smooth and
featureless, rather each is unique and is shown to depend on the details of the structure of the
interacting nuclei.

[1] M. Ismail et al., Parmana J. Phys. 49, 623 (1997);
[2] M. Ismail et al., Parmana J. Phys. 52, 609 (1997);
[3] N. Rowley et al., Phys. Lett. B 254, 25 (1991).
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The calculation of the cross section for processes with nuclear targets and knocked out nucleons, with

the residual system in a given final state, requires the knowledge of the target nucleus and final state

wave functions. Processes with two-nucleon emission can be calculated by means of the two-nucleon

overlap functions, exploting the relationship between the eigenstates of the (A-2) nucleon system with

the asymptotic part of the two-body density of the target nucleus ground state [1,2]. We consider a

realistic description of two-body nuclear densities obtained within the linked cluster expansion method

for complex nuclei [3,4,5], taking into account the short-range correlations induced by realistic potentials,

and we use it to obtain two-body overlaps for processes both with two like nucleons and two unlike

nucleons in the final state. This work represent a generalization of existing calculations for processes

with two protons in the final state, where the Jastrow method were used to generate nucleon-nucleon

correlations [6,7]. Including the full state-dependent nucleon-nucleon correlations will make it possible

to address in a quantitative way the calculation of processes investigated in recent experiments with the

carbon nucleus target [8,9,10] aimed at directly measuring two-nucleon short range correlations and the

role of the tensor force in enhancing the proton-neutron correlations with respect to the proton-proton

ones [11,12], as well as to calculate the pair spin and isospin dependence of correlations in nuclei.

Moreover, our calculations will be relevant to the upcoming results from the data mining project at

Jefferson Lab and of new experiments with the upgraded facility.

[1] A. N. Antonov, S. S. Dimitrova, M. V. Stoitsov, D. Van Neck, P. Jeleva, Phys. Rev. C59, 722 (1999). [2] E. C.

Simpson et al., Phys. Rev. C 86, 054609 (2012) [3] M. Alvioli, C. Ciofi degli Atti, H. Morita, Phys. Rev. C72,

054310 (2005). [4] M. Alvioli, C. Ciofi degli Atti, L.P. Kaptari, C.B. Mezzetti, H. Morita, S. Scopetta, Phys. Rev.

C 85, 021001 (2012) [5] M. Alvioli, C. Ciofi degli Atti, L.P. Kaptari, C.B. Mezzetti, H. Morita, arXiv:1211.0134

[nucl-th] submitted for pubblication [6] D. N. Kadrev, M. V. Ivanov, A. N. Antonov, C. Giusti, F. D. Pacati, Phys.

Rev. C68, 014617 (2003). [7] C. Barbieri, C. Giusti, F. D. Pacati, W. H. Dickoff, Phys. Rev. C70, 014606 (2004).

[8] A. Tang et al, Phys. Rev. Lett. 90, 042301 (2003). [9] E. Piasetzky, M. Sargsian, L. Frankfurt, M. Strikman, J.

W. Watson, Phys. Rev. Lett. 97, 162504 (2006). [10] R. Subedi et al, Science 320, 1476 (2008). [11] R. Schiavilla,

R. B. Wiringa, S. C. Pieper, J. Carlson, Phys. Rev. Lett. 98, 132501 (2007). [12] M. Alvioli, C. Ciofi degli Atti,

H. Morita, Phys. Rev. Lett. 100, 162503 (2008).
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Nuclear break-up occurring at few tens of MeV per nucleon is an efficient tool to study 
clusterization into nuclei. A landscape of information extracted through nuclear break-up will be 
given. 

Firstly, spatial pairing correlation can be studied. Pairing plays an important role to 
understand various aspect of nuclear physics but also nuclear astrophysics.  Halo nuclei are the best 
place to study pairing effect in low-density matter. The case of 6He borromean nucleus was 
investigated at GANIL with an exclusive measurement in order to disentangle between the di-
neutron and cigar configuration [1]. A theoretical reaction model going beyond mean-field was 
developed to understand the experimental data [2]. It shows very strong di-neutron contribution.  

The alpha clusterization phenomenon was also studied in 40Ca and 40Ar to compare this 
effect in symmetric and asymmetric matter. The angular distribution of the emitted alpha particle are 
compared to Time Dependent Schrödinger Equation calculations to extract spectroscopic factors for 
the ground state [3]. 

 According to AMD calculations, clusterization may show up in light nuclei close to the 
driplines. In the future, studies of isotopic chains up to the dripline are foreseen. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[1] M. Assié  et al, EPJA 42, 441–446 (2009). 
[2] M. Assié, D. Lacroix, PRL 102, 202501 (2009). 
[3] J.-A. Scarpaci et al, PRC 82 031301(R) (2010). 
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The collective flow is an ordered motion characterized by different space momentum correlations 
that can be generated by the dynamics. Different kinds of collective flow that has been suggested are 
radial, directed, elliptic and differential flow. Among all the above mentioned flows directed flow 
(alternatively known as in-plane flow or sideward flow) is directly connected to the dynamic 
evolution of the reaction. Also the beam energy dependence of directed flow leads to its 
disappearance at a particular energy, known as balance energy or energy of vanishing flow. The 
directed flow is found to be affected by nuclear mean field potential, nucleon- nucleon cross section 
and as well as by various entrances channel parameters such as incident energy, colliding geometry 
and system size [1]. Here we aim to understand role of nucleon-nucleon cross section and its isospin 
dependence, different equation of state as well as various other model ingredients such as width of 
Gaussian, coulomb force, symmetry energy and structural effects like the radii of the colliding nuclei 
on the mass dependence of directed flow and its disappearance using isospin dependent quantum 
molecular dynamics model [2]. We notice that all the model ingredients have sizeable effect on the 
above mentioned quantities.  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
[1] A. Andronic et al., Phys. Rev. C 67, 034907 (2003); A. D. Sood, R. K. Puri and J. Aichelin Phys.            
      Lett. B 594, 260 (2004). 
[2] C. Hartnack et al., Eur. Phys. J. A 1, 151 (1998). 
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We  study the relative contribution of symmetry energy and Coulomb effect on the fragment 

production for asymmetric colliding nuclei near the Fermi energy (20 -100 MeV/nucleon). For the 
present analysis, we simulate  the reactions for the whole mass range (from 

12
C + 

197
Au to 

197
Au + 

197
Au). The analysis is carried out with in the frame of  isospin quantum moleular dynamics (IQMD) 

model [1]. Our study shows that the role of Coulomb interactions decreases with increase in energy. 

The density dependence of symmetry energy places a significant role at higher densities.  

[1] C. Hartnack et al., Eur. Phys. J. A 1, 151 (1998). 
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We employ a transport model based on Landau-Vlasov equation to explore the dipolar 

response of neutron rich systems and its dependence on symmetry energy.  

We present evidences for collective features of the pygmy dipole resonance and study its 

dependence with the mass number. We extract a parametrization 42A
-1/3

 for the energy centroid 

which agrees quite well with data  for Ni, Zr, Sn and Pb. 

In the second part we apply a transport model, Stochastic Mean Field, which also 

relies on Landau-Vlasov kinetic equation, to heavy ions collisions and investigate the correlations 

between the collective flow of Intermediate Mass Fragments and their isospin content, which can 

provide new informations about the early stages of isospin and fragmentation dynamics at Fermi 

energies. 
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The alpha cluster structure of nuclei with an equal number of protons and neutrons (alpha 
conjugate nuclei) was proposed in the 1968 by Ikeda et al. [1] to explain some excited states not 
reproduced by the shell model. Since then many studies have been performed and now the alpha 
clustering in light nuclei is well established [2]. However further investigation is required to fully 
understand the clusterization in medium light and heavy nuclei. In particular states analogous to the 
Hoyle state, in which the nucleus is described by a cluster of n alpha particles, have not yet been 
unambiguously identified in nuclei larger than 12C.  

We investigated the reaction 20Ne+α using the Thick Target Inverse Kinematics (TTIK) 
technique [3]. This technique is particularly suited for this study because it allows exploration of a 
large range of incident energies in the same experiment. Moreover, in the inverse kinematics, the 
reaction products are focused at forward angles and can be detected with detectors covering a 
relatively small portion of the solid angle in the forward direction. 

 20Ne beams of energy 3.7 AMeV and 11 AMeV were delivered by the K150 cyclotron at 
Texas A&M University. The reaction chamber was filled with 4He gas at a pressure sufficient to stop 
the beam at 10 to 4 centimeters from the detectors (10.3 and 50 PSI respectively). In this way we 
could detect particles emitted at zero degrees. The energy of the light reaction products was 
measured by three silicon detector telescopes placed at a radial distance of 48 cm from the entrance 
window. Each telescope consisted of two 5x5 cm2 Micron Semiconductors DC quadrant detectors 
(Design G). The time of flight of the detected particles was also measured relative to the cyclotron 
radiofrequency.  A monitor detector was used to measure the intensity of the incident beam. 

For the first time the TTIK method was used to study multiple α-particle decays and single 
α-particle emission. New results will be shown on the elastic resonant α scattering, as well as on 
inelastic processes leading to high excitation energy systems decaying by multiple α-particle 
emission. According to the Ikeda picture 24Mg can be described as 20Ne + α, 16O + 2α, 12C + 3α or a 
cluster of 6 α particles. Each configuration is expected to be observable at excitation energies around 
the corresponding threshold values. We observed alpha particle multiplicities up to 3, when the 20Ne 
beam energy was 3.7 AMeV, while at 11 AMeV we observed alpha particle multiplicities up to 6.           
 
 
[1] K. Ikeda, N. Takigawa, and H. Horiuchi, Prog. Theor, Phys. Suppl. Extra Number, 464 (1968); 
[2] W. von Oertzen, M. Freer, and Y. Kanada-En’yo, Phys. Rep. 432, 43 (2006); 
[3] K. Artemov et al., Sov. J. Nucl. Phys. 52, 406 (1990); 
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The study of heavy-ion collisions at intermediate energies provides tools to explore the equation of
state (EOS) of nuclear matter. This is commonly accomplished by comparing measured observables to
transport model simulations such as BUU, QMD, CoMD, etc. [1]. Among the available observables,
two-proton correlation functions have extensively been used a space-time probes of reaction dynamics,
leading to the extraction of emitting source sizes and lifetimes [2]. Such “femtoscopic” probes are also
expected to be sensitive to important nuclear transport properties.

Imaging experimental two-proton correlation functions provides the profile of the emitting source
that can be compared to transport model simulations to test details about the in-medium nucleon-nucleon
cross section [3]. Similar studies with IBUU simulations [4] have also shown that pp, nn and np corre-
lation functions can be studied to probe the density dependence of the symmetry energy in asymmetric
nuclear matter. However, two-proton correlation functions are strongly affected by the presence of long-
lived emitting sources that dominate the late stage of the reaction through the existence of secondary
decays by excited primary fragments; such long-lived emissions are not handled properly by BUU sim-
ulations.

In this contribution we present a study of two-proton correlations with the BUU model, isolating
early dynamical emitting source contributions. The aim is to improve the comparison to experimental
data by reducing the sensitivity to late emitting sources that are difficult to treat in the model.

Simulations of central and semi-central collisions of 40Ar+Sc, 86Kr+Nb, 112,124Sn+112,124Sn, and
129Xe+Au collisions at E = 50–150 MeV/nucleon are studied and we show that high transverse mo-
mentum (p⊥/m) gates on emitted protons suppress contributions originating from the late stages of the
reaction, thus providing an experimentally measurable quantity, p⊥/m, that isolates dynamical emitting
sources. This result is discussed in view of comparisons to experimental data that are key to testing
transport theories and probing the density dependence of the symmetry energy in future experiments
with correlations and femtoscopy.

[1] G.F. Bertsch, S. Das Gupta, Phys. Rep. 160, 189 (1988);
[2] G. Verde et al., Eur. J. Phys. A30, 81 (2006);
[3] G. Verde et al., Phys. Rev. C 67, 034606 (2003);
[4] L.-W. Chen et al., Phys. Rev. Lett. 90, 162701 (2003).
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Study of presence and magnitude of nuclear dissipation is one of the active fields in the present day 
nuclear physics research. Experimental signatures for dissipation are observed through large excess in 
pre-fission neutrons, giant dipole resonance (GDR) γ-rays from the compound nucleus, light charged 
particles and evaporation residues (ER) as compared to the standard statistical model, for the heavy-ion 
induced fusion-fission or fusion-evaporation reactions [1-2]. Most of these probes are not sensitive to the 
dissipation within the saddle. The ER cross-section is a probe which is sensitive to the dissipation within 
the saddle point. With the motivation to see the effect of shell closure on pre-saddle nuclear dissipation, 
the ER cross-sections for 19F + 194,196,198Pt systems are measured using Hybrid Recoil Mass Analyzer 
(HYRA), at beam energy of 101 to 137.3 MeV (Excitation energy range of 50 to 92 MeV) at the 
pelletron+LINAC accelerator facility of IUAC, New Delhi. Out of these reaction one reaction (19F+194Pt) 
is populating a shell closed compound nucleus (CN) 213Fr (Neutron number Nc = 126) and other two 
compound systems 215Fr and 217Fr are away from the shell closure (Nc=128 and130). At the first instant, 
the measured ER cross-sections are compared with the prediction of the statistical model code PACE 
using the default parameters. It is observed that the model calculations under predicts the experimental 
ER cross-sections through out the energy range. It clearly indicates the presence of dissipation effect in 
the fusion-evaporation reactions. The PACE calculations are further carried out using the parameters 
obtained by simultaneous fitting of the fission and ER cross-sections at low energies [2]. It is observed 
that the experimental ER cross-sections, for 213Fr (Nc=126) are explained very well with PACE 
prediction, but could only explain the cross section at the lowest energy for 217, 215Fr compound system 
and deviate considerably at higher energies. This observation also support Back et al.’s [2] observation of 
low dissipation for shell closed CN. Since 213Fr is a shell closed CN, so it is expected to have low 
dissipation, hence PACE code could explain the ER cross sections. Calculations are further performed 
using Kramer’s modified fission width and treating the dissipation coefficient (β) as free parameters. The 
extracted β values are similar for 215Fr and 217Fr, but is different for the shell closed 213Fr CN.   

[1] D. Hilscher et  al., Ann. Phys. Fr. 17, 471 (1992).                                                                                                               
[2] B.B. Back et al., Phys. Rev. C 60, 044602 (1999).  
[3] K.Mahata et al., Phys. Rev. C 65, 034613 (2002).                                                                                    
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It is well established that the pre-scission neutron multiplicity is one of the most efficient probes to 
study the fission time scale in heavy-ion induced fusion-fission reactions [1]. It has been observed 
that the experimental multiplicities of pre-scission neutrons were in clear excess of the predictions of 
the standard statistical model of compound nuclear decay [1]. The excess in multiplicities indicates 
the presence of dynamical hindrance of the fission process and the fission dynamics of an excited 
compound nucleus is dissipative in nature at high excitation energies. The problem of the origin and 
the nature of nuclear dissipation is presently one of the most interesting questions in nuclear physics 
at low and intermediate energies. It is therefore of considerable interest to explore the effect of N/Z 
in compound nuclei for a given element on the strength of nuclear dissipation. Measurement of pre-
scission neutron multiplicities from an isotopic chain will be a suitable tool for the above purpose. 
This abstract report the experimental measurement of pre-scission neutron multiplicities from four 
compound nuclei, namely 210,212,214,216Rn, and statistical model analysis of the data. The compound 
nuclei 210,212,214,216Rn having N/Z values as 1.441, 1.465, 1.488, 1.511 respectively are populated 
through the 16,18O+194,198Pt reactions at excitation energies of 50, 61, 71.7 and 79 MeV. The 
experiments were carried out at Pelletron+LINAC accelerator facility of IUAC, New Delhi, using the 
National Neutron Detector Array (NAND) facility. The measured pre-scission neutron multiplicities 
increases with the increase of N/Z of the compound nuclei at all excitation energies except at the 
lowest one. Pre-scission multiplicities measured at the lowest excitation energy display a minimum 
at the compound nucleus 212Rn with N=126. The measured neutron multiplicities are further 
analyzed with the statistical model of nuclear decay where fission hindrance due to nuclear 
dissipation is considered. The dissipation strength is treated as an adjustable parameter in order to fit 
the experimental data. The N/Z dependence of the dissipation strength at lowest excitation energy of 
the compound nuclei suggests shell closure effects. However, such effects are not observed at higher 
excitations where the variation of the dissipation strength with N/Z does not show any specific trend 
[2].   

 
Figure 1: Variation of the best-fit values of β with N/Z of the compound nuclei at different excitation 

energies. The shaded areas represent the uncertainty in β associated with the experimental error in Mpre. 

 
[1] D. J. Hinde et al., Phys. Rev. C 39, 2268 (1989).  
[2] Rohit Sandal et al., Phys. Rev. C 87, 014604 (2013). 
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There are predictions [1,2] based on the model of antisymmetrized molecular dynamics 
(AMD) and alpha-condensate models that two states in 11B: ½-, E* = 8.56 MeV and ½+ (possibly 
E*=12.56 MeV), have mean-square radii RMS, which are much larger than the radius of the ground 
state. Especially intriguing was suggestion [2] that RMS radius of the 12.56 MeV state 11B is larger 
than uranium nucleus! 

For verification of this prediction two experiments on 11B+α scattering were performed at 
Eα=65MeV and 40MeV (last data were partly published in [3]). Goal of these experiments was to 
determine radius values of exciting states in 11B using Modified Diffraction Model (MDM). 
Preliminary value of 8.56MeV state radius was determined: <R> = 2.68 ± 0.15 fm, which is 0.4 fm 
larger than radius of the ground state. This value is in agreement with previous data and AMD 
calculations [1]. 

For 12.56 MeV (½+) 11B exist contradictory information about its isospin. Model [2] requires 
that T = ½. And in the case of T = 3/2, this state should not be excited in the inelastic alpha particle 
scattering. 12.56 MeV state was not observed in both experiments (a typical spectrum is shown on 
Figure 1), although well-known neighbor states with T = ½ are visible. Also this state was not 
detected in resonance reaction 7Li+α [5].  

Thus, we can conclude that this state has isospin T = 3/2. And more general conclusion is 
that the variant of alpha-condensate model used in [2] does not lead to obtaining of correct results. 
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Figure 1: Part of the spectrum 11B+α, Eα=40MeV, Θ=43° 
[1] T. Suhara and Y. Kanada-En’yo, Phys. Rev. C 85 (2012) 054320; 
[2] T.Yamada and Y.Funaki, Phys. Rev. C 82 (2010) 064315; 
[3] N.Burtebaev et al., Physics of Atomic Nuclei (Yadernaya Fizika) 68 (2005) 1356; 
[4] A.N.Danilov et al., Phys.Rev. C 80  (2009) 054603; 
[5] H. Yamaguchi et al., Phys. Rev. C 83 (2011) 034306 
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   In this presentation, we show that (d,p) neutron transfer reactions can be a useful tool for 

investigating exotic nuclear structure. A rebirth of interest to their studies is related, in particular, to 

the possibility of finding neutron halos in the radioactive nuclei using inverse kinematics. Neutron 

halos have been almost exclusively observed in ground states of some neutron-rich radioactive nuclei 

located close to the neutron drip line. Nevertheless, an appearance of neutron halos in the excited 

states of the stable nuclei, for instance, in the first (1/2
+
, Ex = 3.089 MeV) state of 

13
C was discussed

in the 1990s. Recently the enlarged rms radius of 
13

C in this state was found by applying the 

modified diffraction method [1]. We present the calculations of the (d,p)-reaction angular 

distributions, spectroscopic factors Sexp, asymptotic normalization coefficients (ANCs) and

calculated rms radii of the last neutron in the first excited states of the stable 
13

C and the radioactive 
11

Be nuclei, calculated within the coupled reaction channels method. Our calculations confirm the 

existence of neutron halos in these states by a comparison with the states having normal densities. 

We found that the neutron transfer dominates at energies about 12 and 30 MeV (an example is 

shown in Fig. 1) and demonstrated that the states with enlarged radii are formed in the reactions of a 

peripheral type, which satisfy to the criterion of a peripherality: C
2
=Sexpb

2
=const, where C is the

ANC and b is the “single-particle” ANC.  

Figure 1: The contribution of the direct neutron 

transfer (solid lines) comparing with the experimental data Refs. [1,3] 

[1] A. A. Ogloblin, A. N. Danilov, T. L. Belyaeva, A. S. Demyanova, S. A. Goncharov, and 

       W. Trzaska, Phys. Rev. C 84, 054601 (2011). 

[2] Z. H. Liu et al., Phys. Rev. C 64, 034312 (2001). 

[3] H. Obnuma, Nucl. Phys. A448, 205 (1985). 
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In the last years, some evidence has been presented showing that for the neutron-halo 6He and 
proton-halo 8B projectiles, the reaction cross sections can be entirely accounted for by interactions of 
the halo state of 6He plus reactions that occur with the 4He core, as well as, by breakup of the halo 
state 8B plus reactions that occur with the 7Be core. Comparison of the reaction and fusion cross 
sections for 8B and 6He projectiles with those for normal nuclei showed a remarkable enhancement, 
related to their exotic structure. 

In this presentation, we report the results of an analysis for the 8B+58Ni system, with the method of 
continuum-discretized coupled channels (CDCC), in the energy interval 18 – 28.4 MeV in the 
laboratory system. This covers the region both below and above the Coulomb barrier (Vc.m. = 20.8 
MeV). We carried out CDCC calculations for the breakup, fusion, and elastic scattering of 8B on 
58Ni, and compared the results with the differential cross sections and the excitation functions 
measured in Refs. [1-3]. 

The first aim of our analysis was to study the coupling between breakup, fusion and elastic 
scattering and the influence of the 7Be core – target optical potential (OP) and p – target OP on the 
breakup and fusion cross sections. For this aim, the data for the elastic scattering of the (7Be, 8B) + 
58Ni systems [3], and for breakup [2], fusion and reaction cross sections [1,3] for 8B + 58Ni were 
analyzed. We found energy-dependent OPs, for which the real and imaginary volume integrals have 
smooth energy dependence. The second aim of the work was to reproduce the experimental fusion 
and total reaction cross sections and to predict their behavior at low incident energies.  

A theoretical analysis within the CDCC model was made for breakup of 8B using a more extended 
model space as that in [4]: inelastic excitations in the 7Be-proton system from the ground state to 
excited states with orbital angular momenta L = 0-5 and energies up to 8 MeV in the continuum were 
taken into account. Finally, we found a considerable coupling between breakup, fusion and elastic 
scattering and were able to adjust completely the experimental breakup, fusion, and total reaction 
cross sections in the energy interval mentioned earlier, simultaneously with the 8B-58Ni elastic 
scattering differential cross sections.  

[1] E. F. Aguilera et al., Phys. Rev. Lett. 107, 092701 (2011). 
[2] J. J. Kolata et al., Phys. Rev. C 63, 024616 (2001). 
[3] E. F. Aguilera et al., Phys. Rev. C 79, 021601 (R) (2009) 
[4] T. L. Belyaeva et al., Phys. Rev. C 80, 064617 (2009). 
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The Hoyle state of 12C, at the excitation energy (Ex) of 7.65 MeV, has been predicted by F. 
Hoyle in 1952 based on the 12C  abundance in the universe [1] but its precise properties is still not 
known properly.  From nuclear structure point of view too,  there are many unanswered questions 
regarding the configuration of this state; theoretically,  it is conjectured as the lowest state 
corresponding to a different configuration (member of either a β- band of the three-α molecule like 
structure [2-4] or a Bose Einstein condensate like structure (BEC) [5]) originating from  3α 
clustering in 12C, and the standard shell model approaches, even the advanced  no-core shell model 
calculations failed to reproduce the state [6]. According to the above models, cluster configuration of 
the Hoyle state should also have higher excited states; the lowest excited state has been predicted to 
be a 2+ state at excitation energy excitation energy close to 10 MeV. This 2+ state is strongly coupled 
to the 02

+ Hoyle state and is likely to decay mostly via the Hoyle state.  However, in spite of vigorous 
experimental efforts in the recent years, there is no conclusive evidence so far. In inelastic proton 
scattering 12C(p, p′)12C* experiments,  small angle angular distribution measurement near the 
diffractive minimum of the broad 03

+ background has indicated the presence of a 2+ possible state at 
9.6 (1) MeV of width ~ 600  keV [7, 8]. Recent inelastic scattering angular distribution studies also 
indicated the presence of a 2+ state at ~ 9.8 MeV of width ~ 1 MeV [9].  On the other hand the study 
of 12C*,  produced in the Beta decay of  12N and 12B, decaying into 3α continuum has however, not 
found clear evidence for the existence of the 2+ state at 10 – 12 MeV excitations [10, 11].  Recently, 
gamma induced 12C dissociation studies via 12C(γ, 3α) reaction have also indicated the presence of a 
2+  state below 10 MeV [12]. It is thus clear that even though there are definite indications about the 
existence of the elusive 22

+ state (the first excited state of the Hoyle state), clear identification of this 
state is still missing. A complete kinematic measurement of the inelastic α particles emitted in the 
12C(α, α′) 3α reaction in coincidence with the decay of the Hoyle state at beam energy 60 MeV will 
be reported here. The present study clearly demonstrates the presence of an excited state of 12C at the 
excitation energy of 9.65 ± 0.02 MeV which has a width (FWHM) of 607 ± 55 keV. Since this new 
state is decaying via the 02

+ Hoyle state and also close to the predicted energy and width of 22
+ state, 

it may be the rotational excited state of the Hoyle state but however angular distribution of the state 
is needed for further confirmation of its spin and parity, which is beyond the scope of this paper. The 
measurement and analysis detail will be discussed here. 

 
[1] F. Hoyle, Astrophys. J. Suppl. 1, 12 (1954). 
[2] M. Kamimura Nucl. Phys. A, 351, 456 (1981). 
[3] E. Uegaki, S. Okabe, Y. Abe and H. Tanaka Prog. Theor. Phys. 57, 1262 (1977). 
[4] M. Chernykh et. al, Phys. Rev. Lett. 98, 032501 (2007). 
[5] A. Tohsaki, H. Horiuchi, P. Schuck and G. Ropke, Phys. Rev. Lett. 87, 192501 (2001). 
[6] P. Navratil, J. P. vary and B. R. Barret, Phys. Rev. Lett. 84, 05728 (2000). 
[7] M. Freer et al. Phys. Rev. C 80, 041303 (R) (2009). 
[8] W. R. Zimmerman et. al, Phys. Rev. C 84, 027304 (2011). 
[9] M. Itoh et al.  Phys. Rev. C 84, 054308 (2011). 
[10] S. Hyldegaard et al.  Phys. Lett. B 678, 459 (2009). 
[11] S. Hyldegaard et al.  Phys. Rev. C 81, 024303 (2010). 
[12] M. Gai et al. Acta Phys. Pol. B 42, 775 (2011).  
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An asymptotic normalization coefficient (ANC) determines the asymptotics of a wave 

function of a nucleus A in a binary channel b+c. ANCs are proportional to nuclear vertex constants 

(NVC), which are on-shell matrix elements of the virtual processes a↔b+c. The NVC for the 

a↔b+c vertex is expressed directly in terms of the residue of the elastic bc scattering amplitude at 

the pole corresponding to the bound state a [1]. NVCs and ANCs are fundamental nuclear 

characteristics. They are used actively in analyses of nuclear reactions within various approaches. 

The ANC for the channel a↔b+c determines the probability of the configuration b+c in nucleus a at 

distances greater than the radius of nuclear interaction. Thus ANCs arise naturally in cross sections 

of nuclear reactions between charged particles at low energies, in particular, of astrophysical nuclear 

reactions. It was shown [2] that the cross section of the astrophysical b(c,)a reaction with a good 

accuracy is determined by the value of the ANC in the b+c channel. This conclusion made it 

possible to calculate the astrophysical S factor for a number of radiative capture processes. 

 ANC values could be determined in principle from microscopic calculations but such 

calculations are rather tedious. Theoretical results should be matched to the empirical ones obtained 

from data on scattering and reactions. One of the promising methods to extract ANCs is the analytic 

continuation of bc scattering data to a pole of a scattering amplitude corresponding to a bound state a 

and lying in the unphysical region of negative energies. The most effective way of realization of that 

procedure is the analytic continuation of the scattering (or effective range (ER)) function. This 

approach was employed in papers [3-5] for one-channel scattering to get the ANC and NVC values 

for several light nuclei. In papers [6] the method of the analytic continuation of the ER function was 

generalized to the two coupled elastic channels what is important for the scattering of two particles 

with spins ½ or spins 1 and 0.  

 In the given work the method of the analytic continuation of the ER function is applied to 

obtain the ANCs for 
6
Li nucleus in the α+d channel. The ANC values for this system determine the 

cross section of the radiative capture 
4
He(d,γ)

 6
Li, which is the only process of 

6
Li formation in the 

Big Bang model. The available data on the values of the ANCs Cl for that channel are characterized 

by a large spread, especially for l = 2 (l = 0, 2 is the channel orbital angular momentum). Several sets 

of scattering phases obtained from the phase-shift analyses as well as from Faddeev calculations [3] 

are used as an input. Since the α+d system possesses the low-lying inelastic threshold due to the 

dissociation of a deuteron, the approach used is generalized to include inelastic channels. Account of 

inelasticity effects is performed by several differing methods. One of them makes use of adding an 

imaginary part to the K matrix, which is fitted to the experimental inelasticity coefficients. Another 

metod consists in direct including of imaginary terms into the ER expansion. These terms are 

constructed in such a way as to guarantee the correct analytic behaviour of a scattering amplitude 

near the inelastic threshold. The sensitivity of the obtained ANC values to the elastic channels 

coupling and to account of the inelastic channel is investigated.  
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Recently, the INDRA collaboration has investigated links between entrance channel, collective ex-
pansion and fragmentation features, in the context of heavy ion collisions at Fermi energies [1]. To go
further in this direction, a full comparison between transport theory results (the Stochastic-Mean-Field
(SMF) [2] approach is employed) and multifragmentation data [3] will be discussed.

In a first part, the question of centrality selection is addressed. Starting from simulation events in the
range of impact parameter 0-4 fm, we apply the same dynamical selection as that used experimentally to
sort out the so-called ”Quasi-Fusion” sources.

To probe the link between the fragmentation regime and the system collective expansion, we analyse
reactions in the beam-energy range between 25 and 50 MeV/A. Then we extract, looking at the evolution
of the spatial density profile in the simulations, the corresponding evolution of the collective expansion
energy, which turns out to be in very good agreement with the experimental results reported in [1].

The simulations also indicate a change in the fragmentation mechanism, from sequential decay of a
composite source to prompt multifragmentation. We investigate the connection between the evolution of
the fragmentation regime and the trend experimentally observed for the amount of stopping reached in
heavy ion reactions [4], which is also determined by the interplay between one-body (mean-field) and
two-body (nucleon-nucleon collisions) effects.
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Figure 1:Evolution of the collective expansion energy (Erad) with incident energy (Einc) of the projectile
for the reaction Xe+Sn for SMF simulation (red squares) and INDRA data (dotted lines).

[1] E. Bonnet et al, Nuclear PhysicsA816, 1 (2009)
[2] M. Colonna et al, Nucl. Phys.A642, 449 (1998)
[3] 129Xe+natSn reactions between 25 and 50 MeV/A collected with INDRA at GANIL (1993);
[4] G. Lehaut et al,PRL104, 232701 (2010)
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Heavy ions are one of the most important tool in the study of nuclear reaction mechanisms and nu-
clear structure. Multi-nucleon transfer reactions, for instance, allow to investigate the properties of exotic
systems, moving away from the valley of stability [1]. The combination of a large acceptance magnetic
spectrometer with a high efficiency and a high resolution multi-detector array forγ spectroscopy is a
key instrument for this purpose, since it allows to perform both reaction dynamics and nuclear structure
studies of weakly populated channels [2,3]. In this work, the heavy ion reaction22Ne+208Pb at 128 MeV
beam energy is discussed. The experiment has been performed at Laboratori Nazionali di Legnaro of
INFN using the PRISMA-CLARA apparatus [4]. We focus on the study of particle-γ coincidences to
investigate the reaction mechanisms and nuclear structure properties of neutron reach Ne isotopes and
neighbouring nuclei. Elastic, inelastic and one nucleon transfer cross sections have been measured and
angular distributions have been obtained. The data are compared with semiclassical calculations, per-
formed with the code GRAZING [5,6], and with DWBA predictions obtained with the code PTOLEMY
[7,8]. In particular, the angular distribution of the 2+ state of22Ne has been analysed by DWBA and a
similar calculation has been performed for the unstable24Ne nucleus, using existing data from the reac-
tion 24Ne+208Pb at 182 MeV of bombarding energy (measured at SPIRAL with the VAMOS-EXOGAM
setup [9]). The theoretical model gives a good reproduction of the experiment in both cases, pointing
to a strong reduction of theβC

2
charge deformation parameter in24Ne. This follows the trend predicted

for the evolution of the quadrupole deformation along the Ne isotopic chain and calls for additional ex-
perimental investigation on the collectivity in24Ne, a nucleus of key importance for understanding the
evolution of shell gaps in light systems. The present work demonstrates the validity of heavy ion reac-
tions for both dynamics and nuclear structure studies, providing a useful method which could be further
exploited in the future for the investigation of very exotic species.

*Present Address: University of Padova, Padova, Italy
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The4π multi-detector INDRA was used to study four reactions with beams of136Xe and124Xe, acceler-
ated at 32 MeV/nucleon, and thin (530µg/cm2) targets of124Sn and112Sn. Recorded event functionality
was activated under a triggering factor based on a minimum number of fired detectors over4π. For
the studied reactions the INDRA multi-detector possesses excellent detection performances in the cen-
ter of mass forward hemisphere whereas in the backward part, energetic detection thresholds prevent
the detection with full efficiency of fragments from peripheral reactions. This study is thus performed
on the forward part of the c.m and all measured quantities are related to this half hemisphere. Light
charged particle (lcp) total transverse energy ((ΣEt)

lcp
AvCM ) is used as impact parameter evaluator. Lcp

multiplicities (forward c.m) are examined as a function of the impact parameter evaluator (figure 1). It
is seen that all multiplicities increase with decreasing impact parameter. This increase is first steep and
then reaches a sort of saturation. The saturation is not a plateau-like behavior since the impact parameter
evaluator and the lcp multiplicities are self-correlated. By comparing the multiplicity values between the
four systems it is possible to extract general evolutions. For very peripheral collisions, data are grouped
in two categories (black points and white points,136Xe and124Xe projectiles respectively). In that case,
the multiplicity evolution depends more on the nature of the projectile than on target N/Z. Decreasing the
impact parameter, particle production deviates from this first order target independent behavior towards
a dependence on the combined (projectile+target) system N/Z. This is evidenced by almost identical pro-
duction, for central collisions, of most of the isotopes for124Xe+124Sn and136Xe+112Sn systems. The
exception is3He whose trend seems linked to memory of projectile N/Z for all impact parameters.

Ratio of particle production between the different systems will be presented and compared to trans-
port model calculations using different density dependence of the symmetry energy.
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We study the dilepton production in heavy-ion collisions at energies of 1-2 AGeV as well as
in proton induced pp, pn, pd and p + A reactions from 1 GeV up to 3.5 GeV where data have
been taken by the HADES collaboration - cf. [1]. For the analysis we employ three different
transport models - the microscopic off-shell Hadron-String-Dynamics (HSD) transport approach,
the Isospin Quantum Molecular Dynamics (IQMD) approach as well as the Ultra-relativistic
Quantum Molecular Dynamics (UrQMD) approach. We find that the HSD and IQMD models
provide a good description of the presently available experimental data and agree with each
other reasonably well. This allows to obtain model independent conclusions on the underlying
physical phenomena. In particular, we confirm the experimentally observed enhancement of the
dilepton yield (normalized to the multiplicity of neutral pions Nπ0) in heavy-ion collisions with
respect to that measured in NN = (pp + pn)/2 collisions. We identify two contributions to
this enhancement: a) the pN bremsstrahlung which scales with the number of collisions and
not with the number of participants, i.e. pions; b) the dilepton emission from intermediate Δ’s
which are part of the reaction cycles Δ → πN ;πN → Δ and NN → NΔ;NΔ → NN . With
increasing system size more generations of intermediate Δ’s are created. If such Δ decays into
a pion, the pion can be reabsorbed, however, if it decays into a dilepton, the dilepton escapes
from the system. Thus, experimentally one observes only one pion (from the last produced
Δ) whereas the dilepton yield accumulates the contributions from all Δ’s of the cycle. We
show as well that the Fermi motion enhances the production of pions and dileptons in the same
way. Furthermore, employing the off-shell HSD approach, we explore the influence of in-medium
effects like the modification of self-energies and spectral functions of the vector mesons due to
their interactions with the hadronic environment. We find only a modest influence of the in-
medium effects on the dilepton spectra in the invariant mass range where data with small error
bars exist.

[1] E. L. Bratkovskaya, J. Aichelin, M. Thomere, S. Vogel and M. Bleicher, arXiv:1301.0786 [nucl-th].
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Studies of decays and reactions involving weakly bound states of superheavy nuclei (SHN) coupled
to an environment of scattering states, need to develop new theoretical techniques and computational
methods. In this work α half-lives are obtained from the microscopic (shell model) formation amplitudes
and the resonance scattering amplitudes given by self-consistent models for the nuclear structure and
reaction dynamics. The dynamic and structure effects are systematically explored and this allows us to
put α-decay on solid theoretical grounds and to give accurate predictions for the absolute α-decay rates.
One of the aims of this work is to relate the most important decay data (reaction energiesEα and emission
rates Tα, Γα) to the information on exotic nuclear structures and reaction dynamics which would directly
prove the underlying nature of phenomenon. In this work a brief summary of the experimental results and
theoretical ideas defining the field of α-decay of SHN is presented together with some crucial questions
concerning the systematics of the α half-lives. Two different descriptions of α-decay rates, namely,
microscopic shell model approach and phenomenological description are emphasized to calculate the α-
decay properties of SHN. Theoretical results are confronted to available data and results of other relevant
approaches in order to obtain the net contributions of the shell structure and finite size to the absolute
emission rates. Also, we compare the systematic of experimental (T expα , Qexpα ) and theoretical shell
model (TSMα , Qexpα ) results in order to obtain insight into the accuracy of structure models.

[1] I. Silişteanu, A. I. Budaca, At. Data Nucl. Data Tab., DOI:10.1016/j.adt.2011.12.007 (2012);
[2] I. Silişteanu, A. I. Budaca, A. O. Silişteanu, Rom. J. Phys. 55, 1088-1110 (2010);
[3] I. Silişteanu , W. Scheid and A. Sǎndulescu, Nucl. Phys. A 679, 317 (2001).
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Understanding the behavior of nuclear matter in the heavy ion collisions is of great relevance either
for theoretical nuclear physics or for nuclear astrophysics when studying the supernova explosions and
the properties of neutron stats.Different models/approaches (statistical, percolation, various molecular
dynamics simulations) and different mechanisms (liquid-gas phase transitions, spinodal decomposition,
sequential evaporation from the expanding-emitting source, etc.) are being used for explaining the exist-
ing data. Inspite of a long history and a high number of different approaches used there is still a number
of problems left that have no explanation and the underlying physical mechanism is still unclear.The aim
of the presented work is to proceed with the general macroscopic picture of the proton-induced nuclear
multifragmentation rather than its microscopic description or precise quantitative calculations. Based
on the thermodynamic analysis of the proton-induced multifragmentation phenomena the most appro-
priate decay channel is chosen [1]. Within this channel pressure is treated as the main factor causing
production of the intermediate mass fragments (IMF) in the observed phenomena. In this case the IMF
production should take place in a compact system rather than in a freeze-out volume. In our work we
try to use as simple model (corresponding to the appropriate phase trajectory of the nuclear system that
represents the process with the high pressure being initialized in the inner part of the nuclei) as possible
allowing straight forward thermodynamic analysis in order to have the clear macroscopic picture of the
phenomenon. Based on a simple thermodynamic model preliminary quantitative calculations of corre-
sponding macroscopic parameters (energy, pressure) are done and therefore the model verification on
thermodynamic level is held. It is shown that the suggested mechanism of the breakdown of the ther-
modynamic system in a single-phase process that may be followed by metastable boiling seems to be a
good and quite adequate candidate for explaining the proton-induced multifragmentation phenomena.

[1] K. Cherevko et al., Phys. Rev. C 84,044603 (2011);

01

NR 026



International Nuclear Physics Conference INPC2013: 2-7 June 2013, Firenze, Italy

Hydrodynamic mechanisms of the exotic structures formation in the
head-on heavy ion collisions

L.A. Bulavin1, K.V. Cherevko1,2,3, J. Su2,3, V.M. Sysoev1, F.S. Zhang2,3,4

1 Physics Department, Taras Shevchenko National University of Kyiv, 4 Glushkova av., Kyiv, 03022, Ukraine
2 College of Nuclear Science and Technology, Beijing Normal University, Beijing 100875, China

3 Beijing Radiation Center, Beijing 100875, China
4 Center of Theoretical Nuclear Physics, National Laboratory of Heavy Ion Accelerator of Lanzhou, Lanzhou

730000, China

Contact email: Konstantin.Cherevko@gmail.com

Current work was inspired by the theoretical predictions [1] and experimental confirmation [2] of the
exotic structures being formed in the head-on heavy ion collisions at energies 50-75 MeV/A. Theoretical
predictions of ”bubble” and ”doughnut” strictures depending on the stiffness of the equation of state
(EOS)were made in the framework of the Boltzman-like transport theory. Unfortunately up to now there
is no clear physical picture of the phenomena. In the presented work we analyze the head-on heavy
ion collisions from a hydrodynamic point of view in the energy range 50-100 MeV/A. Symmetry of the
phenomena allowed to use a simple model of a nuclei impact on a rigid wall with slip boundary conditions
to describe the process. Within the introduced model the stiffness of the EOS plays an important role in
the initial stage of the collision due to its influence on the sound velocity of the nuclear matter. During this
stage the final geometry of the colliding system is determined and different hydrodynamic mechanisms
of the fragment production are switched on. Within the proposed model in the case of stiff EOS lateral
jetting occurs earlier and the system evolves through a cup-shaped lamella to an expanding thin sheet
with the rim being formed at the edge at the time of the maximum expansion. This leads to the formation
of the ”doughnut” structure that corresponds to the Boltzmann-like transport theory calculations for the
stiff EOS [1] and the experimental data [2] existing in the literatures. For the case of soft EOS the shock
waves produced on impact when being reflected from the free boundary cause rarefication along the
symmetry axis. This leads to the cavity formation which when collapsing forms the bubble structure.
Both mechanisms give the low values of the expanding velocities at the final state that corresponds to the
low kinetic energy of the fragments obtained in Boltzmann-like transport theory calculations. From the
obtained results we suggest that hydrodynamic mechanism of the exotic structures formation in the head-
on heavy ion collisions explains the qualitative picture observed in the experiments for the energy range
under consideration and with the results the Boltzman-like transport theory calculations. For obtaining
the precise quantitative results the instability of the expanding rim is to be studied in more details.

[1] W. Bauer et al., Phys. Lett. 69, 1888 (1992); [2] N.T.B. Stone et al., Phys. Rev. Lett. 78, 2084 (1997).
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Collisions of typical, not very heavy nucleus-nucleus systems at low energies (below 20 MeV/nucleon)
predominantly lead to two types of reactions: either to fusion or to basically binary deep-inelastic or fast
fission reseparation processes. While fusion occurs at central and semiperipheral collisions, the binary
reseparation processes cover the remaining range of peripheral collisions. However, for heavier and for
more symmetric systems, the range of partial waves leading to fusion shrinks. New modes of resep-
aration of the colliding system, different from binary deep-inelastic processes, can be then expected.
Especially, collisions of the heaviest systems, which due to the strong Coulomb repulsion cannot fuse at
all, can reveal new interesting and exotic modes of partitioning.

A study of the 197Au + 197Au reaction at an energy of 15A MeV carried out previously [1, 2] by
the CHIMERA Collaboration has shown that, in sufficiently inelastic collisions, the colliding system
splits into three or four massive fragments of comparable size. It was shown that in the dominant part
of events, all the fragments are nearly aligned along the axis of reseparation of the combined system
into the primary projectile-like fragment (PLF) and primary target-like fragment (TLF). The effect of
alignment points to a very short time scale of the reseparation mechanism [3]. In the present work
a new experiment, aimed to study the same very heavy 197Au + 197Au system but at a significantly
higher bombarding energy of 23A MeV, was performed at the INFN Laboratori Nazionali del Sud (LNS)
in Catania. The Charged Heavy Ion Mass and Energy Resolving Array (CHIMERA), arranged in 4π
geometry, was used as the detection system.

We present first results of the analysis of the new phenomenon of fast (aligned) ternary and quaternary
breakup of the 197Au + 197Au system at the higher energy of 23A MeV, showing the evolution of this
new reaction mechanism with the increasing bombarding energy. Special attention is paid also to ternary
reactions in which in addition to two main fragments, TLF and PLF, a third, not very massive fragment
(of A less than, say, 20), usually called an “intermediate-mass fragment” (IMF), is formed. Emission of
IMFs has been interpreted as a process of neck fragmentation during reseparation of the colliding system,
however this phenomenon was usually observed in previous experiments at higher bombarding energies.
Observation of the intense emission of IMFs in the present experiment demonstrates that in collisions of
very heavy systems the emission of neck-originated IMFs plays an important role already at relatively
low energies.

[1] I. Skwira-Chalot et al., Phys. Rev. Lett. 101, 262701 (2008);
[2] J. Wilczyński et al., Phys. Rev. C 81, 024605 (2010);
[3] J. Wilczyński et al., Phys. Rev. C 81, 067604 (2010).
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The advent of radioactive-ion beams has enabled the exploration of the nuclear landscape far from
stability. This technological breakthrough has led to the discovery of exotic nuclear structures, such as
halo nuclei. Halo nuclei exhibit a large matter radius in comparison with their isobars. This peculiarity
is qualitatively explained by the small binding energy of one or two valence nucleons, which then have
a significant probability of presence at a large distance from the core of the nucleus. They thus exhibit a
strongly clusterised structure in which one or two loosely-bound nucleons form a diffuse halo around a
dense core.

Being far away from stability, halo nuclei cannot be studied through usual spectroscopic techniques,
and we have to rely on indirect methods, such as reactions, to infer information about their structure.
Unfortunately, the complexity of the reaction mechanisms and the uncertainty in the choice of projectile-
target interactions can cause ambiguities in the analysis of reaction measurements. To reduce the sen-
sitivity of the measurements to the reaction mechanisms, we present a new way to extract information
about the structure of halo nuclei through reactions: the ratio method. The basic idea of this new method
is to study the ratio of angular distributions for breakup and scattering. According to the Recoil Ex-
citation and Breakup model (REB) [1], this ratio should depend only on the projectile structure. In a
first exploration of this idea [2], we have confirmed that prediction by comparing the REB results to
calculations performed within the Dynamical Eikonal Approximation (DEA) [3], which has been shown
to describe accurately elastic scattering and breakup observables of reactions involving halo nuclei at
intermediate energies.

In this contributions, we present a more detailed analysis of the ratio method. Besides the domain
of validity of the method (beam energy, angular range. . . ), we also illustrate how it can be used to infer
accurately information about the projectile structure such as binding energy, partial-wave configuration
and radial wave function of the halo. We believe this new method will open a new era in the study of
exotic nuclear structure as it provides a unique way to infer information about halo nuclei.

[1] R. C. Johnson, J. S. Al-Khalili, and J. A. Tostevin, Phys. Rev. Lett. 79, 2771 (1997);
[2] P. Capel, R. C. Johnson, and F. M. Nunes, Phys. Lett. B 705, 112 (2011);
[3] D. Baye, P. Capel, and G. Goldstein, Phys. Rev. Lett. 95, 082502 (2005).
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A systematic study concerning different light nuclei was performed at the Catania INFN-LNS 

laboratory by the (
18

O,
16

O) two-neutron transfer reaction at 84 MeV incident energy. Several solid 

light targets (
9
Be, 

11
B, 

12,13
C, 

16
O) were used. The 

16
O ejectiles were momentum analyzed by the 

MAGNEX magnetic spectrometer [1]. The energy spectra were obtained up to about 20 MeV 

excitation energy, with an energy resolution of about 150 keV. Several known bound and resonant 

states of the residual nucleus have been identified together with some structures above the two-

neutron emission threshold. As an example, in the 
15

C case, two unknown structures at 10.5 ± 0.1 

MeV and 13.7 ± 0.1 MeV were observed, as shown in Fig.1.  

Calculations based on the removal of two uncorrelated neutrons from the projectile describe a 

significant part of the continuum observed in the energy spectra. The main contribution comes from 

the absorption of the two neutrons. The resulting calculation for the 
15

C case is shown as the red line 

in Fig.1. The structure at 10.5 MeV is dominated by a resonance near the 
13

C+n+n threshold [2]. 

Similar results are found for the nearby nuclei, such as 
14

C, 
11

Be and 
13

B and will be shown for the 

first time at the conference. In order to understand the origin of the strength distribution in the 

spectra, an estimate of  the contribution of each single orbital to the total sum was also evaluated.  

 
Figure 1: Inclusive energy spectrum of the reaction 

13
C(

18
O,

16
O)

15
C at 84 MeV incident energy. The 

break-up calculations folded with the experimental resolution are indicated as the red line. 

 

[1] F. Cappuzzello, et al. in Magnets: types, uses and safety (Nova Publisher Inc., NY, 2011) pp.1  

[2] F. Cappuzzello, et al. Phys. Lett. B 711 (2012) 347 
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Relatively large yields of various neutron rich exotic beams (
6
He, 

8,9
Li, 

10,11
Be, 

13
B, 

16,17
C), 

produced through the inflight fragmentation of 
18

O beams at 55 A·MeV, are available at LNS [1]. 

Using the CHIMERA detector [2,3], we started a campaign to study transfer reactions, with proton 

and deuteron enriched targets. The kinematical coincidence method was used to extract high 

resolution angular distributions of binary reactions from the measured light particle energy spectra 

[4]. An example is shown in figure for the reaction 
10

Be+p
9
Be+d, previous data on d+

10
Bet+

9
Be 

[5] are also shown. We were able to disentangle some excited levels, exploiting the -rays detected in 

the CsI(Tl) detectors of the Chimera telescopes. Preliminary data on some reaction channels will be 

presented. The complete analysis of these data will be part of a systematic research for a dependence 

of cross sections by the observed or claimed halo structures of light neutron rich nuclei. 

 
 

Figure 1: Angular distribution for the reaction 
10

Be+p
9
Be+d from ref. [4] 

 

 

[1] see  http://fribs.lns.infn.it/upgrade-results.html 

[2] A.Pagano et al, Nucl. Phys. A 734 (2004) 504 

[3] A.Pagano, Nuclear Physics News International, 22:1(2012)25. 

[4] L.Acosta et al submitted to NIM A arXiv:1212.4593v2 [nucl-ex] 

[5] D.L.Auton Nucl.Phys. A157 (1970) 305. 
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Fusion cross section measurements are of great interest in nuclear structure and nuclear astrophysics.
New excitement in this field has been generated with the advent of radioactive nuclear beams opening
new frontiers for fusion reaction studies. We have developed a new detector, the MUlti-Sampling Ion-
ization Chamber (MUSIC), which is a small volume, active-target ionization chamber filled with CH4

gas intended for studies of fusion cross sections induced by stable and radioactive nuclear beams. The
high efficiency and flexibility to measure the excitation function of fusion reactions in a wide energy
range with a single beam energy make the MUSIC detector an ideal tool for performing measurements
of fusion cross sections with low intensity radioactive nuclear beams.

We have performed a systematic study of fusion cross section of stable and radioactive carbon iso-
topes; 12,13,14,15C + 12C above the Coulomb barrier using beams from ATLAS and the MUSIC detector.
The excitation functions of these systems are not well understood. There are discrepancies between
different measurements as well as between recent coupled-channel calculations and experiments [1,2].

We have measured for the first time, the excitation functions of fusion cross section for 15C+12C and
revised previous measurements on the 12,13,14C+12C systems. We have probed the MUSIC detector as an
efficient, flexible and powerful tool for these type of measurements. We present the experimental results
and compare them with previous experimental data when available and theoretical models.

This work is supported by the U.S. DOE Office of Nuclear Physics DE-AC02-06CH11357 (ANL)
and the Universidad Nacional de San Martin, Argentina, grant SJ10/39 (TANDAR).

[1] H. Esbensen, Phys. Rev. C77, 054608 (2008) and subm. to Phys. Rev. C.
[2] D. G. Kovar et al., Phys. Rev. C20, 1305 (1979).
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A study of the (18O,16O) two-neutron transfer reaction at 84 MeV incident energy was 
pursued at the Catania INFN-LNS laboratory. The experiments were performed on several solid 
targets from light (9Be, 11B, 12,13C, 16O, 28Si) to heavier ones (58,64Ni, 120Sn, 208Pb). The 16O ejectiles 
were detected at forward angles by the MAGNEX magnetic spectrometer [1]. Exploiting the large 
momentum acceptance (20%) and solid angle (50 msr) of the spectrometer, energy spectra were 
obtained with a relevant yield up to about 20 MeV excitation energy [2]. The application of the 
powerful trajectory reconstruction technique did allow to get energy spectra with energy resolution 
of about 150 keV and angular distributions with angular resolution better than 0.3°. In the energy 
spectra, several known low lying and resonant states of the product nuclei have been observed.  

The measured absolute cross-section angular distributions are analyzed by Exact Finite 
Range Coupled Reaction Channel calculations based on a parameter free double-folding optical 
potential [3]. The form factors for the (18O,16O) reaction are extracted within an extreme cluster and 
independent particles scheme with shell model derived coupling strengths. The results show that the 
measured cross-sections are accurately described for the first time without the need of any arbitrary 
scaling factor.  

This is a completely new result that opens the door to the use of the (18O,16O) as powerful 
tools for quantitative spectroscopic studies of single-particle and pair configurations in nuclear states. 
As a consequence, the controversial concept of spectroscopic factor for two-neutron pair states can 
be better defined. 

 
 

[1] F. Cappuzzello et al., MAGNEX: an innovative large acceptance spectrometer for nuclear 
reaction studies in: Magnets: Types, Uses and Safety, Nova Publisher Inc., New York, 2011, pp 1-
63. 
[2] M. Cavallaro, et al., Eur. Phys. J. A (2012) 48: 59. 
[3] L.C. Chamon, et al., Phys. Rev. Lett. 79 (1997) 5218. 
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Coulomb breakup of nuclei away from thevalley of stability have been one of the most successful
probes to unravel their structure. However, it is only recently that one is venturing into medium mass
nuclei like23O and31Ne. This is a very new and exciting development which has expanded the field of
‘light exotic nuclei’ to the ‘deformed medium mass’ region.

In this contribution we report an extension of the previously proposed [1,2] theory of Coulomb
breakup within the post-form finite range distorted wave Born approximation to includedeformationof
the projectile. The electromagnetic interaction between the fragments and the target nucleus is included
to all orders and the breakup contributions from the entire nonresonant continuum corresponding to all
the multipoles and the relative orbital angular momenta between the fragments are taken into account.
Only the full ground state wave function of thedeformedprojectile, of any orbital angular momentum
configuration, enters in this theory as input, thereby making it is free from the uncertainties associated
with the multipole strength distributions that may exist in many of the other theories.

We shall present the angular distributions, parallel momentum distributions, relative energy spectra,
one neutron removal cross section (Fig. 1) and other reaction observables in the Coulomb breakup of
31Ne on heavy targets at 234 MeV/nucleon beam energy. The effect of deformation on various reaction
observables will be studied.
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Figure 1: Total one neutron removal cross sectionfor the Coulomb breakup of31Ne on Pb target at
234MeV/nucleon beam energy, calculatedfor ‘possible’ values of one neutron separation energy,Sn, of
31Ne. The solid, dotted and dashed lines corresponds to deformationparameterβ2 = 0, 0.41 and−0.41,
respectively. The horizontal lines parallel totheSn axis show the limits of the experimental data [3].

[1] R. Chatterjee, P. Banerjee and R. Shyam, Nucl.Phys. A675, 477 (2000).
[2] R. Chatterjee, R. Shyam, K. Tsushima, A. W. Thomas,arXiv:nucl-th 1204.2346.
[3] T. Nakamuraet al., Phys. Rev. Lett.103, 262501 (2009).
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Collisions of Xe+Sn in the energy range E/A = 8-29 MeV and Xe + Au at E/A = 15 MeV leading to
fusion-like heavy residues are studied using the 4 INDRA multidetector. The fusion cross section was
measured and shows a maximum at E/A = 18-20 MeV. A decomposition into four exit-channels charac-
terized by the number of heavy fragments produced in central collisions has been made. Their relative
yields are measured as a function of the incident beam energy. Detailed study of fission exit channel
was performed. The charge distributions of fission fragments show symmetric as well as asymmetric
fission component increasing with impinging energy, except at the lowest incident energy where only
symmetric fission is observed. This characteristic of binary asymmetric fragmentation occurring at high
energy is reported for the first time. The cross section of the two components is given. Relative velocity
correlation function technique between the fission fragments and light charged particles is applied in
order to estimate the primary and secondary decay contributions for symmetric and asymmetric fission.
Other pertinent results of the fission mechanism will be presented. The big size of the surviving residues
observed in this work should bring important information for the synthesis of super heavy elements.
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             Excitation functions (EFs) of various evaporation residues (ER) are measured recently [1] in 
the decay of compound nucleus 105Ag* formed in 12C+93Nb reaction at below barrier energies. The 
observed decay products are the heavy residues whose complementary fragments are the light 
particles (LPs, with mass≤4) and intermediate mass fragments (IMFs, 4≤mass≤13), which when  
compared with statistical model code PACE2, gives the complete fusion (CF) cross-section σER 
consisting of 2n, 3n, 4n and possibly also 4H, and its disagreement with IMFs is considered as 
signatures of incomplete fusion ICF consisting of (complementary fragments) of 4,5,6H, 4,5He, 8Li, 
9,10,11Be, 12B, and 13C. Note that PACE2 does not predict the 1n emission, which is true in general 
(e.g., σ1n=0 for 64Ni+100Mo reaction also [2, 3]). In this paper, we attempt to understand this reaction, 
i.e., σER and σIMFs, on the dynamical cluster-decay model (DCM) of Gupta and collaborators [3, 4]  
which defines the compound nucleus decay cross section for ℓ partial waves as 
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 The DCM includes deformation effects up to hexadecapole deformations (β2, β3, β4), with compact 
orientations θc of hot fusion process, used here for the case of co-planer (Ф=00) nuclei.  
            Figure 1 shows our calculations at Ec.m.=54.2 MeV, presenting that σ1n is large if only the σxn  
(x=1-4) are fitted, but if the σIMFs (IMFs taken as a sum of A2=5-13) are also included, i.e., complete 
EFs are fitted, then σ1n reduces to almost zero, to be compared with  σ1n=0 in the experiment [1] (see 
Fig. 1(a)), and that an extensively large non-compound nucleus (nCN) contribution is required in 3n 
and 4n cross-sections, as shown in Fig. 1(b). Large nCN effect is perhaps noted for the first time.               
 

 
Figure 1: Calculated fusion excitation functions for 105Ag* formed in 12C+93Nb reaction, compared 
with experimental data at Ec.m.=54.205MeV. 
 
[1] T. Ahmad et al., Int. J. Mod. Phys. E 20, 645 (2011); 
[2] M. L. Halbert et al., Phys. Rev. C 40, 2558 (1989); 
[3] S. K. Arun, R. Kumar, and R. K. Gupta, J. Phys. G: Nucl. Part. Phys. 36, 085105 (2009).  
[4] R.K. Gupta, Lecture Notes in Physics 818 Clusters in Nuclei, ed C. Beck, Vol. I (Springer 
Verlag), p223 (2010). 
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During last three decades significant efforts had been undertaken in modeling the capture 

process in the collision of the complex nuclei at the energies well above the Coulomb barrier [1-3]. 

However, we did not manage to find out any quantitative systematic study of the influence of 

accounting for the thermal fluctuations in comparison with the memory effects on the calculated 

cross sections. We revealed recently that it is possible to describe the modern high accuracy capture 

data within the framework of a classical dissipative trajectory model [4]. Thus the primary goal of 

the present work is to study the significance of the fluctuations in comparison with the retarding 

friction. 

Our model stems from the one of Ref. [1]: we account for the dissipative character of the 

nucleus-nucleus collision and consider the surface friction mechanism. The potential used in our 

model is different from that of [1]: this is the double folding potential based on the microscopically 

well founded density dependent M3Y NN-forces with the finite range exchange part. The novel 

feature of our work is that we account for the retarding friction and for the thermal fluctuations as 

well. The modeling was performed for 
16

O+
208

Pb reaction. Results are illustrated by Fig.1. They 

show that accounting for the fluctuations (white noise) alternate the calculated fusion cross sections 

within 5% (triangles). On the other hand, accounting for the retarding friction results typically in the 

increase of the cross sections by some 20% (squares). The supplement of the last calculations with 

fluctuations (colored noise) does not change the results within the errors (circles). 

 

 
Figure 1: The calculated capture cross section accounting for the thermal fluctuations (triangles), 

memory effects (squares) or both (circles) over the purely dissipative deterministic one  

for 
16

O+
208

Pb reaction. 

 

[1] P. Fröbrich, Phys. Rep. 116, 337 (1984). 

[2] V. Zagrebaev and W. Greiner, J. Phys. G. 34, 1 (2007). 

[3] R. A. Kusyakin et al., Phys. Rev. C 85, 034612 (2012). 

[4] M. V. Chushnyakova and I. I. Gontchar, Phys. Rev. C (2013) to be published. 
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Experimental study of deuteron-proton breakup reaction can serve as a valid tool for investigation of
interaction between nucleons. Especially, the differential cross section for the breakup process is very
sensitive to different pieces of the system dynamics like three-nucleon force (3NF), Coulomb interaction
or relativistic effects, which reveal their influence at various parts of the phase-space. In medium energy
domain the properties of few-nucleon systems are described mainly by pairwise nucleon-nucleon (NN)
interaction and are successfully modeled with the use of the realistic potentials, coupled-channel (CC)
method or Chiral Perturbation Theory (ChPT). However, at certain level of precision, much subtle effects
can be studied. The calculations, which describe those additional dynamics include the model of 3NF
and/or the long-range Coulomb force.

Experiments devoted to study such subtle ingredients of the nuclear dynamics were carried out with
the use of the 1H(d, pp)n breakup reaction at 130 MeV deuteron beam energy. First new-generation
experiments were performed in KVI Groningen [1,2,3] and provided a rich set of differential cross section
data, which were measured in a large phase space region. These results proved not only the importance of
the 3NF but also revealed surprisingly large effects of the Coulomb force in the range of very small polar
angles. These findings conduce to inclusion of the electromagnetic interaction into calculations based on
the CC approach. Moreover, they were a motivation to continue research in FZ-Juelich laboratory [4,8]
and confirm the role of the Coulomb force in the investigated observables. In this experiment a region of
small polar angles (4◦–14◦) was explored, not attainable in any other laboratory and crucial to investigate
action of the Coulomb force.

The obtained high precision data of the diffrential cross section will be confronted with various
theoretical predictions, among them calculations with the Argonne (AV18) potential [9] combined with
Urbana IX 3NF model [5] in which recently the Coulomb interaction was successfully implemented
[6,7].

[1] St. Kistryn et al., Phys. Rev. C 72, 044006 (2005);
[2] St. Kistryn et al., Phys. Lett. B 641, 23 (2006);
[3] E. Stephan et al., Phys. Rev. C 82, 014003 (2010);
[4] E. Stephan et al., Int. J. Mod. Phys. A 24, 515 (2009);
[5] B.S. Pudliner et al., Phys. Rev. C 56, 1720 (1997);
[6] A. Deltuva, Phys. Rev. C 80, 064002 (2009);
[7] A. Deltuva et al., Phys. Rev. C 72, 054004 (2005);
[8] I. Ciepał et al., Phys. Rev. C 85, 017001 (2012).
[9] R. B. Wiringa, V. G. J. Stoks, R. Schiavilla, Phys. Rev. C 51, 38 (1995).
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Fusion-evaporation is the dominant reaction mechanism in medium-light heavy-ion collisions at 
relatively low bombarding energies. The dominant features observed at these energies, are the 
enhancement of the fusion cross-section at the Coulomb barrier (CB) and at moderate subbarrier 
energies, and the hindrance of the cross-section at deep subbarrier energies. Fusion cross-sections 
around the CB have been discussed extensively to be driven by couplings of the relative motion of 
the colliding nuclei to their low energy surface vibrations and/or stable deformations. The 
corresponding coupled-channel calculations of the distributions of barriers and their extraction from 
precise cross-section measurements have revealed to be a powerful tool to better understand the role 
of couplings to collective degrees of freedom of the target and projectile [1]. 
This contribution reports on a recent study of the fusion process in the Ca+Ni systems. This work has 
been triggered by outstanding results obtained recently in the Ca+Ca [2] systems, and also by the 
pioneering studies of the Ni+Ni systems [3]. Previous fusion measurements of the symmetric 
40Ca+40Ca and 48Ca+48Ca and the asymmetric 40Ca+48Ca systems have been performed at the LNL 
(Laboratori Nazionale di Legnaro, Italy) down to very low subbarrier energies.  All Ca+Ca systems 
have shown large fusion hindrance at deep subbarrier energies [2].  For the asymmetric system, 
40Ca+48Ca, hindrance effects show up a lower energies than in the other systems and it has been 
concluded that it is necessary to take into account the positive Q value transfer channels to reproduce 
the fusion cross-section below CB. In a similar way, effects on the fusion excitation function 
attributed to transfer channels have been invoked in a pioneering study of the fusion excitation 
function of the 58Ni+64Ni system by Beckerman et al. [3].  
Based on these two observations, we have decided to perform accurate cross-section measurements 
in the « cross-systems » Ca+Ni to identify eventual effects of the neutron excess on fusion in the 
distribution of barriers energy range. Experimental data have been taken at the LNL for the 
40Ca+58,64Ni systems taking advantage of the LNL electrostatic deflector in its upgraded version, 
making use of large size micro-channel plate and silicon detectors. We have thus been able to extend 
to much lower energies previous 40Ca+58Ni [4] data and to measure for the first time a fusion 
excitation function for the 40Ca+64Ni system. The corresponding cross-sections and distributions of 
barriers extracted from accurate data will be presented.  
State-of-the-art coupled-channel calculations will be presented to discuss the subbarrier fusion 
excitation function behavior in terms of the influence of neutron transfer channels in the 40Ca+64Ni 
system. 
 
 
[1] N. Rowley, G. R. Satchler, and P. H. Stelson, Phys. Lett. B 254, 25 (1991) 
[2] G. Montagnoli et al. Phys.Rev. C 85, 024607 (2012) and references therein. 
[3] M. Beckerman et al., Phys.Rev.Lett. 45, 1472 (1980). 
[4] B. Sikora et al., Phys.Rev. C 20, 2219 (1979). 
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Recently proton-induced emission of 3He into the continuum has been clearly linked to two-particle 
pickup as a final process in an intranuclear  multistep chain [1-3].  The incident-energy quenching 
[1] of the analyzing power, for example, is correctly reproduced. However, at the incident energies 
explored, current information on two-nucleon pickup reactions to discrete final states, which is a 
subject that ceased to be of primary interest many years ago, is inadequate to interpret the exact 
interplay between multistep and pickup processes. For that reason we have performed a new 
experiment on 58Ni(p,3He)56Co between 80 and 120 MeV to address the deficiency.  
 
As would be required, a simple macroscopic zero-range distorted wave Born approximation gives an 
excellent theoretical representation of the new experimental cross section and analyzing power 
angular distributions. The observed incident energy dependence of the (p,3He) reaction to discrete 
final states explains why the characteristic signature of the multistep-pickup process in the 
continuum disappears as the incident energy increases beyond about 160 MeV.   

 
[1] A. A. Cowley, J. J. van Zyl, S. S. Dimitrova, E. V. Zemlyanaya, and K. V. Lukyanov. Phys. Rev. 
C 85, 054622 (2012). 
[2] A. A. Cowley, J. Bezuidenhout, S. S. Dimitrova, P. E. Hodgson, S. V. Förtsch, G. C. Hillhouse, 
N. M. Jacobs, R. Neveling, F. D. Smit, J. A. Stander, G. F. Steyn, and J. J. van Zyl. Phys. Rev. C 75, 
054617 (2007). 
[3] A. A. Cowley, G. F. Steyn, S. S. Dimitrova, P. E. Hodgson, G. J. Arendse, S. V. Förtsch, G. C. 
Hillhouse, J. J. Lawrie, R. Neveling, W. A. Richter, J. A. Stander, and S. M. Wyngaardt. Phys. Rev. 
C 62, 064605 (2000). 
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Breakup reaction studies of halo nuclei have often been used to extract structure information about
these nuclei by comparing the calculated cross sections with the experimental data. These studies can be
done presently within an energy range of 100-700 Mev/u.

The breakup of a one-neutron halo projectile, 11Be or 15C, on a proton target is investigated. The
halo nucleus is assumed to be well described by a valence neutron n and a core C. The semi-inclusive
(momentum distributions of the core, energy spectrum, angular distributions) and fully exclusive (where
any of the two interacting particles are detected) reaction observables are calculated, as a function of the
projectile energy, using the few-body Faddeev/Alt-Grassberger-Sandhas (Faddeev/AGS) reaction frame-
work [1,2].

Recently, several studies have pointed out that a tight control of the reaction mechanism and of
the excitation mechanisms need to be achieved in order to extract meaningful information from the
experimental data [3,4].

Another important and unexplored issue so far is to know to what extent the incomplete knowledge
of the full structure of the projectile and its energy spectrum may affect the reaction observables.

Recently [5], we have studied the sensitivity of the calculated observables on the core-valence neutron
interaction, in particular with the introduction of an imaginary component in some partial waves due to
some possible unknown dissipation effects. We study here in detail which observables are more sensitive
to such effects. In addition, we analyse the dependence of these effects on the projectile energy.

[1]L.D. Faddeev, Zh. Eksp. Theor. Fiz. 39, 1459 (1960) [Sov. Phys. JETP 12, 1014 (1961)] ;
[2]E.O. Alt, P. Grassberger, and W. Sandhas, Nucl. Phys. B 2, 167 (1967) ;
[3] R. Crespo, E. Cravo, A. Deltuva, M. Rodrguez-Gallardo, and A. C. Fonseca Phys. Rev. C 79, 014609 (2009) ;
[4] A. M. Moro, R. Crespo, Phys. Rev. C 85, 054613 (2012) ;
[5]E. Cravo, R. Crespo, and A. Deltuva, submitted for publication.
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Two particle correlations are studied for peripheral relativistic heavy ion reactions where the initial
state has substantial angular momentum. The earlier predicted rotation effect and Kelvin Helmholtz
Instability, leads to space-time momentum correlations among the emitted particles. A specific combi-
nation of two particle correlation measurements is proposed, which can sensitively detect the rotation
of the emitting system. The method is studied in simple models and in numerical fluid dynamic model
results.

[1] L.P. Csernai, D.D. Strottman and Cs. Anderlik, Phys. Rev. C 85, 054901 (2012).
[2] L.P. Csernai, V.K. Magas, and D.J. Wang, Submitted to Phys. Rev. C.
[3] L.P. Csernai, s. Velle, Submitted to Phys. Rev. C.
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The renewed interest in spallation reactions, driven by various applications (nuclear 
waste  transmutation,  neutron  spallation  sources,  protection  against  space  radiation, 
hadrontherapy, etc) has strengthened the idea that these reactions proceed through a two stage 
process,  an  intranuclear  cascade  (INC)  stage  followed by evaporation  of  a  remnant,  has  
established  that  this  mechanism  is  dominant  in  nucleon-induced  reactions  from  about 
250MeV to a few GeV and has given an impetus to the improvement of the theoretical tools.  
We report here on the last developments of the Liège Intranuclear Cascade model (INCL). 
From a recent intercomparison, organized by the IAEA [1] two years ago, it appears that this 
model,  when  coupled  to  the  Abla07  de-excitation  model  [2],  provides  the  best  global 
description  of  the  various  experimental  quantities  in  the  150MeV-3GeV  incident  energy 
range. In particular, we here focus on the last developments of INCL that have been worked 
out afterward and that are embodied in the last version INCL4.6 [3] of the model. They bear 
on: (1) the production of clusters in the course of the cascade phase, which is made possible  
through a dynamic coalescence model,  (2) the extension of the model below the putative low 
energy limit of validity of INC models (about 250MeV),  (3) the extension of the model to  
reactions  induced by light  clusters  (up  to  Carbon and Oxygen),  managing complete  and 
incomplete fusion, (4) the extension of the model to higher incident energy, up to 10-15 GeV,  
based  on  multipion  production  in  nucleon-nucleon  collisions.  The  validation  of  these 
improvements  is  provided  by  an  extensive  and  successful  comparison  with  relevant 
observables. 

Two  more  fundamental  points  will  also  be  illustrated.  First,  the  validity  of  INC 
models well below the low energy limit alluded above will be discussed. The role of the Pauli  
principle will be shown to be crucial in that respect. It will also be shown that the introduction 
of an intermediate stage between cascade and evaporation is not necessary. Theoretical and 
circumstantial arguments supporting the neglect of this stage will be given, opening so the 
possibility of having a single and unified model for reactions, operating from a few MeV to a 
few  GeV incident  energy range.  The  second  point  deals  with  the  recoil  velocity  of  the 
residues.  The  distributions  of  the  latter  quantity  display typical  properties  of  a  diffusion 
problem. The latter can be viewed as a direct consequence of the basis of  INC model, namely 
the succession of independent binary collisions.

[1] http://www-nds.iaea.org/spallations
[2] A. Kelic , M. V. Ricciardi, and K.-H. Schmidt, in Joint ICTP-IAEA Advanced Workshop 
on Model Codes for Spallation Reactions, in IAEA INDC (NDS)-1530, edited by D. Filges et 
al. (IAEA Publications, Vienna, 2008), pp. 181–222.
[3] A. Boudard et al., accepted for publication in Phys. Rev. C [nucl-th]arXiv:1210.3498
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The four-nucleon(4N) scattering problem gives rise to the simplest set of nuclear reactions that
shows the complexity of heavier systems. Then-3H andp-3He scattering is dominated by the total
isospinT = 1 states whiled-d scattering by theT = 0 states; the reactionsn-3He andp-3H involve both
T = 0 andT = 1 and are coupled tod-d in T = 0. All these complex features make the4N scattering
problem the natural theoretical laboratory to test different force models of the nuclear interaction.

In Ref. [1] we have developed an efficient numerical approach to the solution of the 4N Alt, Grass-
berger, and Sandhas (AGS) equations [2]. After partial wave decomposition they become a large system
of three-variable integral equations. The three Jacobi momentum variables in1 + 3 and2 + 2 configura-
tions are discretized on a finite mesh and the number of2N , 3N and4N partial waves increased up to
what is needed for the full convergence of the results. Furthermore, using the screening and renormal-
ization approach to treat the Coulomb force between protons, we have obtained results for observables
in p-3He elastic scattering [3] and all elastic and transfer reactions initiated byn-3He, p-3H andd-d at
energies below the three-body breakup threshold [4].

Recently we extended our calculations to energies above the four-body breakup threshold where
the singularity structure of the AGS equations becomes very complicated. We combined the complex-
energy method [5] with the use of special weights for the integration [6]. The use of special weights
reduces drastically the number of mesh points needed for convergence thereby making the method much
more efficient as compared to the original complex-energy method [5] using standard integration meshes.
Results have been obtained forn-3H elastic scattering and breakup [6] and forn + n + d recombination
inton+3H [7]. Extension top-3He scattering and to coupledn-3He, p-3H andd-d reactions is in progress.

[1] A. Deltuva and A. C. Fonseca, Phys. Rev. C75, 014005 (2007).
[2] P. Grassberger and W. Sandhas, Nucl. Phys.B2, 181 (1967); E. O. Alt, P. Grassberger, and W. Sandhas, JINR
report No. E4-6688 (1972).
[3] A. Deltuva and A. C. Fonseca, Phys. Rev. Lett.98, 162502 (2007)
[4] A. Deltuva and A. C. Fonseca, Phys. Rev. C76, 021001 (2007).
[5] H. Kamada, Y. Koike, and W. Glöckle, Prog. Theor. Phys109, 869 (2003).
[6] A. Deltuva and A. C. Fonseca, Phys. Rev. C86, 011001 (2012).
[7] A. Deltuva and A. C. Fonseca, Phys. Rev. C87, 014002 (2013).
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The study of nuclear collisions involving halo or, more in general, weakly bound nuclei at 
energies around the Coulomb barrier had a considerable interest in the last decade, since the peculiar 
structure of the colliding nuclei can deeply affect the reaction mechanisms (see e.g. [1,2,3] and refs. 
Therein).  Elastic   scattering  angular  distributions  and  heavy  residue  production  cross   sections  at 
several energies around the Coulomb barrier have been measured in the collisions 6,7Li+64Zn. Elastic 
scattering angular distributions have been reproduced within the Optical Model using renormalized 
double folding potentials for the real and imaginary part. The extracted energy dependence of the 
renormalization factors clearly show absence of the usual threshold anomaly in the optical potential, 
as  observed in other systems involving weakly bound nuclei.

The heavy residue production cross sections have been measured by using an activation 
technique, detecting off line the atomic X rays following the E.C. decay of the residues, allowing 
their   mass   and   charge   identification.   The   heavy   residue   excitation   function   ratio 
σ(6Li+64Zn)/σ(7Li+64Zn)   shows an increasing trend as the energy is decreased below the barrier as
observed  by   other   authors   for   different   similar   systems   (see   e.g.     [4]   and   refs.     therein).   The 
experimental relative yields of the heavy residues have been compared with the predictions of the 
statistical   model   code   CASCADE.   Such   comparison   suggests   that   heavy   residue   production   is 
dominated  by complete   fusion  (CF)  at  above  barrier  energies  whereas,   in   the   region  below  the 
barrier, other mechanisms such as  incomplete fusion (ICF) are dominating.  The large yield of 65Zn 
observed   in   the   low  energy   region   suggests   that,   together  with     ICF,     an   important   ntransfer 
contribution could also be present.  Results confirm, to our opinion, that the study of fusion reactions 
induced by light weakly bound nuclei on medium mass targets presents a number of experimental 
challenges.  The experimental  problems related with the low energy of  the produced evaporation 
residues can be overcome by using   activation or online gamma ray techniques, however a clear 
separation   of   CF,   ICF   and   transfer   cannot   be   easily   achieved   and   transfer     processes   might 
contaminate the measured  total fusion excitation functions.    

[1] L. F. Canto et al., Phys. Rep. 424, 1, (2006)
[2] N.Keeley et al., Prog. Part. Nucl. Phys. 59, 579, (2007)
[3] N.Keeley et al., Prog. Part. Nucl. Phys. 63, 396, (2009)
[4] M.Sinha et al., Eur. Phys. J. A44, 403, (2010)
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Huge efforts have been done in the last years in major laboratories around the world to understand
the reaction dynamics around the Coulomb barrier with neutron halo nuclei. Reactions induced by n-
halo nuclei have been extensively studied, in a wide range of energies and on different targets, in order
to understand the role played by the halo on the reaction dynamics (see e.g. [1] and ref. therein). In
collisions induced by halo nuclei, direct reactions, as for instance transfer or break-up, may be favored
owing to the low binding energy, the extended tail of ”valence nucleons” and the large Q-value for
selected transfer channels. Moreover, the effects of the coupling to the continuum is expected to play
a major role on the reaction dynamics. Elastic scattering studies can be an ideal tool to investigate the
effect of the long tail of the halo matter distribution. Experimentally, almost all elastic scattering and
reaction mechanism studies around the barrier performed with halo nuclei have been made using the
2n-halo nucleus 6He and only recently, results have been published with the 2n-halo 11Li [2]. Only
very few experiments have been performed with 1n-halo 11Be [3]. Thanks to the availability of a
post-accelerated 11Be beam at Rex-Isolde a rather precise measurement of the elastic scattering and
break-up cross-sections for 11Be was possible. In this contribution the results concerning the collisions
11Be+64Zn at energy close to the Coulomb barrier will be reported. The analysis of elastic scattering
shows a damping in the angular distribution in the angular region where nuclear and coulomb scattering
interfere, signature of long range absorption. In order to evaluate the effects of coupling to the break-up,
Continuum Disctretised Coupled Channel calculations have been performed to compute both the elastic
scattering angular distribution and the break-up cross-section [4]. The analysis shows that coupling
with elastic break-up is of primary importance to produce the observed dumping. Coulomb break-up is
responsible for the long range absorption whereas nuclear break-up is affecting the elastic phase-shift
and is responsible for an increase of the elastic cross-section at large angles. The energy spectra and
angular distribution for break-up have also been extracted. From the comparison with the calculations it
seems that direct break-up is not the only mechanism responsible for this cross-section.

[1] L.F. Canto et al., Phys. Rep. 424, 1 (2006).
[2] M. Cubrero et al., Phys. Rev. Lett. 109, 262701 (2012).
[3] M. Mazzocco et al., Eur. Phys. J. A28, 295 (2006).
[4] A. Di Pietro et al. Phys. Rev. C 85, 054607 (2012).

9present address: Nuclear Science Division, Lawrence Berkeley National Laboratory, Berkeley, USA
10present address: Instituut voor Kern-en Stralingsfysica KU Leuven, Belgium
11present address: Univesrit di Padova and INFN-Sezione di Padova, Padova, Italy
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There is an increasing need for accurate cross section data on neutron-induced reactions -

especially fission- for nuclear technology applications, concerning the design of new systems for 

safe and clean energy production and nuclear waste transmutation, such as the subcritical 

Accelerator Driven Systems (ADS) or the future Generation-IV fast nuclear reactors. The long-

lived 
237

Np is the major component of the spent nuclear fuel in existing reactors, mainly 

produced by neutron captures in 
235

U and (n,2n) reactions in 
238

U, thus the transmutation of this

isotope is a very important issue. There is a number of data in literature on the 
237

Np(n,f) reaction

that present discrepancies up to 8% while the new evaluations ENDF/B-VII.1 and JENDL-4.0 

present differences up to 3% above 2 MeV. 

The 
237

Np(n,f) cross section has been measured, relative to 
235

U and 
238

U cross sections, at the

n_TOF facility, CERN, from ~300keV to hundreds of MeV [1-2]. The most important features 

of this setup is the high instantaneous neutron flux and the excellent energy resolution. The 

fission fragments were detected with use of a fast ionization chamber (FIC) [3], and fast 

electronics were used, including Time to Digital Converters (TDC) and Flash Analog to Digital 

Converters (FADC). An adapted analysis procedure has been developed [4] in order to obtain the 

relative cross sections of each actinide. The high accuracy 
237

Np(n,f) cross section data from this

analysis will be presented, and their comparison to previous data and evaluations will be 

discussed. 

 

[1] C. Rubbia, et al., A high resolution spallation driven facility at the CERN-PS to measure neutron 

cross-sections in the Interval from 1 eV to 250 MeV, CERN/ LHC/98-02 (EET). 

[2] U. Abbondanno, et al., n TOF Performance Report. CERN/INTC-O-011 INTC-2002, 2002, p. 037. 

[3] M. Calviani et al, Nucl. Instr. Meth. A 594 (2008) 220. 

[4] D. Karadimos et al., Nucl. Instr. Meth. B 268 (2010) 2556-2562. 
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The investigation of reaction mechanism in heavy ion (HI) induced reactions at projectile 
energies in the range of 4-10MeV/A has become a phenomenon of interest in the field of nuclear 
reactions. The study of incomplete fusion reactions is still an active area of debate due to the 
complex nature of incomplete mass transfer and its indistinct dependence on various entrance 
channel parameters like projectile type & energy, entrance channel mass-asymmetry, alpha-Q-value 
and imparted input angular momentum of the system (1 – 3). In the present study attempts have been 
made to probe mass asymmetry dependence of incomplete fusion dynamics in HI induced reactions.  
The excitation functions for 59Co(C, pn)69Ge, 59 Co(C, 2pn) 68Ga, 59 Co (C, p4n) 66Ge, 59 Co (C, αp4n) 

62Zn reactions for 12C + 59Co projectile-target system have been measured for the first time, in 
addition to our previous work (4).The recoil catcher technique followed by offline γ-ray 
spectroscopy with HPGe detectors was used. The ERs were identified by their characteristic γ-rays 
and half-life measurements by decay curve analysis. The measured excitation functions are 
compared with the calculations based on the available statistical model codes e.g. PACE-4, ALICE-
91 and CASCADE. The effect of variation of different parameters including level density parameter 
involved in these codes has also been studied to optimize the input parameters. Measured 
independent cross sections are found to be in good agreement with ALICE-91 predictions for 
complete fusion channels along with PACE-4 calculations.  The enhancement in the experimental 
cross section for   α-emitting channels over theoretical predictions is attributed to incomplete fusion 
(ICF) of 4He/8Be with the target. These data also suggest the increase in the probability of 
incomplete fusion with the projectile energy. Moreover, the incomplete fusion probability is found to 
increase with the entrance channel mass asymmetry of the projectile-target systems for the same 
relative velocity (5). The effect of α-break-up energy (Q α) on the ICF probability is also studied with 
the available data. This supports the fact that the incomplete fusion probability decreases with the 
increase in alpha Q-value of the projectile. 
 
 
 
 
 
 
 
[1] Pushpendra P. Singh et al., Phys. Lett. B 671, 20-24 (2009);  
[2] F. K. Amanuel et al., Phys. Rev. C 84, 024614 (2011); 
[3] Abhishek Yadav et al., Phys. Rev. C 85, 064617 (2012); 
[4] Avinash Agarwal et al., Int. J. Mod. Phys. E 17, 393 (2008); 
[5] H. Morgenstern, et al. Phys. Rev. Lett. 52, 1104 (1984) 
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The time-dependent Hartree-Fock (TDHF) theory is well-known as a useful tool to study heavy-
ion collision, however it does not include effects of nuclear pairing correlation. Although the time-
dependent Hartree-Fock-Bogoliubov (TDHFB) theory is capable of treating the pairing correlation in
nuclear dynamics self-consistently. No study on heavy-ion collision has been carried out using TDHFB
with a modern effective interaction in three-dimensional (3D) space. To facilitate the study of nuclear
dynamics with the pairing correlations, we proposed a new time-dependent scheme, which is named
the canonical-basis TDHFB (Cb-TDHFB)[1]. The Cb-TDHFB is derived from full TDHFB equations
represented in canonical basis which diagonalizes density matrix, and with a Bardeen-Cooper-Schrieffer
(BCS)-like approximation for pairing functional.

We carried out a simulation of heavy-ion collision using the Cb-TDHFB in 3D Cartesian coordinate
space with the full Skyrme functional of SkM∗ parameter set and with a contact pairing functional. We
have found an interesting behavior of the gap energy which decreases and vibrates while colliding, which
leads to a different consequence in fusion processes between Cb-TDHFB and TDHF. Figure 1 shows an
example of the time evolution of neutron-density distributions in 20O + 20O head-on collision.

Figure 1: Neutron density distributions of XZ-plane in 20O + 20O collision at t=(a)4.93, (b)98.66,
(c)197.33, (d)295.99, (e)394.65 and (f )493.32 fm/c. The horizontal direction corresponds to Z di-
rection. The incident energy Ein is 20 MeV in laboratory frame.

[1] S. Ebata, T. Nakatsukasa, T. Inakura, K. Yoshida, Y. Hashimoto and K. Yabana, Phys.Rev.C82 034306 (2010).
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The recent progress in research with radioactive ion beams (RIB) leads to increase of interest to
nuclear systems close to the driplines and even beyond. Many of these systems have three-body decay
modes. Being the lightest ground state two-proton emitter the6Be nucleus has a special interest as
possible benchmark system for studies of such complex phenomena as three-body Coulombic decays
and two-proton radioactivity in general. For these reasons in the last years this system began to attract
special attention of researchers.

Several years ago the spectrum and three-body correlations for the ground-state decay of6Be were
well studied both theoretically [1] and experimentally [2] with high precision. Special methods were
developed later to further improve the convergence of the theoretical energy and angular correlations [3].

In the recent experiment at MSU [4] the experimental data on three-body correlations of unprece-
dented quality has been obtained. The6Be states up to 10 MeV of excitation were populated in a neutron
knockout reaction from7Be beam. Available data comprising several millions of events allowed us to get
deep insights into the interpaly and transition between the different decay mechanisms in a broad range
of 6Be excitations, see Figure 1. Several results of these studies can be found as paradoxical and thus
openning new prospects in the studies of three-body decays.

Several important theoretical findings deserved special disscusion [5]. These are first of all (i) the
sensitivity of three-body decays to the reaction mechanism and the initial structure, and (ii) important
effects of interference and alignment of different states on the three-body correlation patterns.
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Figure 1:Level and decay schemes for6Be illustrates possible decay mechanisms. For low-energy part
of 6Be spectrum the decay should be either “true three-body” or “democratic”. It has been always
expected that for higher excitations the decay mechanism should become sequential via the energeti-
cally accessible states in the5Li subsystem. New results [4] indicate that actual situation is different:
sequential decay do not become a dominant mechanism in the studied energy range.

[1] L.V. Grigorenko,et al., Phys. Rev. C 80, 034602 (2009).
[2] L.V. Grigorenko,et al., Phys. Lett. B 677, 30 (2009).
[3] L.V. Grigorenko,et al., Phys. Rev. C 82, 014615 (2010).
[4] I.A. Egorova,et al., Phys. Rev. Lett. 109, 202502 (2012).
[5] L.V. Grigorenko,et al., Phys. Rev. C 86, 061602(R) (2012).
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The region around the nucleus 68Ni, with a shell closure at Z = 28 and a sub-shell closure at N = 40,  
has drawn considerable interest over the past decades. 68Ni has properties that are typical of a 
doubly-magic nucleus, such as a high excitation energy and low B(E2:2+-0+) transition probability 
for the first excited 2+ level [1-3] and a 0+ level as the first excited state [4]. However, it has been 
suggested that the magic properties of 68Ni arise due to the fact that the N = 40 separates the negative 
parity pf shell from the positive parity 1g9/2 orbital [5,6], and indeed, recent mass measurements [7,8] 
have not revealed a clear N = 40 shell gap. Despite all additional information that was acquired over 
the last decade the specific role of the N = 40 is not yet understood.  
 
Transfer reactions are a powerful tool to constrain spin and parities of excited states and to determine 
(relative) spectroscopic factors. Therefore two experiments were performed at ISOLDE, CERN, 
using one- and two-nucleon transfer reactions. In a first experimental campaign in 2009, the 
excitation spectrum of 67Ni was studied by performing a (d,p)-reaction on 66Ni in inverse kinematics. 
A 66Ni beam of 2.85MeV/u was projected onto a 100g/cm² CD2 target and the resulting particles 
and gamma rays were detected using the MINIBALL setup [9] in combination with the T-REX 
particle detection array [10]. The excitation spectrum of odd mass nuclei, e.g. 67Ni, in the direct 
neighborhood of closed shells, such as 68Ni, is usually governed by single particle excitations. By 
measuring effective single-particle energies the shell gaps can then be fixed in order to further update 
the existing nuclear models.  
In a second experimental campaign in 2011, 68Ni was studied through a (t,p)-reaction on 66Ni, using 
the same set-up as in the 2009 campaign. In this case a 2.6MeV/u 66Ni beam was projected onto a 
tritium-loaded titanium target of 500g/cm². Thus, in this experiment a radioactive beam in 
combination with a radioactive target was used. The aim of this campaign was to measure the cross 
section for the population of the 0+ ground state and characterize the 0+ and 2+ excited states in 68Ni.   
 
The excitation spectrum and the angular distribution of the emitted protons can be used to determine 
the spin and parity of the states populated in 67,68Ni. Further, excited states can be identified by using 
proton-gamma correlations.  Preliminary results of such coincidence analysis, revealing the most 
populated states in the reactions, will be presented. 
 
 
 [1] R. Broda et al., Phys. Rev. Lett. 74, 868 (1995). 
[2] O. Sorlin et al., Phys. Rev. Lett. 88, 092501 (2002). 
[3] N. Bree et al., Phys. Rev. C 78, 047301 (2008). 
[4] M. Bernas et al., Phys. Lett. B 113, 279 (1982). 
[5] H. Grawe and M. Lewitowicz, Nucl. Phys. A 693, 116 (2001). 
[6] K. Langanke et al., Phys. Rev. C 67, 044314 (2003). 
[7] S. Rahaman et al., Eur. Phys. J. A 34, 5 (2007). 
[8] C. Guénaut et al., Phys. Rev. C 75, 044303 (2007). 
[9] P. Reiter et al., Nucl. Phys. A 701, 209c (2002), N. Warr et al., will be submitted to Eur. Phys. J. 
A (2013). 
[10] V. Bildstein et al., Eur. Phys. J. A  48, 85 (2012). 
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It is well known that the angular distributions of quasifission and fission fragments are very 
sensitive probe to the dynamics of heavy ion induced reactions [1, 2]. In particular, information on 
the angular distributions is frequently used to extract the quasifission fraction in the total fragment 
yield [3, 4]. However the standard statistical models (based on the transitional state approach) are 
inapplicable for analysis of the quasifission process because of incomplete equilibration of the tilting 
mode [2]. The present work is aimed at studying dynamics of formation of angular distributions of 
quasifission fragments. It is shown that the dynamic model proposed in [5, 6] is a suitable theoretical 
tool for the consistent analysis of the angular distributions of both quasifission and fission fragments 
produced in the reactions with heavy ions. In this model, the angular distributions are 
determined by the relation between the relaxation time for the tilting mode and duration of 
different stages of decay of the excited nuclear system.The model is approved in the description 
of the experimental anisotropy of the angular distributions of the fusion – fission and quasifission 
fragments for the 32S + 232Th [7], 32S, 28Si + 208Pb reactions [2, 8]. On the example of the description 
of the in the 64Ni + 197Au reaction at 418 and 383 MeV incident energies [4] it is shown that the 
model is applicable to describe the experimental data on the mass-angular correlations in the 
quasifission fragment yields. The analysis was performed with the angular momentum and 
deformation dependent relaxation time of the tilting mode. Information on the dinuclear system 
lifetimes was also obtained. 

 
[1] R. du Reitz et al., Phys. Rev. Lett. 106, 052701 (2011). 
[2] S. Soheyli et al., Phys. Rev. C 85, 034610 (2012). 
[3] G. N. Knyazheva et al., Particle and Nuclei. Letters 5, 40 (2008). 
[4] J. Velkovska et al., Phys. Rev. C 59, 1506  (2009).  
[5] D. O. Eremenko et. Al., Phys. At. Nucl. 69, 1423 (2006). 
[6] D. O. Eremenko et al., Bull. Rus. Acad. Sci.: Phys. 73, 180 (2009).  
[7] D. J. Hinde et al., 101, 092701 (2008) 
[8] B. B. Back et al., Phys. Rev. C 32, 195 (1985). 
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Exotic structure of 15,17B probed through charge changing cross section
A. Estrade1,2*, R. Kanungo1, I. Tanihata3, F. Ameil2, J. Atkinson1, Y. Ayyad4, D. Cortina-Gil4,

I.Dillman2, A. Evdokimov2, F. Farinon2, H. Geissel2, G. Guastalla2, R. Janik5, J. Kurcewicz2, R.
Knöbel2, Y. Litvinov2, M. Marta2, M. Mostazo4, I. Muhka2, C. Nociforo2, S. Pietri2, A. Prochazka2,

C. Scheidenberger2, B. Sitar5, P. Strmen5, H-J. Ong3, M. Takechi2, J. Tanaka3, S. Terashima6, Y.
Vargas4, H. Weick2, and J. Winfield2

1Department of Astronomy and Physics, Saint Mary’s University, Halifax, NS B3H 3C3, Canada
2GSI Helmholtzzentrum für Schwerionenforschung, D-64291 Darmstadt, Germany

3RCNP, Osaka University, Mihogaoka, Ibaraki, Osaka 567 0047, Japan
4Universidad de Santiago de Compostela, E-15706 Santiago de Compostella, Spain

5Faculty of Mathematics and Physics, Comenius University, 84215 Bratislava, Slovakia
6Beihang University, HaiDan District, Beijing 86-134-6633-8905, China

Contact email: ritu@triumf.ca

In the neutron-rich zone of the nuclear landscape, nuclei develop unconventional forms such as
neutron halo and skin with a surface largely made up of neutrons. This large difference of the proton
and neutron distributions give rise to unexpected phenomena whose complete understanding is
closely tied to gaining knowledge on correlation between nucleons and features of the nuclear
interaction. The exotic structures are intimately related to new characteristics of  nuclear shell
structure.

The study of the effect of neutron excess on the proton distribution is gradually unfolding before us a
more comprehensive understanding on the structure and correlations of the excess neutrons. The
presentation will discuss the new technique of charge changing cross section measurements for
determining the charge radii of neutron-rich nuclei using the fragment separator FRS at GSI.

New observations for neutron-rich boron isotopes, 15,17B, will be presented. The knowledge of charge
radii coupled together with information on matter radii can help to elucidate the correlated three-
body structure of the borromean nucleus 17B.

* Present address : Department of Physics, University of Edinburgh, United Kingdom
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Microscopic study on proton elastic scattering of Helium, Lithium, and
Beryllium isotopes at energy range of 1-160 MeV/nucleon.
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2 Physics Department, Faculty of Applied Science, Taiz University, Taiz, Yemen

Contact email: h.maridi@yahoo.com

The proton elastic scattering data on 4,6,8He, 6,7,9,11Li, and 9,10,11,12Be nuclei at energies below than 160
MeV/nucleon are analyzed using the single folding optical model. The real, imaginary, and spin-orbit
parts of the optical potential (OP) are constructed only from the folded potentials and their derivatives
using M3Y effective nucleon-nucleon interaction and microscopic densities. The Green function mont
carlo (GFMC) density is used for the stable nuclei whereas the large-scale shell model (LSSM) density
is used for the exotic nuclei and the sensitivity of the cross-sections to these densities is tested. The
imaginary OP within high energy approximation (HEA) is used and compared with the single folding
OP with M3Y interaction. The renormalization factors and volume integrals of the OP parts are studied
and it is found that they show clear dependencies on energy and mass number. The obtained results of
the differential and the reaction cross sections are in good agreement with the available experimental
data. In general, this OP with few and limited fitting parameters, which have systematic behavior with
incident energy, successfully describes the proton elastic scattering data with stable and exotic light
nuclei at energies from 1 MeV/nucleon up to 160 MeV/nucleon. Figure 1 present some results from the
presentation.
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Figure 1: (a) The dependence of the volume integrals for the proton elastic scattering with Helium iso-
topes. (b)The differential cross sections for the protonelastic scattering with Lithiume isotopes at about
60-65 Mev/nucleon. (c)The differential cross sections for p+9Be at different energies(in Mev/nucleon).
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 Deuterated liquid scintillation detectors have shown promise as neutron detectors for nuclear 

science as well as applications in nuclear non-proliferation and safeguards. In particular, they can 

provide neutron spectroscopic information without time of flight [1]. This capability allows for the 

study of nuclear reactions involving neutrons such as the (p,n), (d,n), and (
3
He, n) reactions with 

neutron energies above 5 MeV. Because time of flight (ToF) is not necessary [1], the detectors can 

be located in close proximity to the reaction chamber allowing for good angular coverage and 

absolute detector efficiency compared to traditional long-path ToF systems.  We have developed a 

multi-element deuterated liquid scintillator array utilizing high-speed digital signal processing for the 

study of reactions involving neutrons [2].  A systematic study of (d,n) reactions at Ed = 16 MeV on 
9
Be, 

11
B, 

13
C, 

14
N, 

15
N and 

19
F has been conducted from 10

o
 to 160

o
 (lab). Some recent data are 

shown in Figs. 1 and 2. In addition to previously un-measured back-angle cross sections, these data 

can compliment (
3
He,d) measurements as an analog of  (p,γ) for nuclear astrophysics.  This work is 

supported by NSF grant PHY 0969456.   

 

 

  
 

 

Figure 1(left): Excited states in 
14

N for the 
13

C(d,n)
14

N reaction at Ed = 16 MeV observed directly in 

the deuterated scintillator when gated on recoil deuterons.  
Figure 2 (right): Cross section of 

9
Be(d,n)

10
B g.s. reaction at Ed = 16 MeV measured without ToF 

compared with a previous measurement using ToF [3]. 

 

 

[1]  M. Ojaruega, et al., Nucl. Instrum. Methods A652 (2011) 397-399. 

[2]  M. Febbraro, et al., IEEE TNS (submitted for publication) 

[3]  Yong Sook Park, et al., Phys. Rev. C 8, (1973) 1557–1573.  
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Measurement of Li+Sn fusion excitation functions around the Coulomb
barrier using an improved activation technique
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In the last years, a lot of experimental and theoretical work has been done with the aim of studying the
possible dependence of the sub-barrier fusion cross section enhancement on the neutron transfer Q-value
(see e.g. [1]). A semi-classical model of sequential fusion [2] has been proposed suggesting that an in-
termediate rearrangement of valence neutrons having positive Q-value leads to a gain in kinetic energy of
the colliding nuclei and, consequently, in an enhancement of the fusion cross-section. On the other hand
a recent work [3] arrived at the opposite conclusion that the presence of positive Q-value channels is not
necessarily correlated with an enhancement of the sub-barrier fusion cross section. To further investigate
the possible influence of the entrance channel neutron transfer Q-value on the fusion cross section, we
planned to study the fusion excitation function for the 6Li+120Sn, 7Li+119Sn, 8Li+118Sn and 9Li+117Sn
systems, which are characterised by different Q-values for one- and two- neutron transfer. In principle,
the comparison of similar systems should help to isolate the effects of transfer couplings with respect to
inelastic channels. Moreover, in our case, the choice of different combinations of Li and Sn isotopes al-
lows also to make the entrance channels of the four systems very similar from a kinematic point of view.
Thus, by the comparison of the sub-barrier fusion excitation functions for the four systems, it should be
possible to evidence the possible effects due to the different Q-values for neutron transfer and form the
same compound nucleus.
Since our projectiles are weakly bound nuclei, by comparing, at energies above the barrier, the fusion
excitation function for each system with the predictions of the one dimensional penetration model (1D
BPM), we can investigate the suppression of the complete fusion excitation function [4] in a target mass
range never studied before.
In this contribution, the results concerning two experiments on the 6Li+120Sn and 7Li+119Sn systems,
performed at the Laboratori Nazionali del Sud, Catania, will be presented and discussed. In these ex-
periments the fusion cross section has been measured by using a stack activation technique. Although
many fusion excitation function measurements have been performed using this technique, to our knowl-
edge only in few cases (see e.g. [5]) the drawbacks of this technique have been investigated and properly
taken into account. We analysed in detail these drawbacks, focusing in particular on the effects that the
target non-uniformity could generate in the determination of the fusion excitation function.

[1] Stefanini et al., Phys.Rev. C 74 034606 (2006);
[2] Zagrebaev et al., Phys. Rev. C 67 061601(R) (2003);
[3] Kohley et al., Phys. Rev. Lett. 107, 202701 (2011);
[4] M. Dasgupta et al. Phys. Rev. C, 70, 024606 (2004);
[5] Wolski et al., Eur. Phys. J. A, 47, 1 (2011).

NR 056



International Nuclear Physics Conference INPC2013: 2-7 June 2013, Firenze, Italy 
 

Ab initio approach to the structure and reactions of light nuclei  
 

Christian Forssén1, Jimmy Rotureau1, G. Papadimitriou2, B. R. Barrett2,  
N. Michel3, M. Ploszajczak4   

 
1Chalmers University of Technology, Gothenburg, Sweden 

2Department of Physics, University of Arizona, Tucson, AZ 85721, USA 
3Department of Physics and Astronomy, University of Tennessee,  

Knoxville, Tennessee 37996, USA 
4Grand Accelerateur National d’Ions Lourds (GANIL), CEA/DSM-CNRS/IN2P3,  

BP 55027, F-14076 Caen Cedex 5, France 
 

Contact email: christian.forssen@chalmers.se 
 
 

Over the last decade we have seen significant progress in several areas that has been key for 
the achievement of successful ab initio descriptions of nuclear structure for light nuclei. This exciting 
trend in modern nuclear theory is now continuing with the evolution of methods to treat bound, 
scattering, and resonance states within a single unified formalism. The development of such a 
capability is crucial for obtaining a fundamental understanding of the structure of exotic nuclear 
systems; currently being investigated at radioactive beam facilities. Such methods would also form 
the foundation for a microscopic treatment of low-energy nuclear reactions on light nuclei. 
 

An overview of this very active field of research will be presented with focus in particular on 
our understanding of low-energy, effective nuclear interactions based on chiral perturbation theory, 
and challenges in the development of a unified description of nuclear structure and reactions. In 
particular, the importance of many-body degrees of freedom together with a consistent treatment of 
couplings to open channels. 
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The method of description of the pre-equilibrium alpha-particle emission during the non-

equilibrium stage of the nuclear reactions is discussed. An approach was developed to describe the 
double differential spectra of secondary particles formed in heavy ions reactions. Griffin model of 
non-equilibrium processes was used to account for the non-equilibrium stage of the compound 
system formation. Simulation of de-excitation of the compound system was carried out using the 
Monte – Carlo method. Fission and γ-ray emission were also considered after equilibration. Analysis 
of the probabilities of neutron, proton and α-particle emission was performed both in equilibrium, 
and in the pre-equilibrium stages of the process. The theoretical modeling which take into account 
the possible influence of the cluster structure in the projectile nucleus excited by collision will be 
discussed together with the comparison between simulated and experimental double differential 
cross sections of p, α-particles for the E =250MeV 16O +116Sn reaction, where different clusterization 
probabilities have been considered. 
 

 
 
Figure 1: Double differential spectra (Cross-Section (CS) in arbitrary units) for α particles for the 250 MeV 

16O + 116Sn reaction. Experimental data [1,2] are shown in red. Other lines - the results of estimates for 
different probabilities α-clustering in nuclei 

 
[1] V.L. Kravchuk et al., Int. Journ. Mod. Phys. E 20, 1050c (2011). 
[2] O.V. Fotina et al., Int. Journ. Mod. Phys. E 19, 1134c (2010). 
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Latest results concerning the study of central collisions in 58Ni+48Ca reactions at Elab(Ni)=25 AMeV 
are presented. The experimental data, collected with the CHIMERA 4π device, have been analyzed 
in order to investigate the competition among different reaction mechanisms for central collisions in 
the Fermi energy domain. The method adopted to perform the centrality selection refers to the global 
variable “flow angle”, that is related to the event shape in momentum space, as it is determined by 
the eigenvectors of the experimental kinetic-energy tensor. By means of several cuts applied to this 
Flow Observable, the most central events can be disentangled from the dominant yield of peripheral 
and semi-peripheral events which are characterized by low values of the flow angle. The main 
features of the reaction products were explored by using different constraints on some of the relevant 
observables, such as mass and velocity distributions and their correlations. Much emphasis was 
devoted to the competition between fusion-evaporation processes with subsequent identification of a 
heavy residue and a possible rapid multifragmentation mechanism of a nuclear system far from 
stability. In particular, in out study much emphasis was devoted to modeling dynamical evolution of 
the system from the early phase of the binary reaction and pre-equilibrium emission to the late multi 
particle stage, where fragments were clearly identified in the final state. The reaction mechanism was 
simulated in the framework of transport theories (dynamical stochastic BNV calculations, followed 
by sequential SIMON code) and further comparison with dynamical calculations from transport 
model (QMD, CoMD) are in progress. Moreover, an extension of this study taking into account for 
the light particles has been started. A comparison between calculated and experimental observable, 
such as multiplicities, energy spectra of pre-equilibrium emissions is envisaged in order to pin down 
the relevant features of the emitting process ,like temperature, excitation energy and density. 
Furthermore, this study will be also useful in providing useful information for a recent work in 
progress by the CHIMERA group in order to upgrade of the 4pi apparatus for possible future neutron 
detection and identification fully integrated with the present signal of charged particles.  
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The reaction22Ne(p, γ)23Na is key to the NeNa cycle of stellar nucleogenesis [1,2]. Accordingly, we
have studied it using a multi-channel algebraic scattering (MCAS) formalism for low-energy nucleon-
nucleus scattering, recently expanded to investigate radiative capture [3]. MCAS incorporates a mecha-
nism to include the Pauli principle in interaction potentials stemming from collective models, and sepa-
rates these interactions into an ‘optimal’ set of functions for algebraic treatment of driving equations [4].
Firstly, interaction parameters are set for the elastic scattering22Ne(n, n)22Ne, after which a Coulomb
potential is added to model22Ne(p, p)22Ne, and finally the radiative capture is considered.

[1] P. A. Denisenkov and S. N. Denisenkova, Sov. Astron. Lett. 16, 275 (1990);
[2] S. E. Hale, Phys. Rev. C 65, 015801 (2001);
[3] L. Canton and L. Levchuk, Nucl. Phys. A 808, 192 (2008);
[4] K. Amos, L. Canton, G. Pisent, J.P. Svenne, D. van der Kniff, Nucl. Phys. A 728, 65 (2003).
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Interpretation of the properties of unbound nuclei which populate beyond the drip-line or as exited
states of the unstable nuclei, is one of the most important subjects in nuclear physics. This will be helpful
to determine the drip-line in the nuclear chart. Very recently, for example, evidence for an unbound
ground state of 26O was reported [1], which could extend the definition of the region for the existence of
nuclei to the unbound state region. Unbound nuclei can exist as a product of a nuclear reaction because
the life-time of unbound nuclei is much shorter than that of usual unstable nuclei. Therefore reaction
studies are important to investigate the properties of unbound nuclei.

In this paper we focus on 21C which is unbound nucleus beyond the neutron drip-line, and describe
the transfer reaction 20C(d, p)21C. In this reaction 21C can be reproduced with various energy states
owing to the neutron transfer to the 20C, which may be d3/2 resonance state or nonresonant continuum
states. We can calculate the coupling between those states by using the continuum-discretized coupled-
channels method (CDCC) [2-4]. CDCC is a powerful reaction model which can describe precisely the
coupling between bound states and continuum states including resonances.

Our purpose of this study is to investigate how the coupling between resonant and nonresonant states
is strong, and see its effects on the transfer cross section. This cross section brings the energy spectrum
of the n-20C system, which will reveal the figure of 21C formed by the 20C(d, p) reaction.

[1] E. Lunderberg et al., Phys. Rev. Lett. 108, 142503 (2012).
[2] M. Kamimura et al., Prog. Theo. Phys. Suppl. No. 89, 1 (1986).
[3] N. Austern, et al., Phys. Rep. 154, 125 (1987).
[4] M. Yahiro, et al., Prog. Theor. Exp. Phys. 1, 01A209 (2012) [arXiv:1203.5392 (2012)].
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Recently, the present authors and their collaborators proposed microscopic optical-model potential
(OMP) for heavy-ion systems based on the double-folding model with the new complex G-matrix inter-
action CEG07 [1] with a remarkable success [2] and predicted that the real part of heavy-ion optical po-
tentials changed its character from attraction to repulsion around the incident energy per nucleonE/A =
200–300 MeV [3]. We extend the present microscopic OMP based on the complex G-matrix interaction
to the microscopic coupled-channel (MCC) calculation of heavy-ion scattering. We here demonstrate it
in the case of elastic and inelastic scattering of the12C + 12C system atE/A=100–400 MeV.

The present MCC method predicts the drastic energy dependence of the shape and strength of the
complex coupling potential to the inelastic channels (right figure), that is very similar to that of the
microscopic OMP in the elastic channel (left figure), which leads to the drastic energy dependence of the
channel-coupling effects on the elastic and inelastic scattering.

The coupling effect on the elastic scattering is analyzed in terms of the dynamical polarization po-
tential (DPP). The calculated DPP drastically changes with the incident energy. Namely, the real part
of DPP changes its sign from positive (repulsive) to negative (attractive) in the energy evolution from
E/A=100 to 400 MeV, whereas the imaginary part changes from negative (absorptive) to positive (cre-
ative). These transitions reflect the characteristic energy dependence of the complex coupling potential,
which is clearly understood by the close relation between the real and imaginary parts of the DPP and
the real and imaginary parts of the complex coupling potential.

The inelastic cross sections at these incident energies are dominated by the imaginary part of the
coupling potential, which also reflect the characteristic energy dependence of the real and imaginary
parts of the coupling potential. This suggests that the measurement of the absolute magnitude of the
inelastic cross sections at very forward angles at these incident energies will provide a crucial test for the
validity of microscopic interaction models and removes the ambiguity of the strength of the imaginary
coupling potential. Further details will be found in Ref. [4].
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[1] T. Furumoto, Y. Sakuragi, and Y. Yamamoto, Phys. Rev. C78, 044610 (2008).
[2] T. Furumoto, Y. Sakuragi, and Y. Yamamoto, Phys. Rev. C79, 011601(R) (2009);ibid. 80, 044614 (2009).
[3] T. Furumoto, Y. Sakuragi, and Y. Yamamoto, Phys. Rev. C82, 044612 (2010).
[4] T. Furumoto and Y. Sakuragi, Phys. Rev. C87 (2013), in press.
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We present a new global optical potential (GOP) for nucleus-nucleus systems, including neutron-
rich and proton-rich isotopes up to driplines, in the energy range of 50–400 A MeV [1]. The GOP
is derived from the microscopic folding model based on the complex G-matrix interaction CEG07 [2]
and the global density presented by São Paulo group [3]. The folding model well accounts for realistic
complex optical potentials of nucleus-nucleus systems and reproduces the existing elastic scattering data
for stable heavy-ion projectiles at incident energies per nucleonE/A above 50 MeV. We then calculate
the microscopic folding-model potentials (FMP) for projectiles of even-even isotopes8−22C, 12−24O,
16−38Ne, 20−40Mg, 22−48Si, 26−52S, 30−62Ar and 34−70Ca [shown in Fig. 1] scattered by stable target
nuclei of12C, 16O, 28Si, 40Ca,58Ni, 90Zr, 120Sn, and208Pb atE/A = 50–400 MeV.

The calculated FMP is represented, with a sufficient accuracy, by a linear combination of 10-range
Gaussian functions. The expansion coefficients depend on the incident energy, the projectile and tar-
get mass numbers, and the projectile atomic number, while the range parameters depend only on the
projectile and target mass numbers. The adequate mass region of the present GOP by the global den-
sity is inspected in comparison with folding model potential by realistic density. The full set of the
range parameters and the coefficients for all the projectile-target combinations at each incident energy
are provided on a permanent open-access website [4] together with a Fortran program for calculating
the microscopic-basis GOP (MGOP) for a desired projectile nucleus by the spline interpolation over the
incident energy and the target mass number.

Figure 1:The projectile nuclei covered by the present globaloptical potential given on the website [4].

[1] T. Furumoto, W. Horiuchi, M. Takashina, Y. Yamamoto, and Y. Sakuragi, Phys. Rev. C85, 044607 (2012)
[2] T. Furumoto, Y. Sakuragi, and Y. Yamamoto, Phys. Rev. C78, 044610 (2008);ibid. 80, 044614 (2009)
[3] L. C. Chamon et al., Phys. Rev. C66, 014610 (2002)
[4] http://www2.yukawa.kyoto-u.ac.jp/ furumoto/

02

NR 063



International Nuclear Physics Conference INPC2013: 2-7 June 2013, Firenze, Italy

Universality in Particle-Dimer Scattering below threshold: from atomic to
nuclear physics

M. Gattobigio1, A. Kievsky2
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Scattering of two particles at very low energy shows universal behavior encoded in the scattering length
a and in the effective range rs. In fact, systems with different interactions sharing the same scattering
length and the same effective range have the same effective range function, k cot δ = −1/a + rsk

2/2,
and, accordingly, the same low energy behavior. In the limit a� r0, where the scattering length is much
greater than the typical range r0 of the potential, not only the scattering process is universal, but also
some bound-state properties. In fact, when a → +∞ (known as unitary limit), the two-particle system
has a shallow-bound state with the bound-state energy E2 ≈ h̄2/ma2 fixed by the scattering length. In
this limit, the physics is scale invariant.

In the 1970s, V. Efimov [1,2] showed that the scale invariance is broken in the s-wave three-body
sector of a bosonic system. The residual symmetry is the discrete scale invariance (DSI) that constrains
the form of the observables to be log-periodic functions of the control parameter. For instance, for
collisions below the dimer breakup threshold, DSI imposes the following universal form for the effective
range function

ka cot δ = c1(ka) + c2(ka) cot[s0 ln(aκ∗) + φ(ka)] , (1)

with δ the particle-dimer phase-shift, κ∗ a three-body parameter, and c1, c2, φ universal functions of the
dimensionless variable ka, where k2 = (4/3)E/(h̄2/m), being E the center of mass energy of the
process.

We report on our detailed study [3] of the universal behavior of the effective range function ka cot δ.
To this aim we use the family of atomic 4He–4He potentials derived in Ref. [4] to parametrize the uni-
versal form Eq. (1), and to find its finite-range corrections.

Moreover, we show that the universal character of the effective range function can be used to evaluate
a very different system: low energy nucleon-deuteron scattering. It is well known that the nucleon-
deuteron effective range function presents a pole structure that has been related to the presence of a
virtual state [5]. We shown that this structure is related to the universal form given by Eq. (1) and, using
the parameterization determined in the atomic three-helium system, we shown that this equation can be
used to describe nucleon-deuteron scattering as well. In this way, the universal behavior imposed by the
DSI is analyzed in systems with natural lengths that differ of several order of magnitude.

[1] V. Efimov, Phys. Lett. B 33, 563 (1970).
[2] V. Efimov, Sov. J. Nucl. Phys. 12, 589 (1971), [Yad. Fiz. 12, 10801090 (1970)].
[3] A. Kievsky, and M. Gattobigio arXiv:1212.3457 [cond-mat.quant-gas] (2012).
[4] M. Gattobigio, A. Kievsky, and M. Viviani, Phys. Rev. A 86, 042513 (2012).
[5] C. R. Chen, G. L. Payne, J. L. Friar, and B. F. Gibson, Phys. Rev. C 39, 1261 (1989).
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The nuclear symmetry energy is of great interest to nuclear physics community as well as to 
astrophysics community as it sheds light on nucleon-nucleon interactions and properties of neutron 
stars. In this direction, various observables which are sensitive to the nuclear symmetry have been 
proposed for the last couple of decades [1]. In the present work, we show that the isospin dependence 
(neutron/proton ratio) of energy of vanishing flow EVF (energy at which flow disappears) is 
sensitive to the nuclear symmetry energy and is insensitive to isospin dependence of nucleon-
nucleon cross section. We use isospin-dependent quantum molecular dynamics model [2] and 
simulate the reactions of Ca+Ca and Xe+Xe at semicentral colliding geometry. In Figure 1, we 
display the N/Z dependence of EVF (solid symbols) for Ca+Ca (upper panels) and Xe+Xe (lower) 
for all nucleons (left panels), neutrons (middle) and protons (right). From figure, we see that EVF 
decreases with increase in neutron content. This is due to the dominant role of repulsive symmetry 
energy. We also calculate the EVF without symmetry energy and results are displayed by open 
squares. We see that EVF increases throughout the isotopic series, though the N/Z dependence 
decreases. To check the sensitivity of isospin dependence of cross section, we further make the cross 
section isospin independent (open squares). From figure, we see that EVF further increases though 
N/Z dependence is almost similar to that with symmetry energy. These calculations show that N/Z 
dependence of EVF is sensitive to symmetry energy and insensitive to isospin dependence of cross 
section. We also notice that these results hold good for neutrons and protons EVF also. 
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Figure 1: The energy of vanishing flow as a function of N/Z of colliding pair for Ca+Ca and Xe+Xe 

reactions. Various symbols are explained in the text. 
 
 
[1] S. Gautam et al., Phys. Rev. C 683, 034606 (2011); ibid. C 86, 034607 (2012); B. A. Li et al.,      
      Phys. Rep. 464, 113 (2008). 
[2] C. Hartnack et al., Eur. Phys. J A 1, 151 (1998) ; S. Gautam et al., J. Phys. G : Nucl. Part. Phys.      
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We present new data from the  64Ni + 124Sn  (neutron rich) and 58Ni + 112Sn (neutron poor) 
studied in direct kinematics and compared with the same reaction in reverse kinematics at the same 
beam incident energy (35 A MeV), using the CHIMERA 4π detector. Data of the two experiments 
collect a unique set of information on the midrapidity neck fragmentation mechanism in semi-
peripheral dissipative collisions. In particular we have studied angular and velocity correlations of 
intermediate mass fragments (IMF) emitted at mid-velocities respect to both projectile-like and 
target-like fragments. In this way it is possible to disentangle the pattern of dynamically emitted 
fragments (characterized by short emission time and asymmetric angular distributions) and study 
their isotopic composition. By comparing data of the reverse kinematics experiment with a  stocastic 
mean field (SMF) + GEMINI calculations we show that observables from neck fragmentation 
mechanism add valuable constraint on the symmetry energy term of EOS at subsaturation density 
[1]. Perspectives and projects for the next future using stable and radiactive beams will be also given. 
 
 
[1] E. De Filippo et al., Phys. Rev. C86 , 014610 (2012). 
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The study of the collective properties of a nuclear system is a powerful tool to understand the 

structure of the nuclei. A successful technique which was used in this field is the measurement of the 

decay of the giant dipole resonance which can be used as a clock for the thermalization process.  

Using fusion-evaporation reactions, it was recently possible to study the yield of the high-energy 

gamma-ray emission from Dynamical Dipole (DD) mechanism which takes place during fusion 

processes when there is a N/Z asymmetry between projectile and target. A good understanding of the 

DD is important because this emission depends on several key parameters like the Nuclear Equation 

of State (EOS) and the in medium N-N cross sections. This is more relevant using exotic systems 

which have a large N/Z asymmetry. In addition, the DD yield is expected to depend on the energy of 

the projectile and on the size of the D(0) parameter defined as weighted difference between the 

projectile and target N/Z asymmetry [1]. 

 It was observed and it will be shown that, using stable projectiles and targets in particular 

experimental conditions, different EOS produce different DD yield and that this difference increase 

significantly using to exotic beams like 
132

Sn. It was found that in reactions with a small impact 

parameters, the DD centroid energy and yield strongly depends on the used EOS. This effect greatly 

increases with the N/Z asymmetry and predictions will be given for various cases as the extreme case 
132

Sn+
58

Ni for different beam energies.  

From the experimental side, a campaign focused on the measurement of the total DD yield in the 

mass region A ≈ 132 was performed at the Laboratori Nazionali di Legnaro using GARFILED-

HECTOR arrays (respectively for light charged particles and gamma-rays detection) coupled to 

phoswich detectors (for the measurement of fusion residues). In this campaign the DD emission in 

the fusion reaction 
16

O (Elab=192 MeV) + 
116

Sn was measured in function of beam energy (in 

particular at 8.1 MeV/u, at 12 MeV/u and at 15.6 MeV/u) [2]. Furthermore the particle emission was 

measured, because it is a key parameter in the determinations of the excitation energy of the 

compound nucleus The measured DD yields and angular distributions will be compared with the 

theoretical results and with the already existing experimental data in the same mass region [3],[4]. 

 

[1] C. Simenel et al. Phys. Rev. Lett. 86, 2971 (2001)  

[2]A. Corsi et al. Phys. Lett. B 679, 197 (2009)  

[3]D. Pierroutsakou et al. Phys. Rev. C 80, 024612 (2009)  

[4]B. Martin et al. Phys. Lett. B 664, 47 (2009)  
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We present new approach for studying interaction of the finite Fermi systems (nuclei) with 

an superintense external fields (electric and laser fields). It is the combined relativistic operator 

perturbation theory (OPT) and energy formalism [1]. The OPT formalism includes a new 

quantization procedures of states for finite Fermi-systems in a strong field.  The zeroth order 

Hamiltonian H0 of this PT possesses only stationary bound and scattering states. To overcome 

formal difficulties, the zeroth order Hamiltonian was defined by the set of the orthogonal eigen 

values and eigen functions without specifying the explicit form of the 0th potential. We present the 

preliminary results of AC Stark shifts of single proton states in the nuclei 16O, 168Er and compared 

these data with known results by Keitel et al [2]. New data are also listed for the 
57

Fe,
171

Yb nuclei.  

Shifts of several keV are reached at intensities of roughly 10
34

 W/cm
2
 for O and 10

32
 W/cm

2
 for 

heavier nuclei. Naturally, the transitions studied will not be excited by the considered laser energies 

of O(keV) in the nuclear rest frame. Lower excitations of even parity are possible in the  two- or 

higher-order photon processes, and their energies are still more than 20 keV above the ground state 

energy.  

Further a new unified quantum approach (the OPT formalism  relativistic energy approach, 

based on the S-matrix Gell-Mann and Low formalism) [1] is used for studying the electron-positron 

pair production (EPPP) in the heavy nuclei collisions and treating a compound nucleus in an extreme 

electric field.  Heavy ions collisions near the Coulomb barrier are surrounded by existence of narrow 

e+ line in a positron spectra [1,3]. The positron spectrum narrow peaks as a spectrum of the 

resonance states of compound super heavy nucleus are treated. The nuclear and electron subsystems 

are considered as two parts of the complicated system, interacting with each other through the model 

potential. The nuclear system dynamics is treated within the Dirac equation with an effective 

potential. All the spontaneous decay or the new particle (particles) production processes are excluded 

in the 0th order. The calculation results for cross-sections at different collision energies (non-

resonant and resonant energies), corresponding to energies of s-resonances of the compound 
238U+238U, 232Th+250Cf  nuclei are presented.  

  

 

[1] A.V. Glushkov and L.N. Ivanov, Phys.Lett. A 170, 33 (1992); Preprint ISAN, NAS-5, Moscow-

Troitsk (1991); J. Phys. B 26, L379 (1993); A. Glushkov, Low Energy Antiproton Phys. (AIP) 796, 

206 (2005); Glushkov A. etal,  Progress in Theor. Phys and Chem. (Springer) 18, 504 (2008); 20,51 

(2011); 22,125 (2012); 26, 131 (2013). 

[2] T.J. Bürvenich, J. Evers and C.H. Keitel, Phys. Rev. C 74 044601 (2006); A. Shahbaz  et al.,  
Phys. Rev. Lett. 98 263901 (2007).    

[3] V. Zagrebaev et al., Phys.Rev.C73,031602 (2006); V. Zagrebaev and W. Greiner, J. Phys. G 34,  

1 (2007). 
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  Fusion radial barrier distributions (s=0) for 8B+58Ni and 6Li+58Si at several bombarding energies 
around the Coulomb barrier, are determined from a simultaneous optical model analysis of elastic 
scattering and fusion cross section data. Besides  the nuclear bare potential Vbare, energy dependent 
optical Woods-Saxon polarization potentials, UF (volume) and UDR (surface) are assumed. Where,  
UF is a potential that accounts for polarization effects emerging from couplings to the fusion channel 
and UDR for effects due to direct reaction absorption couplings. Each of these potentials UF and UDR 
are in turn, splitted into real and imaginary potentials VF , WF and VDR , WDR respectively, which are 
related via the dispersion relation. The potential parameters of all of these potentials are determined 
from a simultaneous fit to elastic scattering and fusion cross section data. It is found that, the position 
and height of the fusion radial potential barriers are affected by the polarization potentials. The effect 
of the breakup processes, accounted for, by the direct reaction polarization potentials VDR and WDR, 
on fusion cross section is studied in detail. It is found that fusion is hindered by these potentials for 
energies around and below the barrier energy VB.  The effect of breakup (8B→ p+7Be, for 8B+58Ni 
and 6Li →α+d, for 6Li+58Si, is further investigated by Continuum Discretised Coupled Channel 
Calculations (CDCC). 

[1].- Simultaneous χ2-analysis of near barrier fusion and elastic scattering for the proton-halo system 
8B+58Ni using dynamical Woods-Saxon polarization potentials. A. Gómez Camacho, E.F. Aguilera, 
J. Lubian and P.R.S. Gomes, Accepted in Journal of Physics G, 2012. 
[2].- E.F. Aguilera, et al., Phys. Rev. C 79, 021601 (2009). 
[3].- E.F. Aguilera E.F. et al., Phys. Rev. Lett. 107, 092701 (2011). 
[4].- J. Lubian, T. Correa, L:F. Canto, A. Gómez Camacho, E.M. Quiroz and P.R.S. Gomes, Phys. 
Rev. C 79, 064605 (2009). 
[5].- A. Gómez Camacho, P.R.S. Gomes and J. Lubian, Journal of Physics, Conference Series, 322, 
012008 (2011). 
[6].- A. Gómez Camacho, P.R.S. Gomes, J. Lubian and I. Padrón, Phys. Rev. C 77, 054606 (2008). 
[7].- A. Gómez Camacho, P.R.S. Gomes, J. Lubian and L.F. Canto, Phys. Rev. C 82, 014616 (2010). 
[8].- A. Gómez Camacho, E.F. Aguilera, P.R.S Gomes, J. Lubian, Phys. Rev. C 84, 034615 (2011). 
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Nuclear rainbow scattering is a powerful instrument for studying the structure of nuclei 
interior. 12C + α elastic and inelastic (to the 0+

2, 7.65 MeV Hoyle state) differential cross-sections 
were studied at the energies 60 and 65 MeV with the aim of testing the microscopic wave function 
[1] widely used in modern structure calculations of 12C. A pronounced minimum at about 70o was 
observed in the inelastic scattering angular distributions (Fig.1). It is shifted by ~ 7o to the smaller 
angles in 65 MeV data relatively the similar minimum at 60 MeV according to the known 1/E – 
dependence of the nuclear rainbow minima positions. The rainbow (Airy) minima in the elastic 
scattering cross-sections are located at much smaller angles (~ 45 – 50 deg), and this is an indication 
of the enhanced radius of the Hoyle state [2]. We analyzed the data in the frame of semi-microscopic 
approach in DWBA (similar to one used in [3]). Use of the wave function [1] can not reproduce 
either the shape of the angular distributions in the region of the main Airy minimum or even its 
position (the latter exhibits in the far-component with zero absorption at ~ 65o), as one can see in 
Fig.1, dashed curves. It was also shown that the position of this minimum depends not only on the 
transition density, but also on the matter density distribution in this state and, consequently, the 
radius of the latter. Using the model density with RMS radius of 2.9 fm (the value obtained from the 
diffraction scattering analysis [4] and calculated in [5]) we obtained the correct position of the Airy 
minimum at 72o (solid lines in Fig.1). The shape of the minimum itself possibly is influenced by the 
interference with the 8Be transfer reaction studied in [3]. 

 
Figure1: Differential cross-section of 12C(α,α’)12C(7.65) scattering at 60 MeV. See text for the details   
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The problem of the apparently large diffuseness of the Woods-Saxon nucleus-nucleus 

potential needed to reproduce a large number of precision capture excitation functions was 

formulated in Ref. [1]. In that work it was suggested that the large diffuseness probably was an 

artifact masking some dynamical effects. In the present work we try to confirm or disprove this 

presumption. For this aim we develop a dynamical dissipative model in which the dissipative 

character of the nucleus-nucleus collision is accounted for by means of the surface friction 

mechanism [2]. The novel features of our work are: (i) it is based on the double folding potential 

with the microscopically well founded density dependent M3Y NN-forces, (ii) it is accounting for the 

non-Markovian thermal fluctuations, (iii) it includes the retarding friction. Some parts of the model 

are described in [3]. 

Using this model we analyze the precision capture excitation function for 
16

O+
144

Sm 

measured in [4]. Calculations were performed using the following three options: (i) Deterministic 

trajectories with the Instant friction (M3Y DI); (ii) accounting for the Memory friction but without 

fluctuations (M3Y DM); and including both the Fluctuations (Colored noise) and the Memory 

friction (M3Y FCM). 

Results are shown in Fig. 1. They suggest that the M3Y DI calculation is in good agreement 

with the data (except two high energy points) whereas accounting for the memory effects destroys 

this agreement completely. 

 

 
 

Figure 1: The capture cross sections for 
16

O+
144

Sm reaction.  

Exp – experimental values [4]. For other notations see the text. 
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[2] D. H. E. Gross and H. Kalinowski, Phys. Rep. 45, 175 (1978).  

[3] M. V. Chushnyakova and I. I. Gontchar, Phys. Rev. C (2013) to be published  

[4] J. R. Leigh et al., Phys. Rev. C 52, 3151 (1995). 
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Advances and prospects in the theoretical studies of few-body decays
L. V. Grigorenko1, I. A. Egorova2, P. G. Sharov1, Yu. L. Parfenova1, M. V. Zhukov3
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3 Fundamental Physics, Chalmers University of Technology, S–41296 Göteborg, Sweden
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Genuine (or “true”) few-body decays take place due to specific energy conditions making the sequen-
tial emission of particles energetically prohibited. The systems exhibiting phenomena of this class are
actually widespread in the proximity of nucleon driplines, see Figure 1. The genuine few-body emitters
demonstrate different lifetime systematics compared to two-body decays, unusual excitation functions
for population in reactions, and complicated correlations among the decay products. Among the phe-
nomena connected with few-body dynamics the following are attracting nowadays the most attention.
(i) Two-proton radioactivity. This is the most recently (2002) discovered mode of radioactive decay.
Within the decade since the discovery several examples were found (45Fe, 19Mg, 48Ni, 54Zn) and some
of them well studied. The status of the research in this field is summarized in the recent review [1].
(ii) Democratic decay. This is the form of true three-body decay connected with availability of broad
states in the two-body subsystems. The light two-proton (6Be, 12O, 16Ne) and presumably majority
of true two-neutron emitters (like 5H, 10He, 13Li, etc.) belongs to this class. Interesting features of
democratic decays are uncovered by the recent studies of 6Be [2,3] and 10He [4] isotopes.
(iii) Soft dipole excitation modes are expected in continuum of halo systems. Well understood for the
two-body haloes these excitations could be quite complicated for studies and understanding in the three-
body systems, such as 6He, 8He [5], 6Be [6], and 17Ne.
(iv) Existence of the ground state neutron radioactivity is highly improbable. However, possibility of 2n
and even 4n radioactivity was demonstrated and prospects of experimental studies were discussed in [7].
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Figure 1: Driplines in the region of light nuclei achieved for today experimentally. Known isotopes with
exotic properties are indicated by coloured labels: green for halo nuclei, red for 2p/2n emitters, blue for
4p/4n emitters. The gray colour indicates the predicted but not yet discovered nuclei of the above kinds.

[1] M. Pfützner, L.V. Grigorenko, M. Karny, and K. Riisager, Rev. Mod. Phys. 84, 567 (2012) [arXiv:1111.0482].
[2] I.A. Egorova, R.J. Charity, L.V. Grigorenko et al., Phys. Rev. Lett. 109, (2012) 202502 [arXiv:1208.2520].
[3] L.V. Grigorenko, I.A. Egorova, R.J. Charity, and M.V. Zhukov, Phys. Rev. C 86, 061602(R) (2012) [arXiv:1211.5319].
[4] S.I. Sidorchuk et al., Phys. Rev. Lett. 108, 202502 (2012) [arXiv1202.2020].
[5] L.V. Grigorenko, et al., Part. and Nucl. Lett. 6, 118 (2009).
[6] A.S. Fomichev et al., Phys. Lett. B 708, 6 (2012) [arXiv:1106.2179].
[7] L.V. Grigorenko, I.G. Mukha, C. Scheidenberger, and M.V. Zhukov, Phys. Rev. C 84, 021303(R) (2011).
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Pseudo-critical clusterization in nuclear multifragmentation
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Nuclear multifragmentation produced in heavy ion collisions can be described in terms of phase
transitions and critical phenomena. For this purpose, the size (charge) distribution of the largest fragment
produced in each event has been studied in terms of a decomposition into two contributions : one from
an ordered and one from a disordered phase. In the theoretical description of aggregation processes
(percolation and Smoluchowski models), where the order parameter is the size of the largest cluster,
such a decomposition is also observed and allows to define the critical domain of the underlying phase
transition. By analogy with these models, we use the evolution of the relative population of the two
phases with bombarding energy to localize the critical domain for experimental multifragmentation data
measured with INDRA. In a second step we present a more detailed comparison with the Smoluchowski
aggregation scenario to address the time-scale of the multifragmentation process.
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Thermal coalescence models were employed to extract densities and temperatures for 
evolving systems formed in collisions 47 MeV/u Ar projectiles on several targets using the 4π multi-
detector, NIMROD.  Yields of d, t, 3He, 4He were determined at densities ranging from 0.002 to 
0.032 nucleon/fm3.  Equilibrium constants derived from the experimental data are compared with 
those predicted by a number of astrophysical equations of state. Experimental in-medium binding 
energies and Mott points for d, t, 3He and 4He clusters in low density nuclear matter formed in these 
collisions will be presented.  The experimentally derived in-medium binding energies are in good 
agreement with theoretical predictions that implement Pauli blocking effects in a quantum statistical 
approach.  Free symmetry energy coefficients derived from the experimental data as well as the 
corresponding symmetry energy coefficients will also be presented.  In medium effects are shown to 
be an important ingredient in describing the data. 
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Scales of Nuclear Giant Resonances
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We propose a general and schematic approach to characterise fluctuations of measured cross sections of
nuclear giant resonances. Cross sections are obtained from simulated, yet representative, forms for the
self-energy that contains all information about fragmentations. Using a wavelet analysis, we demonstrate
the extraction of time scales of cascading decays into configurations of different complexity. We argue
that the spreading widths of collective excitations in nuclei are determined by the number of fragmen-
tations as seen in the power spectrum. An analytic treatment of the wavelet analysis using a Fourier
expansion of the cross section confirms this principle. A simple rule for the relative lifetimes of states
associated with hierarchies of different complexity is given.

[1] WD Heiss et al., Phys. Rev. C 81,034604 (2010)
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Elastic scattering of the halo nucleus 11Be on 64Zn
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There is renewed interest in the study of nuclear reactions due to the observation of exotic phenomena
like the neutron halo in nuclei. Halo nuclei, for example11Li and 11Be, are characterised by a compact
core and an extended neutron distribution. Elastic scattering is an excellent tool to study halo nuclei as
it probes the tail of the wave function. One of the interesting aspects is to understand the effect of a halo
structure on cross sections at near-Coulomb barrier energies.

Elastic scattering cross sections based on a potential derived from the double folding (DF) model for
9,10,11Be on64Zn target at an energy around the Coulomb barrier are compared with experiment [1]. The
effect of an additional neutron in Be projectiles scattering of a64Zn, on the angular distributions, has
been investigated in terms of the optical model. The folding model directly links the density profile of
the nucleus with the elastic scattering cross section. In this approach, we determine the optical model
potential (OMP) by folding a complex, energy-dependent effective interaction (M3Y) with the nuclear
density distributions. Once the parameters of the OMP are fixed, the analysis is then sensitive only to the
nuclear density distributions. The one-neutron halo nucleus11Be is considered to be composed of a10Be
core and one neutron. Here, the density of the10Be core is considered to have a Fermi form with rms
radius of 2.45 fm. The density of the one-neutron halo is ascribed a Gaussian form and the parameters of
this density are adjusted to obtain rms radius of 2.73 fm for11Be. The density of9Be is independently
assumed to have a Fermi form with rms radius of 2.50 fm. The real part of the OMP is calculated using
DF model employing the M3Y effective N-N interaction and the above densities. The imaginary part of
the OMP is obtained phenomenologically using Woods-Saxon (WS) form for consistency with the data.
In the present analysis, the spin-orbit part of the potential has been switched off as it has only a small
effect on the calculated cross sections. To minimise the number of parameters, the normalisation factor
for the real DF potential was kept fixed at unity and the depth of the imaginary volume term in the WS
potential was taken to be 45 MeV. We have carried out a search on the radii and diffuseness parameters
simultaneously to minimiseχ2 in fitting differential cross-section data. These values were then used
in the code ECIS94 to get the total reaction and differential cross sections. The angular distributions
of 9,10,11Be + 64Zn elastic scattering at centre of mass energy of≈ 24.5 MeV are presented in Figure
1. Clearly, the semi-microscopic calculations reproduce the peak due to Coulomb-nuclear interference
that is observed in the corresponding data [1] for9,10Be. For11Be, a better fit than the one indicated in
the figure at small scattering angles can be achieved by adding to the imaginary part of the potential, a
dynamic polarisation potential arising from the dipole coupling [2].

Figure 1:Calculated angular distributions for elastic scattering of 9,10,11Be on 64Zn.

[1] A. Di Pietro et al., Phy. Rev. Lett. 105, 022701 (2010).
[2] M.V. Andres and J. Gomez-Camacho, Phy. Rev. Lett. 82, 1387 (1999).
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Mass-angle distributions: providing extensive insights into the
dynamics and time scales of reactions forming heavy elements
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D.H. Luong 1, K. Ramachandran1 and Y. Aritomo 3
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The formation of heavy elements is suppressed by fission occurring before a compact compound
nucleus is formed, a process known as quasifission. A full understanding of the underlying physics of
quasifission is crucial to map opportunities to form more superheavy nuclei. Quasifission is associated
with the large Coulomb energy of two massive nuclei in contact, which inhibits fusion by quickly tearing
the system apart. Thus a defining characteristic of quasifission is its shorter time scale. Reproducing
experimental quasifission time scales is a key constraint to theoretical dynamical models. The direct time
scale information carried in mass-angle distributions (MAD) is compared with new model calculations,
and with times inferred from measurements of crystal blocking and pre-scission neutrons.

As well as the Coulomb energy, nuclear structure can significantly influence reaction outcomes.
Recent detailed measurements of MAD at the ANU will be shown, demonstrating the role of entrance-
channel static deformation alignment, spherical magic numbers, and N/Z asymmetry, as well as mass-
asymmetry. As an example, for collisions of heavy projectiles, Fig.1 shows that experimental MAD
and mass-widths for reactions having several magic numbers in the entrance channel have little mass-
angle correlation and narrow mass distributions [1]. These correspond to longer sticking times, implying
increased probability for fusion (as seen for 16O+238U). It is proposed that the effect is due to the reduced
energy dissipation for spherical magic numbers [1]. However, it is only found for small N/Z asymmetry
in the entrance channel. For 40Ca+208Pb, with a large N/Z asymmetry, quasi-fission is significant.
TDHF calculations [1] show that N/Z equilibration early in the reaction changes the identities of the
collision partners, thus suppressing the initial magicity during the slower fusion/quasifission competition.

Nuclear structure effects in superheavy element formation
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Figure 1: Mass-ratio MR vs. angle distributions (MAD) for reaction forming similar composite nuclei
as indicated. The projected mass ratio spectra (lower panels) include Gaussian fits to the region around
MR=0.5 (turquoise lines), and Gaussian functions (red lines) with fixed σMR = 0.07 for reference [1].

[1] C. Simenel et al. Phys. Lett. B 710 (2012) 607, and references therein.
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The distribution of the single-neutron strength in the sd shell was investigated through a series of neutron-
adding experiments utilizing radioactive beams produced by the Argonne National Laboratory ATLAS
in-flight facility[1]. The 19O(d, p) and 17N(d, p) direct reactions at beam energies of 6.6 MeV/u (∼ 105

pps) and 13.5 MeV/u (∼ 104 pps), respectively, were carried out in inverse kinematics. Outgoing pro-
tons were measured in coincidence with heavy-ion recoils by the helical orbit spectrometer (HELIOS)[2].
Eight levels in 20O up to an excitation energy of ∼ 6 MeV, including a previously unobserved Jπ = 3+

level at E∗ = 5.23 MeV, were observed. In addition, three strongly populated states in 18N below
Sn = 2.8 MeV, including a previously unobserved Jπ = 1− level at E∗ = 1.2 MeV, were measured.
Spectroscopic factors have been extracted from angular distributions through a distorted wave Born ap-
proximation.

Information from the 19O(d, p)20O reaction has established empirical ` = 0 and 2 strength distribu-
tions in this region (Z = 8, N = 12). The measurements are well reproduced by shell model calculations
confined only to the sd shell. Furthermore, the data has allowed for a determination of the J = 0, 2 and
4, T = 1 〈(0d5/2)2J |V |(0d5/2)2J〉 empirical two-body matrix elements of the NN interaction which
showed consistency with those previously deduced from 17O(d, p)18O data and a global survey. The
Jπ = 2− and 3− levels in 18N at 0.12 MeV and 0.74 MeV, respectively, were identified in the present
work as having dominant ν(0d5/2)3J=5/2 neutron configurations coupled to an unpaired π(0p1/2)−1 pro-
ton configuration. These levels, along with a newly found Jπ = 1− level at 1.2 MeV, provide a glimpse
of the energy centroid evolution for the neutron (0d5/2)3J=5/2,J=3/2 and (0d5/2)2(1s1/2)1J=1/2 configu-
rations along the N = 11 isotones. This region runs from 19O, which has a Jπ = 5/2+ ground state, a
high lying 1/2+ excited state, and a nearly filled proton 0p1/2 orbital, to the exotic 17C nucleus having
a ground state Jπ = 3/2+ spin-parity and an almost vacant 0p1/2 proton orbital. Additional discussion
will take place on these data in terms of modern shell-model calculations using interactions confined to
the 0p-1s0d and 1s0d orbitals.

*This work is supported in part by the U.S. DOE, under Contract No. DE-AC02-06CH11357 and
No. DE-FG02-04ER41320, the NSF under Grant Nos. PHY-02-16783, PHY-07-54674, PHY-07-58099,
and the UK S&T Facilities Council.
[1] B. Harss et al., Rev. Sci. Instrum. 71, 380 (2000).
[2] A. H. Wuosmaa et al., Nucl. Instr. Meth. A 580, 1290 (2007). J. C. Lighthall et al., Nucl. Instr. Meth. A 622,
97 (2010).
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Microscopic optical potential from chiral nuclear interactions
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Neutron-capture cross sections on exotic, neutron-rich isotopes are important for a detailed under-
standing of r-process nucleosynthesis, but their direct experimental observation remains unfeasible in the
near future. Neutron capture can, however, be studied indirectly in current and future rare isotope experi-
ments through the(d, p) stripping reaction, a process that is most easily modeled as a three-body problem
requiring the nucleon-nucleon potential as well as the nucleon-nucleus optical potential. In the present
talk, we will describe our work to construct a microscopic nuclear optical potential within the framework
of many-body perturbation theory from realistic chiral two- and three-nucleon forces. In particular, we
emphasize the effects of the N2LO chiral three-nucleon force, which at first order in perturbation theory
produces a repulsive real mean field that grows strongly with the nuclear density but which exhibits only
a weak dependence on the projectile energy. Higher-order perturbative effects are discussed, and com-
parisons between our microscopic optical potential and globally-fitted phenomenological potentials are
presented.
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In a series of low-energy deuteron beam experiments to explore enhanced nuclear reactions 
in various environments, it was found that the d+d reaction in liquid Indium induced by D3

+ 
molecular beams behaved quite interestingly. In the present work we report, for the first time, that 
there exists a reaction mechanism which is unique to the molecular beam.  

Experimental setups were almost same as reported in [1]. Solid and liquid In were 
bombarded by D3

+ beams from 15 to 60 keV (Ed = 5~20 keV). For the liquid, the metal In was 
liquefied by heating up above the melting point (156.6oC). Protons and tritons from the d(d,p)t 
reaction were measured by a Si detector with the energy resolution of about 20 keV.  

Of particular interest are the following results on the d+d reaction in liquid In: ①Energy 
spectra are quite odd. Such an example of proton spectra is shown in Fig. 1 with solid circles. The 
observed shape is very broad and is largely skewed. Moreover, the peak position shifts to higher 
energy side as compared with the normal spectrum measured for the solid In (shown by an arrow).  
②An excitation function of the yield cannot be explained by the thick target yield of the d(d,p)t 
reaction. The yield for the liquid In decreases much slower with decrease of incident energy than the 
normal thick target yield measured for the solid In. ③ When bombarded by an atomic D+ beam, the 
yield of the d+d reaction diminishes very much, at least less than 1/20 of that by the D3

+ beam. These 
strongly indicate that the d+d reaction in the liquid In is not a two-body reaction and its mechanism 
should be closely related with use of the molecule beam.  

We have inferred a reaction mechanism in which two deuterons in a molecule play an 
essential role. It is shown schematically in Fig. 2: one deuteron in a molecule is elastically scattered 
by In, and, then, it collides with the other to cause the d(d,p)t reaction. Since the reaction occurs with 
the partner in the molecule, a trajectory (the initial position and the collision point) is inevitably 
determined; thus we call it cooperative colliding. The solid curve in Fig. 1 is a proton spectrum 
calculated by the cooperative colliding mechanism with simple assumptions for the D3 molecule. The 
calculation reproduces well not only the energy spectra, but also the excitation function. Detailed 
analyses will bring valuable information on the screening potential between deuterons surrounded by 
conduction electrons as well as between In and deuteron.  

 
 

 
 
 
 
 
 
 

                                                                              Figure 2: Cooperative colliding reaction. 
 
 

Figure 1: Proton spectrum measured at θ = 142o.  
An arrow shows the peak position of protons emitted from the normal d(d,p)t reaction. 
 

[1] Y. Toriyabe et al., Phys. Rev. C85, 054620 (2012). 
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The next generation of radioactive-beam facilities, due to enter service in the coming years, offer
the opportunity to study nuclei with extreme values of isospin. The fusion characteristics of these exotic
systems is of considerable interest as a means of probing the underlying nuclear structure. The develop-
ment of neutron and proton halos, for example, has been observed to result in fusion cross sections in the
vicinity of the Coulomb barrier significantly enhanced relative to those expected from one-dimensional
barrier calculations [1]. The magnitude of this enhancement is expected to be sensitive to the spatial
extent of the halo wavefunction, with evidence emerging for a decoupling of the halo from the core.
Traditional thin-target fusion experiments will be unsuitable for the most exotic beam species due to the
low beam intensities expected. An active-target time projection chamber (AT-TPC) is under develop-
ment at the National Superconducting Cyclotron Laboratory for use with the forthcoming re-accelerated
beam facility, ReA, which addresses this issue. The use of a TPC permits an arbitrarily-thick target to
be presented, greatly extending the domain of nuclei which may be studied. Furthermore, it enables the
simultaneous measurement of beam breakup, an understanding of which is vital to the interpretation of
fusion cross sections. A half-scale prototype of the AT-TPC has recently been commissioned using the
TwinSol radioactive-beam facility at the University of Notre Dame [2]. We report here on the fusion
of neutron-rich6He and12B beams with an40Ar target at near- and sub-barrier energies. Preliminary
results will be presented and the scope for future work using the full-scale AT-TPC, and similar devices,
discussed.

[1] E. F. Aguilera, J. J. Kolata and L. Acosta, Phys. Rev. C 81,011604 (2010);
[2] D. Suzuki et al., Nucl. Instr. Meth. Phys. Res. A 691,39 (2012);
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Timescale for equilibration of N/Z gradients in dinuclear systems
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Equilibration of N/Z in binary breakup of an excited and transiently deformed projectile-like frag-
ment (PLF∗), produced in peripheral collisions of 64Zn + 27Al, 64Zn, 209Bi at E/A = 45 MeV, is examined.
The composition of emitted light fragments (3≤Z≤6) changes with the decay angle of the PLF∗. The
most neutron-rich fragments observed are associated with a small rotation angle. A clear target depen-
dence is observed with the largest initial N/Z correlated with the heavy, neutron-rich target. Using the
rotation angle as a clock, we deduce that N/Z equilibration persists for times as long as 3-4 zs (1zs = 1
x 10−21s = 300 fm/c). The rate of N/Z equilibration is found to depend on the initial neutron gradient
within the PLF∗.

NR 082



International Nuclear Physics Conference INPC2013: 2-7 June 2013, Firenze, Italy 

Shell structure effects in proton inelastic scattering from 15C nuclei 

at intermediate energies 

Е.Ibraeva
1
, B.Prmantayeva

2
, P.Кrasovitskiy

1
, A.Temerbaev

2
, А.Baizanova

2
 

1
The Institute of Nuclear Physics of the National Nuclear Center, Republic of Kazakhstan 

2
L.N.Gumilyov Eurasian National University, Astana, Kazakhstan 

Contact email: jan_erke_2002@mail.ru 

Carbon isotopes have been studied intensively in the last decades due to both the high rate of 

stable 
12

C and the fact that the beams of unstable isotopes 
15,16,17,19,20,22

C are obtained at a wide energy 

range from tens to hundreds of MeV / nucleon at facilities in GANIL, NSCL MSU, RIKEN, etc. 

Within the framework of the diffraction Glauber’s theory the calculation of the amplitude of 

inelastic scattering (for the level
 25J

) of protons on neutron-rich 
15

С nucleus in inverse 

kinematics was conducted. In the operator of multiple scattering, the members of the first and the 

second order had been considered. We used the 
15

С wave function (WF) in the multi-particle shell 

model allowing calculate both the differential cross sections (DCS) and the contribution of proton 

scattering on nucleons of different shells. 

The figure shows the DCS at energies of 0.2 (curve 1), 0.6 (curve 2) and 1.0 (curve 3) 

GeV/nucleon. At zero angle, scattering DCS tends to zero because of the orthogonality of the wave 

functions of the initial and final states. With increasing energy, there is a more distinct diffraction 

pattern: if there is one minimum at θ ~ 33° for E = 0.2 GeV/nucleon, then there are two minima for E 

= 1.0 GeV/nucleon at θ ~ 12 and 27°. 

The cross section of single inelastic scattering is only contributed by one component of the WF 

corresponding to proton scattering on 1d-shell nucleon. For double collisions, scattering on nucleons 

of (1p, 1d)-shells is dominant at small angles, and the cross section is irregular at large ones due to 

the competition of two partial (1s, 1d)- and (1p, 1d)-amplitudes which have different signs and 

similar absolute values. 

Figure 1: Differential cross sections of inelastic р
15
С-scattering at various energies. Explanations 

are given in the text. 

[1]. Burkova N.A. et al. // Bull.Rus.Acad.Science: Phys. 2006. V. 70. 284 
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At intermediate energies (from hundreds of MeV to tens of GeV), the process of pA-

scattering the most adequate is described by Glauber diffraction theory. The input parameters of the 

theory are the wave function (WF) of the target nucleus and the elementary nucleon-nucleon 

amplitude. Glauber's theory is attractive because it allows you to split the structural (depending on 

WF of the target nucleus) and dynamic (depending on the operator of multiple scattering) 

components of the scattering amplitude. Calculating the DCS in the optical limit (OL) (when only 

single collisions are taken into account in the operator of multiple scattering), we can take into 

account the contributions to the cross section of scattering by nucleons at different shells of nucleus. 

As shown in previous studies [1-2], this approximation adequately describes the DCS only in the 

front angles. Obviously, this approach can adequately describe the DPS only in the front angles. 

We calculated the DCS of р
15

N-scattering in OL approximation at 0.2, 0.6 and 1.0 GeV 

energies. We used the wave function 
15

N in the shell model with (1s)
4
(1р)

11 
configuration. 
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Figure 1:  Contribution to the DCS of  р
15

N-scattering of partial cross sections from scattering on 

nucleons of 1s- and 1p-shells at E = 1 GeV.  Explanations are given in the text. 

The figure shows the calculation of DCS at E = 1 GeV. Dashed and dotted curves - 

scattering on nucleon of 1s- and 1p-shells, solid and dot-dashed curves - total cross section "without" 

and "with" the interference of scattering on nucleons of different shells. It can be seen that the main 

contribution to the cross-section is made by scattering on 1p-shell nucleons. At zero angle 

contribution from scattering on nucleons of 1s-shell is less by two orders than contribution of 1p-

shell nucleons and compared to the last only at θ> 25°, where the accuracy of the calculations in the 

OL is not high. Accounting the interference from scattering on nucleons from different shells leads 

to some deeper minima in the cross-section. 

[1]. Ibraeva E.T. et al. Phys.of Atom.Nucl. 2010. V.73.  P.1451. 

[2]. Ibraeva E.T. et al. Bull of Russ. Acad. of Science: Phys 2010. V.74. P. 577. 
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The first reliable measurements of the vector analyzing power in elastic р
6
Не-scattering at 71 

MeV/nucleon were obtained recently at the accelerator in RIKEN [1]. Their appearance makes it 

possible to test different model calculations that take into account the spin-orbit interaction, since the 

direct indication of the spin-orbit coupling in nuclei are polarization phenomena in nuclear elastic 

scattering. 

We present calculations of the analyzing power (Ay) of the elastic scattering of protons on 

the isotopes 
6
He and 

8
He made in the framework of the Glauber multiple diffraction scattering at E = 

71 and 717 MeV / nucleon. There were used the wave functions (WF) obtained in the three-body 

nn-model (for 
6
He) [2] and the density distribution function in LSSM (for 

8
He) [3].  

Figure 1: Analyzing power for р
6
Не-scattering. Explanations are given in the text. 

The figure shows the vector analyzing power of the р
6
Не-scattering for the energy E = 71 

MeV/nucleon. Curve 1 is calculated from the three-particle wave function, curve 2 – from the shell 

one. Experimental data and curves 3 and 4 are taken from [1]. 

Comparison of our calculations with experiment shows only qualitative agreement, in 

particular, all the curves change the signs from positive to negative at  ~ 40. Curves 3 and 4 were 

calculated in [1] in the optical model using the phenomenological optical potential (curve 3) and the 

cluster folding potential (curve 4) with selected parameter values.  

The upgrade of the RIKEN facility will in principle allow measurement of the angular 

distribution of the Ay for the elastic scattering of 
6
He at somewhat higher energies. Thus we 

investigated the predictions for the Ау at Е = 717 МeV/nucleon which better corresponds to Glauber 

approach.  

Comparison of analyzing powers of р
6
Не- and р

8
Не-scattering shows that they are close to 

each other at both energies, but the mass effect of valence neutrons reflects in the fact that the 

maxima and minima of the р
8
Не-scattering curve are somewhat shifted to small angles. 

[1].S. Sakaguchi,Y. Iseri, T. Uesaka, et al. // Phys. Rev C 84, 024604 (2011). 

[2].Kukulin V.I., Pomerantsev V.N., Razikov Kh.D. et al. //  Nucl.Phys. А 586,  151 (1995). 

[3].S.Karataglidis, P.Dortmans, K.Amos et al. // Phys.Rev. C 61, 024319 (2000). 
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Fission dynamics of superheavy compound nuclei

Y. Iwata1, S. Heinz2, T. Otsuka1,3

1 Center for Nulcear Study, The University of Tokyo, Hongo 7-3-1, Tokyo 113-0033, Japan
2 GSI Helmholtzzentrum für Schwerionenforschung, Planckstraße 1, Darmstadt 64291, Germany

3 Department of Physics, The University of Tokyo, Hongo 7-3-1, Tokyo 113-0033, Japan

Contact email: y.iwata@gsi.de

The  time  evolution  of  superheavy  synthesis  including  fusion  and  fission  dynamics  is 
presented based on time-dependent density functional calculations. Despite some shortcomings of  
the present method (some of them is actually removed in this research), we have a microscopic and 
self-consistent treatment for many-body quantum dynamics. In this paper, the fission properties of 
compound nuclei are investigated using the method explained in Refs. [1,2]. Note that there has not 
been any microscopic theories treating the time evolution of fission sufficiently [3]. As a result of  
our  investigation,  several  non-trivial  things  are  found;  first,  the  fission  of  compound  nuclei  is 
reproduced within the time-dependent density functional calculations; second, the required duration 
time for  fission is  quantitatively obtained to  be less  than 10 -20 sec;  third,  for  the  first  time,  the 
fissibility (fissility) is defined in a microscopic manner [4]. Finally, the impact of ternary collision  
events to the formation of superheavy nuclei in both laboratory and the universe is presented [5]. It  
provides a way to keep the compound nuclei in the superheavy synthesis against fission with the help 
of rotational stabilization.

[1] Y. Iwata and S. Heinz, to appear in J Phys. Conf. Ser. arXiv:1208.6215;
[2] Y. Iwata and S. Heinz, to appear in CERN Rep. arXiv:1209.6142;
[3] J. W. Negele, Rev. Mod. Phys. 54, 913 (1982);
[4] Y. Iwata and S. Heinz, to appear in Int. J. Mod. Phys. E arXiv:1212.0161;
[5] Y. Iwata, K. Iida and N. Itagaki, Phys. Rev. C, in press.
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We investigate the role of the mass asymmetry on the transition energy by studying asymmetric 
reactions using the isospin dependent quantum molecular dynamics (IQMD) model [1]. Our results 
are almost independent of the system size as well as of the colliding geometries. Moreover, 
substantial and the uniform effect of the asymmetry of the reaction has been observed on the 
transition energy. 
 
 
 
 
 
 
[1] C. Hartnack et al., Eur. Phys. J. A 1, 151 (1998). 
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Contact email:jjohansen@ikp.tu-darmstadt.de

The three neutron rich beryllium isotopes,10,11,12Be, have been studied in direct reactions (scat-
tering and one-neutron transfers). The direct reactions were performed at ISOLDE using a low-energy
(2.85MeV/u)11Be beam incident on a deuteron target. The T-REX silicon detector setup was used along
with the MINIBALL germanium clusters. This setup provided detection of both charged particles and
gammas. The gamma detection enabled a clear identification of all but one bound state in the three nu-
clei. The only bound state not seen in the experiment, was the0

+

2
-state in10Be, which is only weakly

populated in the transfer reaction. Differential cross sections for the populations of the bound states are
determined from the experimental data in a range from 60 to 120 degree in center of mass. The exper-
imental cross sections are compared to preliminary theoretical calculations. Furthermore, a tentatively
investigation of the lowest resonance in12Be has been performed including a study of the decay of the
resonance.

The main aim of the experiment was to investigate the mixing of the 0p2

1/2
shell and the 1s1/20d5/2,

wich is well known to occur in both11Be and12Be. The mixing leads to the inversion of states in the
former and the breaking of the N=8 magic number in the latter. The strength of the mixing in12Be is
investigated by populating single particle excitations in the nuclei using a (d,p)-transfer reaction. The
0
+

2
-state in12Be plays an important role in the study of the mixing. A previous11Be(d,p)12Be performed

at TRIUMF was unable to cleanly separate the0
+

2
-state from the2+

1
-state [1]. The gamma detection in

this experiment has enabled a clear identification of the0
+

2
-state in12Be, leading to a more reliable cross

section for the state. Both decay lines of the0
+

2
-state have been identified and a detailed study of the

decay of the state has lead to a confirmation of the values given by S. Shimoura et al. [2,3].
Another important aspect of the experiment was the study of the influence of the halo structure.

Both 11Be and the deuteron is known halo nuclei. The halo structure is expected to strongly influence
the direct reactions. The low binding energy would lead to a strong coupling to the continuum in the
reactions. The low lying 1/2−-state in11Be is also expected to play an important part. The effect of
the halo in scattering experiments have been theoretically investigated by A. Bonaccorso et al. [4] and
scattering on heavy targets have been performed with11Be [5]. The halo is also expected to influence the
transfer reactions and a good understanding of the scattering cross sections is required to fully understand
the transfer reactions. The experimentally determind differential cross section for the elastic scattering
will be presented along with some simple optical model calculations, showing the importance of higher
order terms.

[1] R. Kanungo et al., Phys. Lett. B682, 391 (2010);
[2] S. Shimoura et al., Phys. Lett. B560, 31 (2003);
[3] S. Shimoura et al., Phys. Lett. B654, 87 (2007);
[4] A. Bonaccorso et al., Nucl. Phys. A706, 322 (2002);
[5] A. Di Pietro et al., Phys. Rev. Lett. 105, 022701 (2010).
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In the quantum fission theory framework it is demonstrated that the basic mechanisms of the 

fundamental correlations formation in angular distributions of products of nuclear binary and ternary 

fission by cold polarized neutrons with polarization vector np  and wave vector nk  are realized for 

following types of these correlations: P-odd, T-even  ,n LFp k  (a), P-even, T-even  ,n LFk k  (b) 

and P-even, T-odd   , ,n n LFp k k  (c),  0, ,n LF LF
 
 

p k k  (d), where LFk  and 0
LFk  are wave 

vectors of light fission fragment for asymptotic region and region being near the scission point of 

fissile nucleus, and  3, ,n LF
 
 

p k k  (e), where 3k  is asymptotic wave vector of the third particle for 

ternary fission.  
It is shown that correlations (a) – (c) are defined [1] by the interference of fission amplitudes of 

s- and p-neutron resonances of the fissile compound nucleus with taking into account P-violation (for 

correlation (a)) and P-conservation (for correlation (b) – (c)) interactions, and correlations (d) – (e) 
are defined [2,3] by the analogous interference for s-neutron resonances with taking into account the 

influence of the collective rotation of polarized compound fissile nucleus onto the amplitudes of 

angular distributions of fission fragments and prescission third particles. It is demonstrated that 

combinations of the correlations (a) – (c) with angular distributions of the prescission and 

evaporation third particles   3 3,LFW k k  give the possibility to receive the P-odd, T-even  3,np k  

and P-even, T-even  3,nk k , P-even, T-odd  3, ,n n
 
 

p k k  correlations for angular distributions of 

named above third particles in the true and delayed ternary fission. It is shown that combinations of 

correlation (d) with the additions  0
3 3,LFW k k  to the evaporation third particle’s angular 

distributions, caused [3] by the appearance of connected with wriggling-vibrations of fissile nucleus 

near it’s scission point the big values of fission fragments spins and their orientation in the plane 

perpendicular to vector 0
LFk , give the possibility to receive the P-even, T-odd correlations of type 

(e) for angular distributions of evaporation third particles (neutrons, gamma-quanta) in the delayed 

ternary fission. 

It is found that all T-even and T-odd correlations for binary and ternary fission (a) – (e) are 

qualitatively described on the basis of T-invariant Hamiltonians of analyzed nuclear systems. 
 

 

[1] O.P. Shushkov and V.V. Flambaum, UFN 136, 3 (1982). 
[2] V.E. Bunakov, S.G. Kadmensky, Phys. of At. Nucl. 66, 1864 (2003). 

[3] S.G. Kadmensky, D.E. Lubashevsky, Bull. of RAS 76, 325 (2012). 
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In this work we present the analysis of the yields of fission fragments induced by Bremsstrahlung
with end-point energies of 50 and 3500 MeV on 232Th and 238U targets, and by protons at energy 660
MeV on 241Am, 238U and 237Np targets using the simulation code CRISP. In CRISP model the reaction
proceeds in two steps. The first one corresponds fast cascade, where a series of individual particle-
particle collisions occurs within the nucleus. It leaves a highly excited cascade residual nucleus, assumed
to be in thermal equilibrium. Subsequently, in the second step the excited nucleus releases its energy by
evaporation of neutrons and light charged particles as well. A multimodal fission option had been added
to this code and an extension of the calculation to the properties of the fission products is presented.
Those calculations allow direct evaluation of the spectrum of fissioning nuclei. By dividing the fissioning
nuclei according to their fissionability, an approach is introduced which accounts for the contribution of
symmetric and asymmetric fission. By adopting this procedure, it was possible to calculate the main
parameters for the fission fragments charge distribution such as the most probable charge for a given
fission product mass chain and its corresponding width parameter. Also, it was possible to reproduce
features of fragment mass distribution and evaluates the fissility of fissioning nuclei for photon- and
proton-induced fission of 232Th, 237Np, 238U and 241Am. The results presented in this paper shows a
fair agreement between calculation and experiment. We conclude that our two step model provides a
reasonable description of the medium energy photon- and proton-induced fission.

[1] A. Deppman et al., Phys. Rev. Lett. 87, 1 (2001);
[2] N. Demekhina et al., Phys. At. Nucl. 73, 24 (2010).
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The Dynamical Cluster-decay Model (DCM) a non-statistical approach developed by Gupta and col-
laborators [1] for the studies of low energy fusion-fission reactions has been recently reformulated by
us [2] to study the effect of different temperature dependent binding energies. The reformulated DCM
had been applied first to study the decay of 56Ni∗ formed in the 32S+24Mg reaction at two energies viz.,
Ec.m.=51.6 and 60.5 MeV. Later in a recent work [3] the role of mass parameters entering in the inertia
part of the equation of motion is analysed for the decay of 59Cu∗. In these earlier studies the interactions
and inertia are calculated by considering the fragments as spherical. Now the model is further refined
by incorporating deformation effects of the fragments and is applied to the decay of 56Ni∗ formed in
32S+24Mg reaction at an incident energy of Ec.m.=51.6 MeV. The results presented here are carried out

0.0 0.5 1.0
-0.4

-0.2

0.0

0.2

0.4

0.6

0.0 0.5 1.0
-550

-540

-530

-520

-510

-500

0.0 0.5 1.0
0

1

2

3

4

-1 0 1
-18

-12

-6

0

 

 

56Ni*  Sph.
 i+ i

ass asymmetry ( )

(c) (d)(b)(a)

lo
g 

P 0

B
/1

04

V
(

)
 

 21+ 41

 22+ 42

  

Figure 1: Role of deformations (β2+β4, dashed line) in fragmentation potential (Vη), mass parameters
(Bηη), preformation probability (P0) are shown along with spherical (solid line) calculation.

for the temperature T=3.39 MeV at R=R1+R2 fm and ℓ=0 h̄. Fig.1 (a) presents the deformation values
(β2+β4; the contribution of β3 is very negligible) of the charge minimized binary exit channels. For
the use of these deformation values, the fragmentation potentials (Vη), the mass parameters (Bηη) and
preformation probability values (P0) are calculated and presented in panels (b), (c) and (d) of Fig. 1
as dashed line and are compared with spherical calculations (solid line). The effect of deformation is
clearly reflecting in the potentials, mass parameters and preformation probabilities. Particularly, there is
an enhancement in P0 values for η=0 which will reflect in the cross-sections which in DCM is defined
to depend on barrier transmission probability and preformation probability for different ℓ-values upto a
critical ℓ-value. The results obtained viz ., cross-sections, total kinetic energies of the fragments will be
presented by comparing with spherical calculations, experimental values and other model results.

[1] R. K. Gupta, in Clusters in Nuclei, Vol. 1, Lecture Notes in Physics, Vol. 818, edited by C. Beck (Springer,
Heidelberg, 2010), p. 223.
[2] C. Karthikraj, N.S. Rajeswari and M. Balasubramaniam, Phys. Rev. C 86, 014613 (2012).
[3] C. Karthikraj and M. Balasubramaniam, Phys. Rev. C. (2012) under review.
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Photonuclear reactions research is of great interest to obtain information about the structure 

of nuclei. Structural effects investigation requires certain provisions about the reaction mechanism. It 

is particularly important to identify the mechanisms based on the fundamental principles of 

covariance and gauge invariance. In the first section of the article we consider the 

process ���, ���� . This process comes at the expense of the quadrupole absorption of γ-rays, while 

the dipole transition is suppressed. This property is a consequence of the isospin selection as well as 

the identity of the particles in the final state. Requiring preservation of composite hadrons 

electromagnetic currents we determine the minimal necessary set of the process mechanisms. This 

procedure ensures accounting of single-particle and many-particle contributions with each other and 

with the intranuclear dynamics. Obtained results describe the energy range from threshold (20 MeV) 

to 140 Mev. We analyze the two-particle disintegration of ���  nuclei by photons in the second 

section. Our interest caused by the fact that ���  is the simplest many-particle system which admits 

exact solutions. There is still a number of unsolved questions and conflicting conclusions for the 

photodisintegration process of three-nucleon systems at low and medium energies, despite numerous 

theoretical investigations[1,2] Present paper is devoted to determine the roles of different reaction 

mechanisms and to solve problems above. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

[1] Aufleger S., Drechsel D. Two body photodisintegration of ���  with realist bound-state wave 

functions // Nucl.Phys. – 1981 – A364, №1. – P. 81-92; 

[2] Gibson B.P. Lehman D.R. Two-body photodisintegration of ���  and ��  // Phys.Rev. – 1975. – 

C11, №1. – P.29-42; 

[3] Laget J.M. Three-body exchange mechanisms in the ���, �� ���  reaction // Phys. Rev. – 1988. 

– C38, №6. – P. 2993-2996. 
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α+12C rotational bands in 16O
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16O nuclei have the well-known characteristic structure, the states described by the shell model and
α cluster model coexist in low excitation energies (e.g. [1]). The 0+

2
state is thought to have theα+12C

configuration. Considering it microscopically, the 0+

2
state is dominated by the wavefunction with the

total quantum numberN = 6, because the ground state is dominated by the lowest quantum number
N = 4 from the Pauli principle. This means that the rotational band starting from the 0+

2
state does not

have the 8+ state. If the 4p4h configuration describes the state, the 8+ state exists in the rotational band.
The quest for the missing 8+ state is yet unsolved in the study of16O. In this presentation, I would like
to show the results from our investigation ofα+12C elastic scattering, and show that the even-parity band
isN = 8 and the odd-parity band isN = 9 [2].

Considering the high-spin states experimentally, the 8+ state may seem to be atEx ≈ 30 MeV with a
largeα-particle width, although it was thought to be found atEx ≈ 20 MeV from the naive extrapolation
of the rotational band [3]. The experimental studies of12C(12C,16O∗)8Be show that the excited16O∗

decays into the8Be+8Be channel atEx ≈ 30 MeV with Jπ = 8+ [4]. TheL = 8 broad peak has been
observed in the excitation function of12C(α,8Be)8Be [5]. The elastic cross section is enhanced from the
pure Coulomb scattering [6], and the possibility of the high-spin states has been discussed from elastic
scattering and inelastic scattering [7].

TheJπ = 8+ and 9− states can be predicted in the rotational bands by the potential models of the
α+12C configuration [8,9]. The tetrahedral router model predictsJπ = 8+ at Ex ≈ 30 MeV [10]. In
this presentation, the elastic cross sections in the energy range ofEc.m. = 21.15 – 26.625 MeV [6]
are evaluated with the optical model in order to investigate the possibilities of the high-spin 8+ and 9−

states. The internuclear potential between theα-particle and12C nuclei should have the appropriate
strength (e.g. [11,12]). We adopt the optical potential deduced from the one describing elastic cross
sections at high energies where the refractive phenomena are observed.

In the results, the elastic cross sections enhanced from pure Coulomb scattering can be reproduced
by the calculated results with the parity-dependent potential. The phase shifts,S-matrix, and excitation
functions ofL = 8 andL = 9 show the resonant feature at the prospective energies aroundEx ≈ 30
MeV. The effective potentials forL = 8 andL = 9 have a pocket making a quasi-bound state. The
nuclear potential predicted from refractive scattering at high energies is deep enough to bind the resonant
state, balancing with the strong centrifugal force. The8+ resonance is found to be observed atEx ≈ 29
MeV with a large width. Consequently, the rotational band starting from the 0+

2
state (Ex = 6.05 MeV)

is confirmed to haveN = 8. Likewise, the9− state of the negative-parity band is atEx ≈ 30.2 MeV.

[1] Y. Suzuki, Prog. Theor. Phys.55, 1751 (1976); Y. Fujiwaraet al., Prog. Theor. Phys. Suppl.68, 29 (1980).
[2] M. Katsuma, J. Phys. G40, in press (2013).
[3] L. L. Ames, Phys. Rev. C25, 729 (1982); D. R. Tilleyet al., Nucl. Phys. A564, 1 (1993).
[4] M. Freeret al., Phys. Rev. C70, 064311 (2004); W. D. M. Raeet al., Nucl. Phys. A568, 287 (1994).
[5] F. Brochardet al., Phys. Rev. C13, 967 (1976).
[6] T. Mikumo et al., J. Phys. Soc. Jpn.15, 1158 (1960); T. Mikumo, ibid.16, 1066 (1961).
[7] K. P. Artemovet al., Sov. J. Nucl. Phys.37, 643, (1983); K. P. Artemovet al., ibid. 36, 779 (1982).
[8] M. Katsuma, Phys. Rev. C81, 067603 (2010); M. Katsuma, ibid.78, 034606 (2008).
[9] B. Buck and J. A. Rubio, J. Phys. G10, L209 (1984); B. Bucket al., Phys. Rev. C11, 1803 (1975).
[10] D. Robson, Phys. Rev. Lett.42, 876 (1979).
[11] F. Michel, J. Albinski, P. Beleryet al., Phys. Rev. C28, 1904 (1983).
[12] M. E. Brandan and G. R. Satchler, Phys. Rep.285, 143 (1997).
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Nuclear multifragmentation gives possibility to study the nuclear matter at the extreme conditions of 
temperature and density. With the advent of secondary radioactive ion beam (RIB) facilities around 
the world, an increasing interest is seen for the collisions of nuclei away from the line of stability. 
Several studies have been conducted to explore the isospin effects in multifragmentation and the 
neutron content of a colliding pair is found to affect the fragmentation [1]. It is now well established 
that the multiplicity of intermediate mass fragments (IMFs) shows a rise and fall behavior with 
increase in the incident energy for stable as well as neutron-rich/neutron-poor systems. The peak 
center-of-mass energy (Ec.m.

max) increases linearly with system mass whereas peak IMF multiplicity 
(<NIMF>max) shows a power law dependence. Ec.m.

max is also found to be sensitive to the isospin 
asymmetry of colliding pairs. The above mentioned study has been carried out for central collisions. 
Here, we see the effect of colliding geometry on <NIMF>max and Ec.m.

max and correlate how the 
colliding geometry alters the peaks of <NIMF>max using isospin dependent quantum molecular 
dynamics (IQMD) model [2]. We notice that colliding geometry affects both <NIMF>max and Ec.m.

max. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
[1] R. Ogul et al., Phys. Rev. C 83, 024608 (2011); W. Trautmann et al., Int. J Mod. Phys. E 17,  
     1838 (2008); C. Sfienti et al., Phys. Rev. Lett. 102, 152701 (2009). 
[2] C. Hartnack et al., Eur. Phys. J. A 1, 151 (1998). 
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Nuclear fragmentation studies with antiproton-nucleus annihilations
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This  work  aims  at  collecting  experimental  data  on  low  energy  antiproton-neucleus 
annihilation,  especially  on  nuclear  fragmentation,  by  using  emulsion  films.  In  spite  of  their  
importance in many fields such as nuclear physics, astronomy and radiology, the characteristics (e.g. 
hadronization and fragmentation multiplicities) of the stopping antiprotons annihilating on nuclei are 
not well known. For our study we exposed several thin targets (Al, Si, Ti, Cu, Ag, Au and Pb) to a  
very low energy antiproton beam from the CERN Antiproton Decelerator, delivering antiprotons to 
the AEgIS experiment (AD6). We used OPERA-type emulsion films [1] to detect and reconstruct the 
charged particle tracks emerging behind the targets. Emulsion films have excellent resolution (of the 
order of 1 µm) to detect the nuclear fragments, and the ability to distinguish between highly ionizing 
particles (such as nuclear fragments or protons) and annihilation products such as pions and kaons.

 Figure 1 shows examples of the observed tracks that emerge from common annihilation 
vertices  in  the Ti-target.  The tracking was performed with the scanning facility  available at  the 
University of Bern. The thicknesses of the targets were 5 µm for Al, Ti, Ag, Au and Pb,  40 µm for 
Cu,  and  400  µm  for  Si.  This  talk  will  present  the  first  results  and  a  discussion  of  nuclear 
fragmentation from very low energy antiproton-nucleus annihilations.

Figure 1: Antiproton-nucleus annihilation tracks and vertices observed in an emulsion 
            film behind a thin Ti-target. The area covered by the view  is 300 x 380 µm2.

[1]  T. Nakamura et al., The OPERA film: New nuclear emulsion for large-scale, high-precision
experiments, Nucl. Instr. Meth. A556 (2006) 80.
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The investigation of internuclear potentials for heavy-ion collisions is of fundamental importance
for the study of fusion reactions as well as for the formation of superheavy elements and nuclei far
from stability. Recently, we have developed a new microscopic approach based on a time-dependent
density-constrained DFT calculations. The theory is implemented by using densities and other informa-
tion obtained from time-dependent Hartree-Fock time-evolution of the nuclear system as a constraint on
the density for DFT calculations. In essence, this provides us with the dynamical path in relation to the
multi-dimensional PES of the combined nuclear system. Since TDHF directly provides us with the most
probable fusion path in the mean-field limit there is no need to calculate the entire PES to determine the
fusion path as in the case of computation of fission barriers. Some of the effects naturally included in
these calculations are: neck formation, mass exchange, internal excitations, deformation effects to all
order, as well as the effect of nuclear alignment for deformed systems. This parameter-free theory pro-
vides a comprehensive approach to calculating fusion barriers and has been applied to calculate fusion
cross-sections for large number of systems [1-3]. In this presentation we will outline the method and
give recent applications to the calculate fusion cross-sections for neutron-rich systems and light nuclei
that are important for the understanding of the neutron star crust.
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Figure 1: Calculated fusion cross-sections for C+O system (left) and various isotopes of the Ca+Ca
system (right) compared with experiment.

[1] A. S. Umar, V. E. Oberacker, J. A. Maruhn, and P.-G. Reinhard, Phys. Rev. C 81, 064607 (2010); 82, 034603
(2010); 85, 017602 (2012); 85, 034609 (2012).
[2] A. S. Umar, V. E. Oberacker, and C. J. Horowitz, Phys. Rev. C 85, 055801 (2012).
[3] R. Keser, A. S. Umar, and V. E. Oberacker, Phys. Rev. C 85, 044606 (2012).
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         In the last decades, we have witnessed a great interest in the study of very light neutron-rich nuclei 
up to and even beyond the neutron drip line.  One of the most exciting phenomena in such nuclei is the 
neutron halo, which is understood in terms of the  extended neutron distributions required to reproduce 
the available data.   The neutron distribution in nuclei can be obtained only indirectly, in contrast to the 
corresponding proton distribution which can be reliably determined through electron scattering.  Proton-
nucleus scattering provides a useful  tool  to determine either the parameters entering in the assumed 
shape  of  the  neutron  distribution  or  to  test  the  reliability  of  the  theoretically  calculated  neutron 
distribution.  The present calculations  employ the Coulomb modified correlation expansion of  the Glauber 
amplitude for p-nucleus scattering;  the first term of the expansion is the uncorrelated part involving all 
orders of scattering, while  the other terms are the correlation terms which can be considered as the 
correction  to the uncorrelated part.  However, keeping in view the energy range considered in this work, 
we assume that the correlation terms may not provide significant change in the results obtained  with the 
uncorrelated  part  only.  Thus  the  uncorrelated  part  seems  to  be  a  good  approximation  to  the  full 
correlation expansion  of the Glauber amplitude.
         We present here systematic analysis of p-4,6,8He and p-6,7,9,11Li scattering data within the framework of 
the Coulomb modified (uncorrelated) Glauber model. The calculation requires mainly two inputs: (1) the 
(spin-dependent)  nucleon-nucleon (NN)  amplitude and  (ii) the nucleon  density distributions in target 
nuclei.  The  scaler part of the NN amplitude is fairly accurately known  from the available NN scattering 
data at energies of our interest.  To find the  spin-dependent part of the NN amplitude, we have  used  the 
p-4He scattering data to fix its parameter values.  For  target nuclei,  we have used  several model  nucleon 
density distributions in order to study the sensitivity of the calculated observables such as the differential 
cross  sections  and  polarization   on  the  nucleon  density  distributions  used.  It  is  found   that  the  NN 
amplitude,  as  obtained  in  this  work,  and  different  density  distributions  satisfactorily  reproduce  the 
experimental differential cross sections whereas the calculated polarization is more sensitive to the density 
distributions used. Thus the polarization data impose an additional  constraint on the determination of 
nucleon  (especially  neutron)  density  distributions  in  nuclei.   The  calculations  also  consider  the 
phenomenological treatment of nuclear medium corrections, and provide the behaviour of NN amplitude 
in the nuclear medium.  It is found that the medium effects, relating Pauli blocking, provide an overall 
better description of the data in all the cases.
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The sub-barrier heavy ion fusion reactions provide a very good insight into nuclear 

structure and nuclear interaction [1]. The interaction potential between heavy ions which consists 

of Coulomb, centrifugal and nuclear terms plays a very crucial role in the description of fusion 

dynamics because of  the fact that the sum of these terms forms the Coulomb barrier which must 

be overcome for occurrence of fusion. The Coulomb and centrifugal terms are well understood 

whereas many ambiguities are associated with the nuclear potential. Since the predictions of 

fusion excitation functions in sub-barrier energy regions are very sensitive to the shape of 

nuclear potential, the success of any model for fusion depends strongly on the nuclear potential 

model employed in the analysis. As a result various potential models ranging from the simple 

phenomenological to realistic microscopic models have been proposed and used to explain the 

fusion excitation functions data. Generally, the three parametric Woods-Saxon potential remains 

the most frequently used potential for the description of compound nuclear reactions. Among the 

three parameters, depth, range and diffuseness parameter, there exist, large ambiguities in the 

determination of the accurate value of the diffuseness parameter. It was observed that a wide 

range of values from 0.65a fm  to fma 5.1  of diffuseness parameter are required to describe 

various nuclear phenomenon.  As the value of diffuseness parameter increases beyond 

0.65a fm , the potential pocket becomes more and more shallow and disappears for large values 

and  the fusion barrier radius decreases rapidly.  Recently, an energy dependent parameterization 

scheme to determine the value of diffuseness parameter was successfully used to explain the 

fusion excitation functions of various systems [2].  Since, the barrier position changes with the 

change in the shape of the potential, the energy dependent potential induces energy dependence 

in the barrier position also. Here we study the relative importance of the energy dependence of 

the diffuseness parameter and that of the barrier position in the description of the fusion 

excitation function data of some heavy ion systems in near barrier energy region using Wong’s 

formula. The effects of the energy dependent diffuseness parameter are found to be much more 

prominent in comparison to those of barrier position.  

 

 [1] L. F. Canto, P. R. S. Gomes, R. Donangelo and M. S. Hussein 2006   Phys. Rep. 424 1. 

 [2] Manjeet Singh, Sukhvinder S. Duhan and Rajesh Kharab 2011  Mod. Phys. Lett.A 26 2129 . 
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Investigating the ground state properties of exotic neutron-rich nuclei around the mass number of 
200 with neutron number of 126, is very important for nuclear astrophysical and nuclear structural reasons. 
Multi-nucleon transfer (MNT) in heavy nuclear reaction systems such as 136Xe + 198Pt or 208Pb was proposed 
as a possible way for producing such nuclei [1-3]. However, the experimental identification of MNT reaction 
channels is not trivial because of their low-energy kinematical characteristics; partial nuclear identification 
(e.g. only mass measurement), even for projectile-like fragments  (or  light  reaction  partner), has been 
reported. Theoretically, there are also difficulties in treatment of the degree of energy dissipation during the 
transfer processes and the strength of nucleon pair transfer, which is essential in the estimation of the cross 
section with high reliability. Therefore, it is highly desirable to measure the projectile-like and the target-like 
fragments (PLFs and TLFs)  simultaneously  with a  better  particle  identification for  more detailed MNT 
reaction studies.

We performed an experiment for measuring MNT reaction cross sections in a heavy reaction system 
of 136Xe+198Pt at GANIL with a beam energy of 8 MeV/u. The large acceptance spectrometer VAMOS++ [4] 
was used for  the direct identification  of the PLFs. For the simultaneous  identification of the TLFs, the  Ɣ-
array EXOGAM [5] was used by measuring their de-excitation Ɣ-rays. 

The particle identification of PLFs were successfully carried out, and their cross sections relatively 
normalized by the elastic channel were estimated.  The proton pick-up channels in the present system were 
observed to be highly favored than in light projectile systems [3] as shown in the Figure 1. The analysis for 
extracting  the  absolute cross sections and the transfer  probability  functions  of  single  and  pair  nucleon 
transfer in quasi-elastic reaction is under progress. The preliminary results will be presented and compared 
with the GRAZING model [6] calculation.

[1]S. C. Jeong et al., KEK Report 2012-2
[2]V. Zagrebaev, and W. Greiner, Phys. Rev. Lett., 122701 (2008) 101
[3]L.Corradi, G.Pollarolo, and S. Szilner, J. Phys. G, 113101 (2009) 36
[4]M. Rejmund et al., NIM A, 646 (2011) 184-191
[5]F. Azaiez, and W. Korten, Nucl. Phys. News, vol 7 (1997) 21.
[6]A. Winther, Nucl. Phys. A 572(1994) 191; A 594(1995) 203.

Figure 1: Experimental yield distribution of  Xe-like  fragments as a function of Z and Mass    
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Netherlands

Contact email: stanislaw.kistryn@uj.edu.pl

A basic step towards full understanding of nuclear interactions is proper modeling of all details of the
few-nucleon system dynamics. Modern nucleon-nucleon (NN) interaction models, most commonly
based on the meson-exchange picture, are able to reproduce the bulk of all NN data with an utmost
precision. Their quality can be efficiently probed in the few-nucleon environment by comparing most
up-to-date theoretical predictions with the observables measured in precision experiments. Thorough
studies of three-nucleon system have led to a conclusion that a proper description of the experimental
data cannot be achieved with the use of NN forces alone. This indicates a necessity of including ad-
ditional dynamics: subtle effects of suppressed degrees of freedom, introduced by means of genuine
three-nucleon forces, or, for a long-time neglected, Coulomb force.

Those findings would not be possible without a strong improvement of the experimental methods.
New generation experiments in the middle-energy region employing high-resolution, multi-detector ar-
rangements, provide data of unprecedented accuracy. Covering wide phase-space regions of the three-
nucleon scattering in continuum, already in the sector of cross-sections contributes significantly to im-
prove modeling of all details of the interaction dynamics. As an example of such studies a large set
of high precision, exclusive cross-section data for the 1H(d,pp)n breakup reaction at 130 MeV is con-
sidered, originating from a series of experiments in different configurations [1,2,3]. Progress in theory
allows now for quasi-rigorous, simultaneous treatment of modern NN potential, phenomenological 3N
force and Coulomb interaction [4], providing an opportunity to examine their overall interplay when the
calculations are confronted with the measured cross sections. Although including all these dynamical
contributions tremendously improves the agreement of the data with the predictions, there still remain
unresolved puzzles, which indicate that our understanding of the complexity of nuclear forces is not
complete. More general explorations of few-nucleon systems [5,6] support those conclusions and extend
the guidelines for the necessary improvements.

[1] St. Kistryn et al., Phys. Rev. C 68, 054004 (2003).
[2] St. Kistryn et al., Phys. Lett. B 641, 23 (2006).
[3] St. Kistryn et al., Physics Procedia 312, 126 (2011).
[4] A. Deltuva, Phys. Rev. C 80, 064002 (2009).
[5] K. Sagara, Few-Body Syst. 48, 59 (2010).
[6] N. Kalantar-Nayestanaki et al., Rep. Prog. Phys. 75, 016301 (2012).
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Few-nucleon systems are ideal laboratories to study nuclear forces. Among them, the system com-
posed of three nucleons (3N) is the simplest nontrivial environment, in which various models of the
nucleon-nucleon (NN) interaction can be tested. The breakup observables can be calculated using mod-
ern realistic pairwise nucleon-nucleon (NN) interactions, combined with a suitable model of 3N forces.
Moreover, the two- and three-nucleon interactions can be modeled within the coupled-channel (CC)
framework by an explicit treatment of the∆-isobar. Alternatively, the dynamics is treated within the
Chiral Perturbation Theory (ChPT). The above listed calculations include different pieces of the nucleon-
nucleon dynamics like the three nucleon force 3NF, the long-range Coulomb interaction or relativistic
effects, which reveal their influence at different parts of phase space. Especially, cross section observ-
ables are very sensitive to all these effects. Previous measurements of the cross sections at different
deuteron beam energies have demonstrated that inclusion of 3NF or Coulomb force in the theoretical
calculations improves the description of the experimental data [1, 2, 3].

In recent years the relativistic treatment of the breakup reaction in 3N system was developed using
the NN potential in Ref. [4] and this approach has also been extended for calculations including 3NF
in Ref. [5]. It was shown that in some particular region of the breakup phase-space, relativistic effects
can increase or decrease the calculated breakup cross sections by up to 60% and even more. At the same
time the effects of 3NF may change certain observables by a similar factor. The relativistic effects and
their interplay with 3NF become more important with increasing available energy in the three nucleon
system. Therefore the investigations at relatively high energies are important to confirm the theoretical
predictions for relativistic effects and to unambiguously fix a relevance of the 3NF. The experiment using
a deuteron beam of 340, 360 and 400 MeV and the WASA detector has been performed in January 2013
at FZ-Jülich with the aim to study the relativistic effects. The 4π geometry of WASA gives a unique
possibility of studying various aspects in the three nucleon (3N) system. The first experimental data
collected during this experiment will be presented.

[1] St. Kistrynet al., Phys. Rev. C 72, 044006 (2005);
[2] St. Kistrynet al., Phys. Lett. B 641, 23 (2006);
[3] E. Stephanat al., Int. J. Mod. Phys. A 24, 515 (2009);
[4] H. Witała R. Skibinski and J. Golak, The European Physical Journal, A30:369 (2006);
[5] H. Witała et al., Phys. Rev., C83:044001 (2011);
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One-neutron removal cross sections of Coulomb and nuclear breakup of 
29,31

Ne, 
33,35,37

Mg, 

and 
39,41

Si have been measured at around 240 MeV/nucleon at RI Beam Factory (RIBF).  

Additionally, the fragment momentum distributions for 
28,30

Ne, 
32,34,36

Mg, and 
38,40

Si after nuclear 

breakup have been measured. The Coulomb breakup reaction is sensitive to the soft E1 excitation, 

which have been used to investigate the halo structure. On the other hand, nuclear breakup reaction 

can tell the configuration of single-particle orbitals. In our analysis, these reactions are utilized in 

combination to find halo nuclei and obtain the spectroscopic factors, separation energy, and spin 

parity of the ground state. Namely, we have established a new spectroscopic tool by using both 

Coulomb and nuclear breakup reactions. 

The measured Coulomb breakup cross sections showed significant enhancement for 
31

Ne [1] 

and 
37

Mg, which suggests the halo formation in these nuclei. Additionally, the combined analysis of 

Coulomb and nuclear breakup reactions provided the separation energy and spin-parity of the ground 

state. We discuss the results and their shell structure of nuclei near the neutron drip-line. We also 

report the recent results of fragment momentum distributions for one-neutron removal from 
19,20

C 

and two-neutron removal from 
20,22

C [2]. 

 

 

 

[1] T. Nakamura, N. Kobayashi et al., Phys. Rev. Lett. 103, 262501 (2009).  

[2] N. Kobayashi et al., Phys. Rev. C 86, 054604 (2012).  
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The Hoyle state in12C was discovered over 50 years ago in 1957 and strongly influences the rate
of the triple-alpha process in stars. Recently, significant experimental and theoretical effort has been
invested to understand, in detail, its unorthodox structure. In particular, identification of excitations of
the Hoyle state has been a key goal. This talk will address current progress with an emphasis on possible
members of the Hoyle band and the structure implications.
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Analysis of data on neutron-neutron quasifree scattering allowed authors [1] to draw a 
conclusion about the need for a modified strengthened nn-interaction in the singlet 1S0 state. This, 
however, leads to serious changes in the estimated nn-scattering length and even to an existence of 
bound "dineutron". In the present experiment we propose to study nn-interaction using as a target 
tritium nucleus - 3H, containing two neutrons predominantly in the singlet 1S0 state. If we consider 
the reaction of pick-up of the proton from the 3H-nucleus then two emitted neutrons with high 
probability will also be in the singlet state which may be quasibound or bound.  Similar quasibound 
state was found recently for two-proton system [2].  

The experiment will be performed for the following reactions with two neutrons in the final 
state d + t →3He + nn and   n + t → d + nn.   The test of the experimental technique in the d+d 
→2He+nn reaction is conducted at the deuteron beam of U-120 cyclotron of Skobeltsyn Institute of 
Nuclear Physics. Reaction d+t → 3He+nn will be investigated using deuteron beam of the Institute 
for Nuclear Research, NAS of Ukraine, and the reaction n+t → d+nn  at the neutron beam RADEX 
of the Institute for Nuclear Research, RAS. Thus simultaneously will be obtained cross sections in 
the final state interaction (FSI) geometry and the search of bound or quasi-bound "dineutron" will be 
performed. 

In the experiment we will determine emission angles and energies of charged particle (with 
charge and mass identification) and two neutrons (or "dineutron"). Thus we will apply the original 
technique which allows in neutron detector separate (by time of interaction and energy of recoil 
proton) events from two interacting neutrons (from nn-final state interaction or decay of quasibound 
state) or bound "dineutron". Analysis of the proposed experiment will verify the theoretical basis 
underlying the construction of modern neutron-neutron potential. 
 
 
[1] H. Witala and W. Glöckle, The nn quasi-free nd breakup cross section: discrepancies to theory 
and implications on the 1S0 nn force,  arXiv:1011.4714v1 [nucl-th];  
[2] B. Blank and M. Ploszajczak, Rep. Prog. Phys. 71, 046301 (2008). 
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The aim of the EUROnu Design Study [1] is to perform a comparative study of three 
possible future neutrino oscillation facilities (Super Beams, Neutrino Factory and Beta Beams) for 
Europe. In particular, Beta Beams can produce well collimated pure electron neutrino or antineutrino 
beams to explore primarily neutrino oscillation physics. The Beta Beam produces neutrinos from the 
decay of radioactive isotopes with suitable decay time and reaction Q-values. The 3He + 6Li ->8B + n 
and 7Li + d ->8Li + p reactions have been proposed in the work by C. Rubbia et al. [2] to produce the 
isotope pair 8B and 8Li. Cross sections and angular distributions are fundamental to design the 
tabletop accelerator and the other necessary equipment that will be used for the production of these 
isotopes, in particular to assess the performance of an internal target that also serves as a stripper and 
an absorber for ionization cooling of the circulating beam as proposed in [2]. 

The total cross section of the 8B production in the 6Li(3He,n)8B reaction was measured in the 
past using the positron decay technique [3]. On the other hand, an earlier measurement of neutron 
angular distribution [4] reported a larger value for the integrated cross section by about a factor of 3. 
For this reason we performed a new measurement with higher accuracy using the 3He beam 
delivered by the Van De Graaf CN accelerator at LNL. The emitted neutrons were measured via the 
Time-of-Flight (ToF) techniques by using 8 large volume BC501 liquid scintillation detectors of the 
RIPEN modular array [5]. High statistics was collected through digital processing and pulse shape 
analysis (PSA) of the electronics signals. 

In the  neutron ToF spectra the peak  due to the population of the  8B  ground state was 
identified. In addition, the population of the 8B first excited state at 0.78 MeV that immediately 
decay by proton emission, was observed with a very good statistics allowing for the first time an 
accurate angular distribution measurement.  

Results were interpreted in the framework of the Zero Range Knock-out Distorted Wave 
Born Approximation (ZR-KO-DWBA) using the code DWUCK4 [6] showing a nice agreement with 
ref. [4]. DWUCK4 calculations extending the projectile energy range up to 25 MeV showed a strong 
disagreement with the positron decay experiments [3] that needs to be understood performing 
neutron angular distribution measurement at  3He beam energy above 10 MeV.  

 
[1] http://euronu.org/ 
[2] C. Rubbia, A. Ferrari, Y. Kadi, and V. Vlachoudis, Nucl. Inst. Meth. A 568, 475 (2006). 
[3] C.R. McClenahan and R.E. Segel, Phys. Rev. C 11, 370 (1975) and ref. therein. 
[4] P. Van der Merwe, W.R. McMurray, and I.J. Van Heerden, Nucl. Phys. A 103, 474 (1967). 
[5] N. Colonna, et al., Nucl. Inst. Meth. A 381, 472 (1996). 
[6] P.D. Kunz, University of Colorado, The Code DWUCK4, extended version of J.R. Comfort, 
unpublished. 
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Verification and extensions of the Gaussian cloud dynamics model [1] for the induced current signal 
in silicon detectors are presented. The approach is based on Ramo-Shockley theorem where, in 
addition to electrodes field, Coulomb interactions between electron and hole clouds are considered. 
The preliminary results provide good description of subtle experimental observations gathered by 
FAZIA collaboration concerning Pulse Shape Analysis (PSA).  
Focus is put on ion identification and on the factors impacting this mechanism. 

[1] Z. Sosin, Nuc. Instr. and Meth. in Phys. Res. A 693, 170-178 (2012). 

Figure 1: Model prediction for the current 
signal induced by an 80 MeV 12C ion 

Figure 2: Model calculation for Carbon 
isotopes 10C, 12C, 14C 
 . 

NR 106



 

 

International Nuclear Physics Conference INPC2013: 2-7 June 2013, Firenze, Italy 
 

Investigation of linear momentum transfer dynamics in incomplete 

fusion for 16O + 175Lu system at E ≈ 96 MeV 
 

Harish Kumar
1*

, Rahbar Ali
1
, D. Singh

2
, M. Afzal Ansari

1**
, K. S. Golda

3
, S. Muralithar

3
,         

Rakesh Kumar
3
, R. P. Singh

3
 and R. K. Bhowmik

3 

 
1
Department of Physics, Aligarh Muslim University, Aligarh - 202002, INDIA 

2
Centre for Applied Physics, Central University of Jharkhand, Ranchi - 835205, INDIA 

3
Inter University Accelerator Centre,, New Delhi - 110067, INDIA 

 

Contact email: * amu.harish@gmail.com  

                                     
** 

drmafzalansari@yahoomail.com 

 

 

The study of incomplete fusion (ICF) is still an active area of investigations due to complex 

nature of incomplete mass transfer mechanism and its ambiguous dependence on various entrance 

channel parameters: projectile energy and structure, linear momentum transfer, α-separation energy 

and mass-asymmetry of the target-projectile system. It has been observed from earlier studies that 

incomplete fusion (ICF) starts competing with complete fusion (CF) at projectile energies just above 

the Coulomb barrier [1, 6]. Britt and Quinton [7] first pointed out the ICF features at lower projectile 

energies with the break-up of projectiles like 
12

C, 
14

N, and 
16

O into -clusters. The most 

unambiguous evidence for ICF was provided by Inamura et al. [8]. Forward recoil range distribution 

(FRRD) measurements are particularly attractive for the study of fusion incompleteness due to 

fractional linear momentum transfer from projectile to target nucleus. Owing to the fractional linear 

momentum transfer, the ICF product follows a shorter range in the stopping medium as that of CF 

product.   

        In the present work, to investigate the ICF reaction dynamics, the FRRDs of some evaporation 

residues have been measured for 
16

O + 
175

Lu system at  96 MeV. The recoil catcher activation 

technique followed by the off-line gamma spectroscopy has been used. The experimentally measured 

recoil ranges are compared with the recoil ranges calculated using the classical approach and the 

stopping power and range software SRIM [9] and the residues are interpreted in terms on CF and/or 

ICF. Different partial linear momentum transfer components are attributed to the transfer of 
12

C 

and/or 
8
Be and/or 

4
He from the projectile 

16
O to the target nucleus, which reveals that measurements 

are consistent with ICF reaction hypothesis of break-up fusion (BUF) model [10] wherein fusion of 

projectile fragments takes place with the target.   It may be concluded from the present study that the 

residues are not only populated via CF but ICF is also found to play an important role in the 

production of various evaporation residues involving direct α-cluster emission. 

 

 

[1] D. J. Parker et al., Phys. Rev. C 30 (1984) 143. 

[2] M. Cavinato et al., Phys. Rev. C 52 (1995) 2577. 

[3] B. S. Tomar et al., Phys. Rev. C 49 (1994) 941. 

[4] B. Bindu Kumar, et al., Phys. Rev. C 57 (1998) 743. 

[5] D. Singh et al , Phys. Rev. C 79 (2009) 054601; Nucl. Phys. A 879 (2012) 107-131.  

[6] Abhishek Yadav et al., Phys. Rev. C 85 (2012) 064617; Phys. Rev. C 85 (2012) 034614. 

[7] H.C. Britt and A.R. Quinton, Phys. Rev. 124 (1961) 877. 

[8] T. Inamura et al., Phys. Lett. B 68 (1977) 51. 

[9] J. F. Ziegler, SRIM08, http://www.srim.org/, The Stopping Power and Range of Ions in Matter.    

[10] T. Udagawa and T. Tamura, Phys. Rev. Lett. 45, (1980) 1311. 
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At moderate excitation energies the dominating fusion processes are (i) Complete Fusion 

(CF) and Incomplete Fusion (ICF) [1, 2]. However, in recent years at low projectile energies i.e., 

near and above the Coulomb barrier (CB), the ICF sets in, where the CF supposed to play a key role 

to the total fusion cross-section. In order to explain ICF reaction dynamics several dynamical models 

such as SUMRULE model [3], Break-Up Fusion (BUF) model [4], Promptly Emitted Particles 

(PEP’s) model [5] etc. have been proposed. But none of these models is able to explain the presence 

of ICF reaction processes at such low incident energies, hence, is a topic of current interest.  

    With these motivations, in the present work the excitation functions (EFs) for several 

evaporation residues produced via 
16

O+
115

In interactions have been measured at energies ranging 

from ≈ 4-7 MeV/nucleon by employing recoil-catcher technique followed by offline  -ray 

spectroscopy. These measured EFs have been analyzed in the framework of statistical model code 

PACE4 [6]. A significant contribution of ICF has been observed in the production of α-emitting 

channels. To observe the relative importance of CF and ICF and to find out some systematics the 

ICF fraction has been extracted. The details of the work will be presented. 

[ 1].  F. K. Amanuel, et al., Phys. Rev. C 84, 024614 (2011). 

[ 2].  A. Agarwal, et al., Euro. Phys. J. web conferences 38, 17001 (2012). 

[ 3].  J. Wilczynski et al. Nucl. Phys. A 373, 109 (1982). 

[ 4].  T. Udagawa and T. Tamura, Phys. Rev. Lett. 45, 1311 (1980). 

[ 5].  J. P. Bondrof, Nucl. Phys. A 333, 285 (1980). 

[ 6]. A. Gavron et al., Phys. Rev. C 21, 230 (1980). 
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             Synthesis of super-heavy elements (SHE) and study of their decay properties provide 
important insight  in to the behaviour of nuclear matter under extreme conditions of high Z. The 
deformations and orientations of target and projectile nuclei play a significant role in the synthesis of 
SHE. Experiments have been performed using projectiles of 48Ca with deformed targets like the 
isotopes of U, Pu, Am, Cm, Bk and Cf. Such reactions show significant enhancement of fusion 
cross-sections, compared to ones using doubly magic 208Pb targets. In order to synthesize a new 
element with Z=115, an experiment was performed recently [1], using the radioactive target nucleus 
243Am with 48Ca beam. The 2n, 3n and 4n decay cross-sections at excitation energies E*=33-45 MeV 
were measured. In this contribution we study the decay of 291115* formed in above reaction using the 
dynamical cluster-decay model (DCM) [2] and calculate the xn evaporation residue (ER) cross-
sections. The DCM defines the decay cross-section in terms of 

ℓ
 partial waves as:   

       . /E2k;)12( 2
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                � is reduced mass and m, the nucleon mass. P refers to WKB penetrability and P0, the pre-formation 
factor. Static and dynamic deformations are included upto β2, with optimum orientations. 
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Figure 1: P0   for 48Ca+243Am→291115* reaction as a function of Ai for spherical, static-

β
2i, dynamic-β

2i  deformed choices of fragments with optimum hot orientations at E*=33.37 MeV for lmax-values. 
 

        Figure 1 shows that the potential energy surface (PES) for spherical case prefers symmetric 
fission, where as the same for deformed choice gives asymmetric peaks in heavy mass fragments. 
The PES are almost identical for static and dynamic choices of deformations, except that for the 
static case, higher l-values and smaller neck-length parameter ∆R-value are required for fitting of the 
data. Whereas  only the 2n ER cross-section can be fitted with the spherical choice, deformations 
play a significant role in fitting of 2n, 3n and 4n ER cross-section data of Z=115 super-heavy 
nucleus, with ∆R remaining within the range of nuclear proximity of ~2 fm. 
 
[1] Yu. Ts.  Oganessian et al., Phys.  Rev.  C  87, 014302  (2013). 
[2] R. K. Gupta et al., J. Phys. G: Nucl. Part. Phys. 36, 115105 (2009); R. K. Gupta, Lecture Notes in 
Physics 818 Clusters in Nuclei, ed C. Beck, Vol. I  (Springer Verlag), p223 (2010). 
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Here we have studied the single proton breakup from weakly bound 

exotic nuclei with several reaction mechanisms separately with their total and 
interference effect, in order to clarify quantitatively which would dominate the 
measured observables. We have considered the following mechanism (i) the 
recoil effect of the core-target Coulomb potential which we distinguish from the 
direct proton-target Coulomb potential, and (ii) nuclear breakup, which 
consists of stripping and diffraction. Thus, we have calculated the absolute 
values of breakup cross sections and parallel momentum distributions(LMD) 
for 8B and 17F projectiles on a light and a heavy target in a range of 
intermediate incident energies (40A–80A MeV) in each reaction mechanism. 
Furthermore we study in detail the interference among the two Coulomb effects 
and nuclear diffraction. The calculation of the direct and recoil Coulomb effects 
separately and of their interference is the new and most relevant aspect of this 
work. 
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The symmetry energy and compressibility determination of nuclear matter are uniquely related with
the study of heavy-ion collisions at intermediate energies. Many theoretical and experimental efforts have
been made to constrain the density dependence of symmetry energy around normal nuclear matter den-
sity using neutron skin, Giant Dipole Resonances (GDR), mass measurement, isospin diffusion, double
neutrons to protons ration and isoscaling[1-3], but, in contrary very few at supra-saturation densities[4-
6]. Parallelly, the compressibility of nuclear matter has been determined to be 235±14 MeV from Giant
Monopole resonance oscillations in heavy-ion collisions[7]. When the community tries to constrain the
compressibility at supra-saturation densities, the results were found to vary from soft (200 MeV) to stiff
(380 MeV) till date[8-10].

With the recent available data from the GSI, Germany for the multiplicity of neutrons from the
projectile spectator decay[11] and multiplicity of intermediate mass fragments from the projectile frag-
mentation at E = 600 MeV/nucleon[12], has given us an ample opportunity to determine the symmetry
energy and compressibility of nuclear matter at supra-saturation densities.

By performing the analysis with IQMD model for the Sn isotopes at E = 600 MeV/nucleon, we
observed that (1) The soft symmetry energy can explain the data better for the isospin sensitive obserbavle
i.e. multiplicity of neutrons [13] (2) The hard equation of state can justify the nuclear matter at E = 600
MeV/nucleon using the isospin insensitive observable i.e. multiplicity of IMFs. The more study is the
need of the time to constrain the symmetry energy as well as compressibility of the nuclear matter at
higher incident energies.

[1] B. A. Li et al., Phys. Rep. 464, 113 (2008).
[2] M. B. Tsang et al., Phys. Rev. Lett. 102, 122701 (2009).
[3] S. Kumar et al., Phys. Rev. C 84, 044620 (2011).
[4] P. Russotto et al., Phys. Lett. B 697, 471 (2011).
[5] S. Kumar et al., Phys. Rev. C 85, 024620 (2012).
[6] S. Gautam et al., Phys. Rev. C 83, 034606 (2011).
[7] D. H. Youngblood et al., Phys. Rev. Lett. 82, 691 (1999).
[8] P. Danielewicz et al., Science 298, 1592 (2002).
[9] W. Reisdorf et al., Nucl. Phys. A 876, 1 (2012).
[10] Y. K. Vermani and R. K. Puri, Eur. Phys. Lett. 85, 62001 (2009).
[11] W. Trautmann et al., Pos BORMIO2011, 018 (2011).
[12] R. Ogul et al., Phys. Rev. C 83, 024608 (2011).
[13] S. Kumar and Y. G. Ma, Phys. Rev. C 86, 051601 (2012).
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Nuclear stopping is investigated for the asymmetric collisions by means of isospin dependent 
quantum molecular dynamics (IQMD) model [1].  The work focuses on the study of nuclear stopping 
associated with the final heavy fragments in reactions induced by both the neutron-proton symmetric 
and the neutron-rich projectiles, in the intermediate energy region. The effect of different equations 
of state (with and without momentum dependent interactions) is also investigated on nuclear 
stopping. Our result shows that nuclear stopping is strongly affected by the asymmetry of the 
colliding nuclei as well as by equation of state. Our theoretical results follow the same trend as the 
experimental findings of FOPI collaboration. 
 
 
 
 
[1] C. Hartnack et al., Eur. Phys. J. A 1, 151 (1998). 
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With the availability of radio-active nuclear beams at several laboratories, it is possible to study the 
fusion of nuclei with some interesting properties. The nuclei of our interest are halo-nuclei which 
have abnormal sizes  and weakly bound nuclei with large break-up probability. The most interesting 
thing about the fusion of halo nuclei with heavy nuclei is that they lead to a much larger fusion cross-
section than the other isotopes. This enhancement becomes especially large at low energies. Similar 
is the case with the weakly bound nuclei which have large break-up probability due to the low 
coulomb barriers associated with breakup. They break-up into charged fragments which can be 
easily detected. The barrier heights of the systems with weakly bound nuclei are found to be reduced 
in comparison to systems with their associated stable isotopes. As a result of this reduced height, 
enhancement is observed in the sub-barrier fusion cross-sections of weakly bound nuclei. 
We aim to study sub-barrier fusion of halo-nuclei, weakly bound nuclei with heavy nuclei using 
different proximity based potentials [1]. This study is carried out using potentials due to AW 95, 
Bass 80 and Proximity 2010. Earlier, fusion using these potentials is studied in the above barrier 
region. We planned  to study sub-barrier fusion of these special nuclei using these potentials. The 
fusion cross-section are calculated using a new parameterized form of Wong model [2], since the 
original Wong parameterization is inadequate to account for the total fusion cross-sections of halo 
and weakly bound projectiles. 
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Figure 1: The reduced fusion cross-section  σ Reduced (mb) as a function of the reduced center of mass 
energy EReduced (MeV) for the reaction of  6Li + 209Bi. The dashed, dash-dotted and dash-double 
dotted lines represent the calculations for AW 95, Bass 80 and Proximity 2010 potentials 
respectively. The stars represent the experimental data. 
 
 
 
[1] I. Dutt and R. K. Puri, Phys. Rev. C 81, 064609 (2010);  
[2] E. F. Aguilera  and J. J. Kolata, Phys. Rev. C 85, 014603 (2012). 
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De-excitation modes of compound systems 118Ba and 134Ba, produced respectively in the 78Kr+40Ca 
and 86Kr+48Ca collisions at 10 A.MeV, are investigated. In particular, the competition between the 
various disintegration decay path of medium mass compound nuclei, also referred as Intermediate 
Mass Fragments (IMF), formed by fusion processes and the isospin dependence of the decay process 
are studied. Data were taken at the INFN-Laboratori Nazionali del Sud (LNS) by using the 
CHIMERA array and complement a former experiment performed at GANIL where the same 
mechanisms were studied at lower excitation energies [1], [2]. First results show evident staggering 
effects in the Z distributions, as well as different isotopic composition and enrichment for the 
reaction products in the two systems [3], [4] and [5]. Absolute cross sections calculations of the 
reaction products are still in progress, and this outcome could shed light on the isospin influence on 
the reaction mechanism and fragments production. The outcome are interpreted on the basis of 
dynamical-model calculations. 
 
[1] J. P. Wieleczko et al., FUSION08 AIP Conf. Proc. 1098, p. 64;  
[2] G. Ademard et al, Phys. Rev. C 83, 054619 (2011)  
[3] S. Pirrone et al., EPJ Web of Conferences 17, 16010 (2011)  
[4] G. Politi et al., EPJ Web of Conferences 21, 02003 (2012) 
[5] M. La Commara et al., EPJ Web of Conferences 11, 00022 (2012)  
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In the last years the properties of collective states in neutron-rich nuclei have been studied. In par-
ticular, special attention has been devoted to the presence of dipole strength at low excitation energy.
In our previous calculations based on microscopic RPA we have shown that by increasing the neutron
number, some strength appears at low energies in the dipole strength distribution, well below the region
of the dipole giant resonance. This strength has been often associated to the possible existence of a new
collective mode of new nature: the Pygmy Dipole Resonance (PDR). This mode is carrying few per cent
of the isovector EWSR, and it is present in many isotopes with a consistent neutron excess.

Therefore their appearance is more pronounced in nuclei far from the stability line but its presence
has been established also for very stable nuclei like208Pb.

In this mode, the transition densities show clearly that the isoscalar and isovector components are
strongly mixed. This feature allows the possibility of studying these low lying dipole states by using an
isoscalar probe in addition to the conventional isovector one.

We have shown [1] that valuable informations on the nature of the PDR can be obtained by excitation
processes involving also the nuclear part of the interaction. These analyses have been carried out on the
132Sn nucleus with different partners of the reaction like4He, 40Ca and48Ca. Due to the well known
adiabatic cut-off effect, the relative importance of the Coulomb excitation changes with the variation of
the incident energies, while the excitation produced by the nuclear interaction is almost independent of
the incident energy. Therefore the relative population of the PDR with respect to the GDR may change
by varying the parameters of the reactions. In particular, at low incident energy the excitation probability
of the PDR state is sensibly higher than the GDR one.

Our results then suggest that the investigation of the PDR state can be better carried out at low inci-
dent energy (below 50 MeV/nucleon). At these lower energies, low lying states of higher multipolarities
have higher probability to be excited. In some case it may be hard to single out dipole states among
all the other ones, although low lying quadrupole and octupole states have very narrow widths. A way
to distinguish them can be achieved by mean of differential cross section for the low lying states which
show characteristic behaviors at small forward angle. The analysis of inelastic scattering for alpha parti-
cles as well as12C are performed by using the DWBA calculations where we have used our microscopic
form factor obtained by a double folding procedure [1]. This is particular important for the PDR since
it has been shown that this state does not display the usual collective-type behavior, hence one can not
make use of the usual standard collective form factors. The calculation have been performed for the iso-
tope68Ni. Hopefully it will be possible to test some of the conjectures elaborated here at the Laboratori
Nazionali del Sud in Catania where recently a relatively intense beam for this isotope has been produced.

[1] E. G. Lanza, A. Vitturi, M. V. Andrés, F. Catara and D. Gambacurta, Phys. Rev. C 84,064602 (2011).
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The exotic nuclei are characterized by new structure phenomena like halo, neutron-skin and 

shell modification induced by their weak binding energies. 

For these weakly-bound nuclei, the continuum coupling is playing a significant role, since the 

scattering states are much closer to the continuum states than in stable nuclei. This aspect is 

important for structure and reaction features. Direct reactions on proton target (elastic and inelastic 

scattering, one and two-neutron transfer) can be used to investigate the new structure properties, 

provided we take into account the effects due to coupling to continuum and to the main contributions 

of reaction channels in the reaction framework. 

In this talk, these effects will be discussed in the case of the proton reaction analysis of the 

data collected for the exotic 
8
He [1,2,3] and 

10,11
Be [4,5] nuclei. The Coupled Reaction Channel 

framework will be explained. It is used to obtain a consistent data interpretation of all the reaction 

channels and to extract the nuclear structure. This approach is also powerful to understand the virtual 

coupling potential induced by continuum and reaction channels in the elastic scattering. 

  

 

[1] F. Skaza et al. Phys. Lett. B 619, 82 (2005) 

[2] N. Keeley et al, Phys. Lett B 646, 222 (2007). 

[3] X. Mougeot, V. Lapoux et al.,  Phys. Lett. B 718, 441 (2012). 

[4] V Lapoux et al, Phys Lett B 658, 198 (2008).  

[5] N. Keeley and V. Lapoux, Phys. Rev C 77, 014605 (2008). 
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It is well known that, an accurate description of reactions involving weakly-bound nuclei, 
such as halo nuclei, requires the inclusion of the coupling to the continuum (i.e., unbound) states. For 
two-body projectiles, a successful technique to describe these processes is the Continuum-
Discretized Coupled-Channels (CDCC) method. Here the continuum is replaced by a discrete set of 
functions, each one representative of a region of the continuum relevant for the reaction. The 
standard CDCC method uses an average of the scattering two-body wavefunctions in each energy 
interval (named "bin"). Alternatively, the continuum spectrum can be described by the eigenstates of 
the two-body Hamiltonian in a basis of square-integrable functions, or pseudo-states (PS). 

In this contribution we present a PS basis obtained performing a simple analytic local scale 
transformation to the harmonic oscillator basis (THO). This THO basis is easy to calculate and 
reproduces a wide variety of observables, requiring a small number of functions compared to other 
bases. Moreover, narrow resonances are well characterized by one or two PS. Recently, we have 
extended this basis to described systems with a valence+core structure (such as the halo nuclei), 
taking into account the possible excitations of the core [1]. This is the case of 11Be and odd A carbon 
isotopes. We have considered two models in order to reproduce the valence-core Hamiltonian. One 
of them is the particle-rotor model. In a second model, the valence-core interaction is calculated from 
microscopic transition densities of the core. This last model is found to be a good representation of 
odd halo nuclei. It reproduces the available information about 19C ground state and continuum. 

We have applied these two models to the breakup of 11Be on 12C at 70 MeV/nucleon. The 
reaction is analyzed within the DWBAx framework taking into account the possible excitations of 
the core. The angular distribution of the breakup shows an important sensitivity with respect to the 
spectroscopic factors of the valence+core configurations [2] as shown in Fig. 1. Therefore, it is 
possible to infer such information for resonances even for components where the core is in an 
excited state. Other reactions usually used to obtain these factors, e.g., transfer reactions, only give 
information about the components with the core in its ground state for the resonances.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Angular distribution of the breakup of 11Be on 12C at 70 MeV/nucleon at the Ex=1,78 MeV 
state. The dashed line represents the valence contribution, the dot-dashed represents the contribution 

of the core and the solid line is the coherent sum. The experimental data is obtained from [3]. 
 
[1] J. A. Lay, A. M. Moro, J. M. Arias, and J. Gómez-Camacho, Phys. Rev. C 85, 054618 (2012);  
[2] A. M. Moro and J. A. Lay, Phys. Rev. Lett. 109, 232502 (2012); 
[3] N. Fukuda et al., Phys. Rev. C 70, 054606 (2004). 
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The angular distribution of the fragments (FFAD) produced in the fission of a deformed  
nucleus  is  an  important  observable  to  investigate  the  nuclear  fission  process  and  the  nuclear 
structure,  in  particular  the  properties  of  transition  levels  close  to  the  fission  threshold  [1,2].  In 
addition  a  better  knowledge  of  this  magnitude  will  improve  the  detection  efficiency,  which  is 
required to achieve more accurate measurements of the fission cross sections [3].

In order to measure the FFAD of neutron-induced reactions, a fission detection setup based 
on parallel-plate avalanche counters (PPACs) has been developed. It was successfully used at the  
n_TOF facility (CERN) to obtain the FFAD of the 232Th(n,f), taking full advantage of the accurate 
neutron energy resolution and the wide energy range (up to hundreds of MeV). This measurement 
confirmed the large variations of the anisotropy around the fission chances and the perpetuation of 
the anisotropy in the spallation regime [4].

The 234U(n,f) cross section is higher than the 232Th(n,f), which makes the even-even uranium 
isotope, a good candidate to study the vibrational resonances in the threshold region. The existing 
data show large anisotropy values in the threshold region [5,6,7,8] and provides information till 15 
MeV [9]. However, the existence of a structure-like behaviour of the anisotropy in the 300 keV 
region has not been observed yet. 

In this work, we present the preliminary results on the analysis of the 234U(n,f) data, which 
allows us to study the anisotropy in this region and to extend the data beyond 20 MeV. 

[1] R. Vandenbosch and J. R. Huizenga. New York, Academy Press (1973);
[2] A. Goverdovsky. Workshop on Nuclear Reaction Data and Nuclear Reactors (Trieste, 2002);
[3] C. Paradela et al. Phys. Rev. C 82, 034601 (2010);
[4] D. Tarrío, PhD dissertation, USC (2012);
[5] J. E. Simmons and R. L. Henkel. Phys. Rev. 120, 198 (1960);
[6] F. Hambsch et al. Proc. of Nuclear Data Conference 2010. J. of Korean Phys. Soc. , 59 No 2, 
1654 (2011);
[7] A. N. Behkami et al.. Phys. Rev. 171, No 4, 1267 (1968);
[8] G. Barreau, PhD dissertation, CEN(BG) (1977);
[9] R. B. Leachman and L. Blumberg. Phys. Rev. 137, B814 (1965).
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Optical potentials are basic ingredients of most reaction calculations and are usually inferred 
from corresponding elastic scattering cross sections. For exotic nuclei at the limit of binding, studied 
by means of reaction experiments at radioactive ion beam facilities, experimental data are scarce and 
the determination of phenomenological optical potentials is hampered. The use of optical potentials 
of an adjacent stable nucleus or one obtained by extrapolation from this stable nucleus is usually 
problematic because of the non-standard structure of exotic nuclei. In this contribution 
(semi)microscopic nucleon optical potentials for exotic nuclei within a nuclear matter approach 
similar to that of Amos et al. [1] are presented. Especially, compact forms of the density dependent 
g-matrix [2,3] as well as a reasonable occupancy of shell model states are used to determine nucleon 
optical potentials at energies between 30 and 150 MeV. The quality of the obtained nucleon optical 
potentials is tested by comparison with available elastic data of elements with several stable isotopes. 
The variations of the nucleon optical potentials in the regime of exotic nuclei as well as their impact 
on corresponding cross section calculations are systematically studied. 

Work supported by the EC FP7 infrastructure project ENSAR, Project Nr. 262010.

[1] K. Amos et al., Adv. Nucl. Phys. 25, 275 (2000)
[2] J.P. Jeukenne, A. Lejeune, c. Mahaux, Phys. Rev. C16, 80 (1977).
[3] E. Bauge, J.P. Delaroche, M. Girod, Phys. Rev. C 58, 1118 (1998)
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Abstract.  A recent experiment has been performed in the double solenoid system Radioactive Ion 
Beams in Brasil  (RIBRAS) by impinging a pure  6He secondary beam on a thick CH2  target  to 
measure the 6He+p excitation function. Results of this experiment will be presented.

RIBRAS [1] is presently the only experimental equipment in South America capable 
of producing secondary beams of rare isotopes. It  consists of two superconducting 
solenoids, installed in one of the beam lines of the 8 MV Pelletron Tandem accelerator 
of   the  University  of  São Paulo.  The secondary  beam is  produced by  the   inflight 
technique and is usually contaminated with particles coming from the scattering and 
reactions in the primary target such as 7Li, alpha and other light particles as protons, 
deuterons and tritons. Solenoids are good selectors due to their large acceptance and 
the double solenoid system provides ways to improve the quality of the secondary 
beam by using a degrador foil in the midway between the two solenoids.   The main 
contamination of the secondary beam are the 7Li2+ particles coming from the primary 
beam. A degrador placed between the two solenoids is able to separate those particles 
from the 6He beam providing an additional charge exchange 7Li2+>3+.  In addition, the 
differential energy loss in the degrador provides further selection of the light particles 
as protons, deuterons,  tritons and and alpha particles by the second solenoid. Here we 
present the results of the  first experiment performed at RIBRAS using both solenoids. 
A pure  6He beam was produced and the reaction  6He+p was measured using a thick 
CH2 target.  Energy spectra of the protons emitted from the 6He+p reaction have been 
measured  at  0,  20  and  25  degrees   in   the   laboratory  and a  peak  at  11.2  MeV  7Li 
excitation energy was  seen in the three angles. 

1. R. Lichtenthäler et al., Eur. Phys. J. A 25,s01,733 (2005) and  Nucl. Phys. News 15, 25 (2005)
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It has been proposed for about three decades that the fusion cross section (especially at sub-
barrier energy) will be greatly enhanced by the nucleon(s) transfer with positive Q-value due to the 
additional kinematic energy increase [1,2]. Some experimental results do indeed support this point of 
view. However, a recent experiment on the fusion of the 132Sn+58Ni system didn’t show any 
enhancement caused by the positive Q-values transfer channels comparing to its reference systems 
[3]. 

At first, the effects of multi-neutron transfers with positive Q-value on the sub-barrier 
fusions for the systems recently measured, such as 32,36S, 40,48Ca projectiles bombarding on 90,96Zr, 112-

124Sn targets, are discussed and summarized briefly. Second, for the sake of simplicity, we focus our 
attention on two-neutron (2n) transfer with positive Q-value. The fusion excitation functions of 
16O+76Ge and 18O+74Ge at energies spanning the Coulomb barrier were measured by an electrostatic 
deflector setup at the HI-13 tandem accelerator of the CIAE (cf: Fig.1). Both systems possess very 
similar nuclear structures and form the same compound nucleus, but the Q-value of 2n stripping 
channel is +3.746 MeV for the latter. Experimental results show that the excitation functions and 
barrier distributions of these two systems are almost identical, and can be well reproduced by 
coupled-channels calculations when only the inelastic channels were taken into account. It indicates 
that no visible effects of positive Q-value 2n transfer exist in the 18O+74Ge system. 

In order to make clear the effect, a systematic investigation was made on the 16,18O-induced 
fusions of which the experimental data are available in the literature. However, the situation becomes 
more complicate, which is beyond the considerations of up-to-date models. The effect of neutron 
transfer, especially for the case with positive Q-values, on fusion is still an open question. 

Details of the experiment, data analysis, systematic investigation, and discussion will be 
presented in the conference. 
 

 
Fig. 1 Fusion excitation functions for the 16O+76Ge and 18O+74Ge systems. 

 
[1] M. Beckerman, M. K. Salomaa, J. Wiggins, and R. Rohe, Phys. Rev. C 28, 1963 (1983). 
[2] R. A. Broglia, C. H. Dasso, S. Landowne, and A.Winther, Phys. Rev. C 27, 2433 (1983). 
[3] Z. Kohley et al., Phys. Rev. Lett. 107, 202701 (2011) 
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We will discuss new results obtained by studying the nuclear reaction 19F(p,®0) at low bombarding
energies, from 540 up to 1034 keV. The experiment has been performed by using the TTT-3MV tandem
accelerator at the University of Naples. Thin aluminium foils, placed in front of detectors, have been
used to stop ejectiles due to elastic and inelastic scattering. In this way, due to the very large reaction
Q-value [1], background free ®-particle energy spectra have been obtained. This allows to obtain exci-
tation functions in a large angular range (from 20∘ to 160∘ in the laboratory frame, in 10∘ step). The
analysis of angular distributions in terms of cosine powers [2-5] allows to refine the spectroscopy of the
self-conjugated compound nucleus 20Ne in an energy region where the existence of quartet excitations
has been predicted [6]. For some of these excited states, spin-parity assignments reported in the liter-
ature show contrasting values [1,3,4]. From the preliminary analysis of angular distributions obtained
in the present experiment, we can assign J¼=0+ for the narrow 13.647 MeV state, differently from the
alternative J¼=2+ assignment reported in Ref. [3].

Angle-integrated cross section and astrophysical factor have been also extracted and compared with
direct data reported in the literature. In the energy region around the 840 keV resonance, our data agree
well with all data sets coming from previous experiments [3,4]. On the contrary, at 0.68MeV < Ecm <
0.75MeV , our cross-section is 30-50% larger than the (normalized) data obtained by Isoya et al [3] and
reported in the NACRE compilation [7]. At low energies, 0.54 < Ecm < 0.72MeV , our data are in good
agreement with absolute measurement performed by Breuer [2]; the small increase of the astrophysical
factor in the energy region around 500 keV would be in agreement with the possible existence of two
broad states at around 400 keV, as suggested by Breuer [2] and reported also in [1]. Preliminary results
on these topics will be discussed.

[1] D.R. Tilley et al, Nucl. Phys. A 636 (1998) 249
[2] G. Breuer, Zeit. Phys. 154 (1959) 339
[3] A. Isoya, H. Ohmura and T. Momota, Nucl. Phys. 7 (1958) 116
[4] R. Caracciolo et al, Lett. Nuovo Cim. 11 (1974) 33
[5] P. Cuzzocrea et al, Lett. Nuovo Cim. 28 (1980) 515
[6] A. Arima, V. Gillet and J. Ginocchio, Phys. Rev. Lett. 25 (1970) 1043
[7] C. Angulo et al, Nucl. Phys. A 656 (1999) 3
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   Properties connected to the transport of nuclear matter like the energy dissipation or the isospin  
diffusion/migrationin the Fermi energy domain can be probed by measuring the nuclear stopping of 
the 2 impinging nuclei in central collisions. In this contribution, we will present experimental data  
concerning nuclear stopping measured with the INDRA 4 array for a large panel of symmetric 
systems and incident energies covering the overall Fermi energy range. A comparison with realistic  
dynamical models like the hybrid model HIPSE will be done and the link to fundamental quantities 
such as the 1-body dissipation provided by the Mean-Field or the 2-body dissipation produced by in 
-medium Nucleon-Nucleon collisions  (NN).  In  particular,  in-medium NN cross  sections  will  be 
extracted and discussed. We will show that it can bring important constraints to the transport models 
used in this energy range.
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The relationships between energy, pressure, temperature, density and isospin asymmetry δ=(ρn-ρp)/ρ 
within finite nuclear systems, neutron stars or core-collapse supernovae are fundamental properties of 
nuclear matter. It is an important objective of many laboratory experiments and astrophysical 
observations to describe these relationships by a nuclear Equation of State (EoS), which can be separated 
into a symmetric-matter contribution that would be appropriate for equal neutron and proton densities, 
and a symmetry-energy term, proportional to the square of the asymmetry. Nuclear systems can be 
momentarily produced in the laboratory at a range of densities and isospin asymmetries. Studies of such 
systems can provide constraints on the EoS that are relevant to the properties of nuclear matter and to 
dense astrophysical objects. In this talk, I will discuss some the various laboratory observables that can 
provide constraints on the EoS [1]. I will discuss some of the measurements that have been performed 
and the constraints that have been derived from them. I will also discuss some new results and the 
opportunities for future constraints that may be expected with planned and future experiments.  

. 
 [1] M.B. Tsang, et al., Phys. Rev. C 86, 015803 (2012).  
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The symmetry energy of neutron-rich nucleus and fragment in heavy-ion collisions is one of the most
interesting question in nowadays nuclear physics, since it is important both in nuclear physics and nuclear
astrophysics. Due to the dependence of nuclear symmetry energy on temperature and density, debated
results were shown in supra-saturate nuclear matters, while the symmetry energy is an very important
parameter in the searching of drip-line of very neutron-rich nucleus.

In heavy-ion collisions, due to the contribution of entropy the binding energy thus the symmetry
energy of the measured fragments at nonzero temperature, which undergo sequential decay after they are
formed from the hot and dense emitting source, are different to those for the zero temperature. Realizing
the temperature of the measured fragments are quite different to that of the hot emitting source, the
isobaric methods were used to determine the symmetry energy of neutron-rich nucleus from its binding
energy at zero temperature, and the ratio of symmetry energy to temperature of neutron-rich fragment
in heavy-ion collisions. At the same time, reasonable temperature of measured heavy fragments is also
determined using isobaric yield ratio method.

Combining these results, the symmetry energy of neutron-rich nucleus at non-zero temperature is
extracted. The symmetry energy of nucleus show different trends at zero temperature and nonzero tem-
perature.

[1] G. Audi et al., Nucl. Phys. A 729, 337 (2003);
[2] S. J. Lee and A. Z. Mekjian, Phys. Rev. C 82, 064319 (2010);
[3] R. W. Minich et al., Phys. Lett. B 118, (1982) 458;A. S. Hirsch et al., Phys. Rev. C 29, 508 (1984); M. Huang
et al., Phys. Rev. C 81, 044620 (2010)
[5] Chun-Wang Ma et al., Chin. Phys. Lett. 29, 062101 (2012);
[6] Chun-Wang Ma et al., Eur. Phys. J. A 48, 78 (2012);
[7] Chun-Wang Ma et al., Phys. Rev. C 83, 064620 (2011);
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Pygmy and Giant Dipole Resonances by Coulomb Excitation using a 

Quantum Molecular Dynamics model 
 

Y. G. Ma 
Shanghai Institute of Applied Physics, Chinese Academy of Sciences, 
Shanghai 201800, China 
 
	  
Pygmy and giant dipole resonance (PDR and GDR) in Ni isotopes have been 
investigated by Coulomb excitation in the framework of the isospin-dependent 
quantum molecular dynamics model (IQMD). The spectra of gamma rays are 
calculated and the peak energy, the strength and full width at half maximum 
(FWHM) of GDR and PDR have been extracted. Their sensitivities to nuclear 
equation of state, especially to its symmetry energy term are also explored. By 
a comparison with the other mean field calculations, we obtain the reasonable 
values for symmetry energy and its slope parameter at saturation, which gives 
an important constrain for IQMD model. In addition, we also studied the 
neutron excess dependence of GDR and PDR parameters for Ni isotopes and 
found that the energy-weighted sum rule (EWSR) PDRm1/GDRm1% 
increases linearly with the neutron excess. 
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Shear viscosity over entropy density ratio of nuclear matter in 
intermediate-energy heavy ion collision 
 
Yu-Gang Ma 
Shanghai Institute of Applied Physics, Chinese Academy of Sciences, 
Shanghai 201800, China 
 
   Shear viscosity is one of important transport parameters of matter. In 
heavy-ion collision in a wide beam energy region, a fluid-like nuclear fireball 
can be created. Experimental results in ultra-relativistic heavy-ion collisions 
have indicated a near-perfect quark-gluon liquid which has very small ratio 
(eta/s) of shear viscosity over entropy density has been formed at Relativistic 
Heavy-Ion Collider (RHIC) energy around 200GeV/c Au + Au collisions with 
help of hydrodynamic calculations. Extensive studies on eta/s have been 
performed at RHIC energy. However, the knowledge of eta/s is poor for 
nuclear matter formed in intermediate energy heavy-ion collision. Based on 
this motivation, we have simulated Au + Au collisions at hundreds 
MeV/nucleon energies by an isospin-dependent quantum molecular dynamic 
(IQMD) model and investigated thermal and transport coefficients of nuclear 
fireball in central region.  Our results present time evolutions of the density, 
temperature, chemical potential, entropy density and shear viscosity of the 
fireball. The ratio of shear viscosity over entropy density is studied for the 
whole collision process.  Time evolution of shear viscosity over entropy 
density ratio shows that a minimal $\eta/s$ occurs in the largest compression 
stage, which indicates high density nuclear matter is more close an ideal liquid. 
Moreover, a local minimum, which is about 0.7 to 0.8, emerges from the 
temperature dependence of $\eta/s$ in different freeze-out densities, which may 
correspond to a liquid-gas phase transition occurring in the intermediate energy 
heavy-ion collisions.  
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T h e  d is ap p e aranc e  of  c olle c t iv e  mot ion w it h  inc re as ing  t e mp e rat u re  p rov id e s  ad d it ional 
inf ormat ion on t h e  p rop e rt ie s  of  h ot  nu c le ar mat t e r and  c an b e  an ad d it ional s ig nat u re  of  a p h as e  
t rans it ion. T h e  G iant  D ip ole  Re s onanc e  ( G D R)  is  a c olle c t iv e  v ib rat ion of  p rot ons  ag ains t  ne u t rons  
w it h  a d ip ole  s p at ial p at t e rn t h at  c an b e  b u ilt  not  only  on t h e  g rou nd  s t at e  b u t  als o on e x c it e d  s t at e s . 
T h e  G D R g amma-ray  y ie ld  in h ot  nu c le i h as  b e e n e x t e ns iv e ly  s t u d ie d  in S n re g ion:  f rom t h e  
s y s t e mat ic s  is  k now n t h at  u p  t o ap p rox imat e ly  2 0 0  Me V  e x c it at ion e ne rg y  t h e  G D R p rop e rt ie s  
re main re mark ab ly  s t ab le  [ 1 ]. I t s  e ne rg y  re mains  e q u al t o t h e  g rou nd  s t at e  e ne rg y ,  t h e  w id t h  
inc re as e s  s moot h ly  f rom ab ou t  5  Me V  at  z e ro t e mp e rat u re  t o ab ou t  1 4  Me V  [ 2 ]. T h e  g amma 
mu lt ip lic it y  f rom G D R d e c ay  inc re as e s  as  a f u nc t ion of  e x c it at ion e ne rg y  in ag re e me nt  w it h  1 0 0 %  of  
t h e  e ne rg y  w e ig h t e d  s u m ru le  s t re ng t h . I n h ot  nu c le i p rod u c e d  in inc omp le t e  f u s ion re ac t ions  at  
e x c it at ion e ne rg ie s  rang ing  f rom 3 5 0  and  5 5 0  Me V  a s at u rat ion of  t h e  G D R g amma-mu lt ip lic it y  h as  
b e e n ob s e rv e d  [ 3 ]. T h is  b e h av ior c an b e  q u alit at iv e ly  u nd e rs t ood  in t h e  f rame w ork  of  s e v e ral mod e ls  
w h ic h  p re d ic t  a g rad u al q u e nc h ing  of  t h e  G D R g amma-e mis s ion t ak ing  int o ac c ou nt  t h e  e q u ilib rat ion 
t ime  of  t h e  d ip ole  os c illat ions  w it h  t h e  d if f e re nt  d e g re e s  of  f re e d om of  t h e  h ot  c omp ou nd  nu c le u s . I n 
ord e r t o d is e nt ang le  b e t w e e n d if f e re nt  mod e ls  and  g ain an ins ig h t  int o t h e  d e g re e  of  f re e d om p lay ing  
t h e  p rinc ip al role  in t h e  s at u rat ion,  e x p e rime nt al d at a in an e x c it at ion e ne rg y  int e rv al arou nd  t h e  
p oint  w h e re  t h e  ons e t  of  t h e  q u e nc h ing  is  e x p e c t e d  t o ap p e ar,  are  ne c e s s ary . T o t h is  aim an 
e x p e rime nt  h as  b e e n p e rf orme d  at  L N S  Cat ania w h e re  1 7  and  2 3  Me V / A  116 S n b e ams  d e liv e re d  b y  
t h e  S u p e rc ond u c t ing  Cy c lot ron h av e  b e e n s e nt  on 12C and  24 Mg  t arg e t s . T h e  e v ap orat ion re s id u e s  
c oming  f rom f u s ion re ac t ions  w e re  f oc u s e d  u s ing  t h e  S O L E  s ole noid  on t h e  MA CI S T E  t e le s c op e  
s y s t e m w h ile  t h e  G D R g amma-ray s  w e re  d e t e c t e d  in c oinc id e nc e  u s ing  ME D E A ,  a 1 8 0  b ariu m 
f lu orid e  mu lt id e t e c t or. T h e  d if f e re nt  t arg e t  p roj e c t ile  c omb inat ions  allow e d  u s  t o e x p lore  t h e  
e x c it at ion e ne rg y  re g ion f rom 1 5 0  Me V  t o 3 3 0  Me V . Comp aris on b e t w e e n e x p e rime nt al d at a and  
Cas c ad e  c alc u lat ions  inc lu d ing  d if f e re nt  mod e l p re d ic t ions  w ill b e  p re s e nt e d  in ord e r t o d raw  
c onc lu s ions  on t h e  orig in of  t h e  q u e nc h ing  me c h anis m. A  link  b e t w e e n G D R d is ap p e aranc e  and  
liq u id -g as  p h as e  t rans it ion w ill b e  d is c u s s e d . 
 
 
 
[ 1 ] A  J .J . G aard h oj e ,  A nnu . Re v . N u c l. P art . S c i. 4 2 ,  4 8 3  ( 1 9 9 2 ) ;   
[ 2 ] O . W ie land  e t  al,  P h y s . Re v . L e t t .  9 7 ,  0 1 2 5 0 1  ( 2 0 0 6 ) ;   
[ 3 ] D .S ant onoc it o and  Y .B lu me nf e ld ,  E P J  A 3 0 ,  1 8 3  ( 2 0 0 6 )  . 
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Heavy ion collisions are a versatile and powerful tool to investigate both dynamic and thermodynamic
features of excited nuclei and nuclear matter and to have an insight into the structure of exotic nuclei.
In this talk we will present the first results on the 40,48Ca+40,48Ca at 35 MeV/nucleon experiment per-
formed in GANIL, coupling the VAMOS spectrometer to the 4π charged particle array INDRA, to study
the nuclear equation of state probed with isotopic distributions measurements. Such a set-up allows us
to uniquely identify in charge and mass forward emitted heavy fragments, while having a complete in-
formation on the kinematics of the event by the measure of all the particles emitted in coincidence.
Also, the high granularity and energy resolution of the apparatus open the possibility of applying corre-
lation techniques to investigate alpha-cluster states in the ground state of 40Ca, predicted by a dynamical
model, and excited states of exotic nuclei. First results on these topics will also be presented.
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The particular features of8He made its scattering with heavy targets attractive for the scientific
community.8He is the lightest skin nucleus and it has the largest neutron to proton ratio of the particle-
stable nucleus. Only a few scattering data sets at barrier energies are presently available [1, 2]. Compared
with 6He, 8He has more neutrons of valence but more tightly bound and its binding energies for 1n and
2n systems are similar whereas in6He the binding energy for 1n is bigger. The differences between both
helium isotopes are expected to be reflected in the elastic cross section for collisions with heavy targets
at Coulomb barrier energies.

In order to investigate the dynamics of8He we performed an experiment at SPIRAL/GANIL facility
(Caen, France), as part of a large experimental project devoted to study radioctive light isotopes by means
of nuclear reactions induced at energies around the Coulomb barrier [3, 4]. The elastic scattering of8He
on208Pb has been measured at laboratory energies of 16 and 22 MeV. The heavy nucleus208Pb provide a
strong Coulomb field for the scattering process and the selected energy region is suitable for near-barrier
scattering with the mentioned target, as the barrier energy is about 18 MeV. For studying the process,
the angular and energy distributions of elastic channel and the6He and4He yields from the reactions
induced by8He on208Pb are measured. Our array of silicon detectors allow us separating the different
reaction channels corresponding to lighter ions in the angular range of interest. This compact, large solid
angle, position sensitive array was developed at the University of Huelva. Having a very good angular
coverage, it has been designed to study direct nuclear reactions induced by light radioactive beams at
energies around the Coulomb barrier and it was used for first time for the study of the scattering of the
system8He+208Pb.

In this contribution, the distribution of the elastic scattering of8He with a208Pb target at 22 MeV
is presented up to 90 deg and discussed together with preliminary calculations. The analysis of the
experimental data performed so far has shown that the angular distribution follows the trend of6He up
to scattering angles around 70 deg. For larger angles the absorption becomes even greater what could be
interpreted as an effect of 1n transfer reaction.

[1] A. Lemasson et al., Phys. Rev. C82, 044617 (2010).
[2] A. Lemasson et al., Phys. Lett. B697, 454 (2011).
[3] A. M. Sánchez-Benı́tez et al. Nucl. Phys. A, 803:30, 2008.
[4] L. Acosta et al. Phys. Rev. C, 84, 044604, 2011.
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Recently, the fusion of the 8B+58Ni system was measured at the University of Notre Dame [1], by 
using the TwinSol facility to produce nuclear radioactive beams.  Due to the construction of this 
apparatus it is possible to make a simultaneous bombardment with various projectiles having the 
same magnetic rigidity, in our case a 8B, 7Be, 6Li "cocktail" beam was produced [2]. 

Therefore, at the same time the fusion for 6Li+58Ni also could be measured.  The procedure 
consists in determining the production cross sections for evaporated protons and then deducing the 
respective fusion cross sections, using the proton multiplicities predicted by the statistical model, 
developed in the code PACE.  The use of theoretical multiplicities was also validated through 
calculations with the alternate code LILITA , which for this system predicts very similar proton 
multiplicities in the whole energy interval considered, with a maximum difference of 8%. These 
results are also supported by calculations previously reported for other systems [1, 4]. 

In this work, we present the obtained fusion excitation function in the region of sub-barrier 
energies and the corresponding barrier parameters extracted from the data.  A comparison of our 
results with previously reported data for similar systems shows very good agreement. In particular, 
by applying a proper data reduction to eliminate trivial effects of size and charge, a comparison is 
made with fusion data reported by  Beck et al. [5] for the 6Li+59Co system. This shows that our data 
overlap with the fusion excitation function for the Co target and very smoothly extend it down to 
lower energies. 

Finally, in the framework of the statistical model, an analysis of the possible contribution of 
incomplete fusion is discussed. 
 
 
[1] E. F. Aguilera et al., Phys. Rev. Lett. 107, 092701 (2011). 
[2] E. Martinez-Quiroz et al., "MULTI-BEAM EXPERIMENTS WITH STABLE AND RADIO-

ACTIVE PROJECTILES ON A Ni TARGET",  XXVII Symposium on Nuclear Physics,  
Taxco, Gro., México, January 5-8, 2004. 

[3] E. F. Aguilera et al., Phys. Rev. C 79, 021601 (R) (2009). 
[4] E. F. Aguilera et al., Phys. Rev. C 87, 014613 (2013). 
[5] C. Beck et al., Phys. Rev. C 67, 054602 (2003). 
 
* Work partially supported by CONACYT, Mexico 
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Emission of light fragments (LF) from various nuclear reactions is an interesting unsolved scientific
question. Different reaction mechanisms contribute to their production; with different dependences on
incident particle, incident energy, mass number of the target, and the type and emission energy of the
fragments. Available models cannot accurately predict emission of LF from arbitrary reactions. However,
the emission of LF, especially of intermediate and high energies, is important for many applications, such
as cosmic-ray-induced Single Event Upsets, radiation protection, and cancer therapy with proton and
heavy-ion beams, to name just a few. The Cascade-Exciton Model (CEM) and the Los Alamos version
of the Quark-Gluon String Model (LAQGSM) as implemented in the CEM03.03 and LAQGSM03.03
event generators used in the Los Alamos Monte Carlo transport code MCNP6 describe quite well the
spectra of fragments with sizes up to4He across a broad range of target masses and incident energies
(up to∼ 5 GeV for CEM and up to∼ 1 TeV/A for LAQGSM). However, they do not predict high-
energy tails for LF heavier than4He. The current versions of CEM and LAQGSM do not account for
preequilibrium emission of LF larger than4He nor for their coalescence from energetic nucleons emitted
during the intranuclear-cascade stage of a reaction. The aim of our work is to extend their preequilibrium
and coalescence models to include such processes, leading to an increase of predictive power of LF
production in MCNP6. Extending our models by including emission of fragments heavier than4He at
the preequilibrium and coalescence stage, and using an improved version of the Fermi Break-up model,
provides much better agreement with various experimental data.
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The reaction dynamics induced by light weakly-bound Radioactive Ion Beams (RIBs) in the 
energy range around the Coulomb barrier is strongly affected by the exotic features of light RIBs. 
Recent experiments [1] showed that the reaction probability is largely enhanced when compared to 
reactions induced by stable well-bound projectiles, and that this enhancement is mainly triggered by 
direct reaction mechanisms, such as transfer and breakup. To investigate the role played by different 
direct processes and their mutual interplay, we have studied the system 7Be + 58Ni at 22 MeV. The 
7Be (Sα = 1.586 MeV) RIB was produced by means of the beam-line EXOTIC [2] at the INFN-
Laboratori Nazionali di Legnaro (Italy). A secondary beam intensity of ~ 3x105 pps was achieved. 
Charge reaction products were detected by means of 4 ∆E (40 µm) - E (1000 µm) silicon telescopes 
of the detector array DINEX [3] in the angular ranges θlab = [40°,75°] and θlab = [115°,150°]. 

 
Figure 1: 7Be (left) and 3,4He (right) angular distributions for the system 7Be+58Ni at 22 MeV. 
 
Fig. 1 left panel shows the 7Be elastic scattering angular distribution, from which we 

extracted a reaction cross section of 576 ± 20 mb, in good agreement with Ref. [4]. Fig. 1 right panel 
displays the angular distributions for 3,4He reaction products. Their angle-integrated cross sections 
sum up to ~ 20 mb and ~ 100 mb for 3He and 4He, respectively. The large difference in the 
production cross sections for the two helium isotopes indicates that the strongest populated reaction 
mechanism in this energy range is the 3He-stripping: 7Be + 58Ni → 4He + 61Zn (Qgg = + 9.46 MeV). 
Moreover, within the statistics collected by our experiment, no 3He-4He coincidences were detected, 
leading to the conclusion that the breakup channel 7Be → 3He + 4He plays a minor role in the 
reaction dynamics induced at near-barrier energies by light RIBs (at least) on medium-mass targets. 

 
[1] N. Keeley et al., Prog. Part. Nucl. Phys. 63, 396 (2009) and references therein.  
[2] F. Farinon et al., Nucl. Instrum. Meth. B 266, 4097 (2008).  
[3] A.M. Sanchez-Benitez et al., J. Phys. G 31, S1953 (2005).  
[4] E.F. Aguilera et al., Phys. Rev. C 79, 021601(R) (2009). 
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Nowadays, nuclear energy appears as an essential source of energy for the future, as the European Strate-
gic Energy Technology Plan points out. Therefore, to achieve a long term sustainability several new nu-
clear system are being explored to face the major problems of nuclear energy: safety, nuclear waste and
economical factors. The design and development of these new reactors requires accuracy and precision
that still challenge the present knowledge of basic nuclear data [1, 2]. In this context, the measurement
of the 238U(n, γ) reaction cross section is of high priority and is part of the NEA High Priority List
[3], a compilation of the most relevant nuclear data requirements. In addition to its importance for nu-
clear technologies, an improvement in the p-wave resonance parameters of 238U can also improve the
determination of parity violation effects observed in 239U resonances [4].

Despite a lot of measurements for the 238U capture cross section, inconsistencies are still present
both in the low energy and in the unresolved resonance regions [5]. This uncertainty influences both the
fast and thermal reactor systems and contributes to the uncertainty on Pu isotope density at the end of
cycles. For these reasons, a proposal was submitted for a series of joint measurements of the 238U(n, γ)
reaction cross section at the n TOF facility at CERN and at the EC-JRC-IRMM facility GELINA, with
the goal to reach an uncertainty below 2% in the energy range from few eV to hundreds of keV. The
preliminary results of the recent 238U capture cross section measurement, performed in April 2012 at the
n TOF facility using C6D6 scintillator detectors, are presented. Thanks to the very high instantaneous
neutron flux, the excellent energy resolution and the low repetition rate of the n TOF neutron beam it
has been possible to perform a very high accurate and precise measurement in an energy range from the
thermal point to about 500 keV.

[1] OECD/NEA WPEC Subgroup 26 Final Report: ”Uncertainty and Target Accuracy Assessment for Innovative
Systems Using Recent Covariance Data Evaluations”, http://www.nea.fr/html/science/wpec/volume26/volume26.pdf;
[2] Report of the Numerical results from the Evaluation of the nuclear data sensitivities, Priority list and table of
required accuracies for nuclear data. FP-7 IP-EUROTRANS;
[3] http://www.nea.fr/html/dbdata/hprl/;
[4] B. E. Crawford et al, Physical Review C, Vol 58, 2 (1998) p1225;
[5] http://www.nndc.bnl.gov/exfor/exfor00.htm.
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For producing super heavy elements, it is important to know how the shell closure affects the fusion
fission dynamics. Shell closure of either of the reaction partners has significant effect on fusion dynamics
[1], but the effect of compound nucleus (CN) shell closure is not well studied. There are only a few
reports, some of which concluded enhanced evaporation residue (ER) survival [2], whereas, some of the
reports suggest lowering of nuclear dissipation [3]. To study the effect of CN shell closure on ER survival,
we have measured ER cross sections and ER spin distributions for 31P + 170Er, forming the CN 201Bi. 31P
beam was delivered from 15 UD Pelletron + LINAC accelerator at IUAC, New Delhi. ER cross sections
were measured using Hybrid Recoil mass Analyzer [4] while the γ-rays were detected in coincidence
with ERs using the TIFR-4π spin spectrometer [5, 6]. The spin distribution gives the information of
partial waves surviving fission. We have compared the results with the system 30Si + 170Er which forms
proton shell closed CN 200Pb. In the conference, we would like to present a comparative study of these
two reactions in order to understand the effect of CN shell closure on ER survival.

Figure 1: The mean γ-multiplicities for two reactions 30Si, 31P + 170Er as a function of energy excess
over Coulomb barrier.

[1] K. Satou et al., Phys. Rev. C 65, 054602(2002).
[2] S. Nath et al., Phys. Rev. C 81, 064601(2010).
[3] V. Singh et al., Phys. Rev. C 86, 014609 (2012).
[4] N. Madhavan et al., Pramana -J Phys 75, 317 (2010.
[5] G. Anil kumar et al., Nucl. Instr. Meth. A 76, 611 (2009).
[6] N. Madhavan et al., EPJ Web of Conferences 17, 14003 (2011).
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In the longitudinal-momentum (PL) distribution of products in isobaric charge-exchange 
reactions (p, n) and (3He, t), inelastic component, which is attributed to Δ excitation, has been 
investigated. For example, Udagawa et al. showed that the inelastic component can be a good probe 
to study nuclear medium effect on Δ excitation [1]. Recently, inelastic component was successfully 
observed in PL distribution with 208Pb beam at 1A GeV by using the spectrometer FRS at GSI [2]. In 
the present study, the PL distribution in isobaric charge-exchange reaction was observed at  
E = 500 MeV/u, which is relatively lower than the previous experiments. 

The measurement was performed at NIRS. 56Co was produced through isobaric charge-
exchange reaction by bombarding a 0.5-mm thick C-target and a 1-mm thick CH2 target with a 
primary beam of 56Fe at E=500 MeV/u, provided by HIMAC synchrotron accelerator. The target 
thickness was selected to make the energy loss equivalent for C and CH2 target. In order to observe 
the PL distributions, the magnetic rigidity of the spectrometer was varied with a step of 0.1% of that 
corresponding to the primary-beam velocity. The produced 56Co was separated and identified with a 
high-energy transport system, SB2, used as a doubly achromatic spectrometer. PL distribution with 
the proton target is provided by subtracting PL distribution with C target from that with CH2 target. 
As shown in Fig. 1, the inelastic peaks are observed for both target nuclei. PL distribution with the 
proton target shows similar behavior to that observed in very recent experiment with a 136Xe beam at 
500A MeV [3]. The inelastic peak grows and shifts upward for C target compared with proton target. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1: Observed PL distribution of 56Co in the frame of primary beam. 
 
[1] T. Udagawa et al., Phys. Rev. C 49, 3162 (1994); 
[2] A. Kelić et al., Phys. Rev. C 70, 064608 (2004): 
[3] J. Vargas et al., Nucl. Instr. and Meth. Phys. Res. A 707, 16 (2013); 
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The fusion excitation function of 32S + 48Ca has been experimentally studied in a wide energy range,
from above the Coulomb barrier down to cross sections in the sub-µb region [1]. The fusion cross
section decreases smoothly below the barrier, and the logarithmic slope increases slowly and remains
well below the constant S factor limit LCS : no evident hindrance character shows up in the measured
energy region (see Fig. 1 panels (a) and (b)). The excitation function for the near-by system 36S+48Ca [2]
is much steeper. Those data and the present ones for 32S+48Ca have been analyzed by Coupled-Channels
(CC) calculations that are based on the M3Y+repulsion, double-folding potential. While the fusion of
36S+48Ca can be reproduced very well by considering couplings to low-lying states in projectile and
target, to explain the data for 32S+48Ca it is necessary to consider explicitly the coupling to pair transfer
channels with positiveQ-values. The barrier distribution extracted from the 32S+48Ca excitation function
has a peculiar shape with two main peaks that the calculations are not able to reproduce in detail. The
transfer couplings reduce significantly the disagreement with the data even if the double-peak structure
of the barrier distribution remains unexplained.
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Figure 1: (a) Experimental fusion cross sections are compared to CC calculations based on the
M3Y+repulsion potential. (b) Logarithmic derivative L(E) of the (energy-weighted) cross section; the
LCS value is also indicated. (c) Barrier distribution compared with CC calculations

[1] G.Montagnoli et al., Proceedings of the International Conference on Nuclear Structure and Dynamics II,
Opatija, Croatia, July 9-13, 2012, edited by T. Niksic, M. Milin, D. Vretenar, and S. Szilner, AIP Conf. Proc.
No. 1491 (AIP, New York, 2012), p. 377.
[2] A. M. Stefanini et al., Phys. Rev. C 78, 044607 (2008).
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Fusionreactions in the region near and below the Coulomb barrier have been widely investigated in
recent years especially in the medium mass region [1,2]. In particular, it has been observed that for some
systems at energies far below the barrier the cross section rapidly falls with respect to the theoretical
predictions obtained by standard coupled-channel calculations (fusion hindrance). This is appropriately
shown by means of the astrophysical S-factor which develops a maximum as a function of the energy
when hindrance sets up. This maximum is required when the Q-value for fusion is Qfus<0, while it is
not needed when Qfus>0 [3]. Heavy-ions fusion reactions with positive Q-values play an important role
both in the evolution of massive stars (C- and O-burning stages) and in the evolution of the inner crust
of accreting neutron stars, where exotic reactions take place (i.e.24O+24O, 28Ne+28Ne, 34Ne+34Ne).
Consequently, it is very important to measure the detailed low-energy behaviour for similar medium-
light systems with Qfus>0, because this may help in the extrapolation of the low-energy cross-sections
for those of astrophysical interest.
We will present in this contribution very recent data for the fusion reaction in the28Si+28Si system
(Qfus=+10.9 MeV). The experiment has been performed at the XTU Tandem of LNL, using a28Si beam
at bombarding energies ranging from above to well below the Coulomb barrier. Evaporation residues
have been detected by the electrostatic separator set-up near 0◦. The behaviour of the excitation function
for this system and its comparison with theoritcal calculations will be discussed.
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Figure 1:This is the caption of the figure.

[1] G. Montagnoli et al., Phys. Rev. C 85,024607 (2012).
[2] Proc. Int. Conf. FUSION11. EPJ Web of Conferences, vol.17, 05001 (2011)
[3] C. L. Jiang, H. Esbensen, B. B. Back, R. V. F. Janssens, and K. E. Rehm, Phys. Rev. C 69, 014604 (2004)
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3 InstitutRuder Bǒskovíc, Bijenǐcka cesta 54, Zagreb, Croatia.

4 Dipartimento di Fisica Teorica, Universit̀a di Torino and INFN, Sezione di Torino, I–10125, Torino, Italy
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In transfer reactions between heavy ions it is possibile to study at the same time many transfer chan-
nels and, in particular, to compare the relative role played by the singel- and the multiple pair-nucleon
transfer processes [1]. In particular the study of the two-nucleon transfer mechanism is a powerful tool
to investigate correlations of nucleons in nuclei.
At energies below the Coulomb barrier nuclei are at large distances, so that the transfer probabilities de-
pend on the tail of their wave functions and are only slightly influenced by the nuclear potential. In this
energy regime, reaction products are excited in a restricted energy region (few MeV). This minimizes
the complexity of coupled channel calculations and allows to extract more quantitative information on
the correlations close to the ground states [2,3].
A first experiment in inverse kinematics has been performed at the Laboratori Nazionali di Legnaro
(LNL) using the large solid angle magnetic spectrometer PRISMA. An excitation function, from above
to far below the barrier, for the closed shell system96Zr+40Ca has been measured [4] and transfer proba-
bilities [5] have been extracted for the neutron transfer channels. Data have been compared with micro-
scopic calculations showing the importance of the transition to the 0+ excited states.
More recently we performed a study of the main transfer channels in the superfluid116Sn+60Ni system,
where the ground state Q-values for neutron transfers are close to their optimum Q-values. The experi-
ment has been done in inverse kinematics at different bombarding energies from above to well below the
Coulomb barrier, detecting the lighter target-like ions with the magnetic spectrometer PRISMA at very
forward angles. Measurements of neutrons and protons transfer probabilities have been obtained on the
basis of an event-by-event reconstruction of the ion trajectories inside PRISMA [6]. It will be interesting
to compare the behaviour of the transfer mechanism to the previously measured closed shell system and
to the same kind of theoretical calculations. In this talk the results of this recent measurement will be
presented, and a discussion will be made on the possibilities offered in the field by exploiting large solid
angle spectrometers.

[1] R.A. Broglia and A. Winther, ”Heavy Ion Reactions” (Addison-Wesley Pub.Co., Redwood City CA, 1991)
[2] B. F. Bayman and J. Chen, Phys. Rev. C26, 1509 (1982)
[3] G. Potel, F. Barranco, E. Vigezzi and R. A. Broglia, Phys. Rev. Lett. 105, 172502 (2010)
[4] L. Corradi et al., Phys Rev. C 84, 034604 (2011)
[5] W. von Oertzen and A.Vitturi, Rep. Prog. Phys. 64, 1247 (2001)
[6] D. Montanari et al., Eur. Phys. J.A47, 4 (2011)

NR 139



International Nuclear Physics Conference INPC2013: 2-7 June 2013, Firenze, Italy

Probing the Statistical Decay of Light Hot N = Z Nuclei, α-clustering
effects in 12C+12C and 14N+10B reactions.

L. Morelli1, G. Baiocco1,2, F. Gulminelli2, M. D’Agostino1, M. Bruno1, U. Abbondanno3 , S. Barlini4,5,
M. Bini4,5, S. Carboni4,5, G. Casini5, M. Cinausero6, M. Degerlier7, F. Gramegna6, V. L. Kravchuk6,8,

T. Marchi6,9, A. Olmi5, G. Pasquali4,5, S. Piantelli5, N. Gelli5, D. Fabris9, Ad. R. Raduta10

1 Dipartimento di Fisica ed Astronomia dell’Università and INFN, Bologna, Italy
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A new experimental campaign has recently been proposed at Laboratori Nazionali di Legnaro LNL-
INFN, Italy, in order to progress in our understanding of the statistical properties of light nuclei at exci-
tation energies above particle emission threshold, by measuring exclusive data from fusion-evaporation
reactions. These properties notably include the excitation energy dependence of the nucleon effective
mass, symmetry energy and pairing correlations. In particular, the determination of the nuclear level
density in the A∼20 region, the understanding of the statistical behavior of light nuclei with excitation
energies∼3 A.MeV, and the measurement of observables linked to the presence of cluster structures of
nuclear excited levels are the main physics goals of this work.
Our theoretical efforts in this sense lie in the development of a Monte-Carlo Hauser-Feshbach code for
the evaporation of the compound nucleus, which explicitly includes all the experimentally measured par-
ticle unstable levels from the online archive NUDAT2.
On the experimental side, a first reaction:12C+12C at 95 MeV beam energy has been measured, using
the GARFIELD + Ring Counter (RCo) apparatuses. Exclusive measurements from fusion-evaporation
reactions are used. Results of the data analysis will be shown. The comparison to the code predictions
allows us to give constraints on the nuclear level density at high excitation energy for light systems rang-
ing from ∼C up to Mg. Residual deviations from a statistical behaviour are observed inα yields and
attributed to the persistence of cluster correlations well above the24Mg threshold for 6α’s decay.
In order to study the same24Mg compound nucleus at similar excitation energy of our previously studied
reaction a new measurement,14N + 10B at 5.7 A.MeV, was performed at LNL laboratories.
The comparison between the two systems would allow us to further constrain the level density of light
nuclei in the mass-excitation range of interest. In this perspective, deviations from a statistical behaviour
can be used as a tool to get information on nuclear clustering, both in the ground-state for projectile and
target and in the hot source formed in the collisions.
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The modern investigation of clusters, for which1 ≪ N ≪ ∞, requires a generalization of the ther-
modynamics developed for infinite systems. For instance, in finite systems, phase transitions and phase
coexistence become ill-defined with ambiguous signals. The existence of phase transitions in nuclear sys-
tems, in particular of the liquid-vapor kind, has been widely discussed and even experimentally claimed.
A consistent and unambiguous approach to this problem requires a connection between finite systems
and the corresponding infinite systems. Historically, this has been achieved at temperatureT = 0 by
the introduction of the liquid drop model and the extraction of the volume term, which is a fundamental
quantity of nuclear matter. This work extends this approach toT > 0, by determining the liquid-vapor
coexistence line and its termination at the critical point. Since there is no known experimental situation
where a nuclear liquid and vapor are in coexistence, we establish a relationship between evaporation
rates and saturated vapor concentration and characterize the saturated vapor with Fishers droplet model.
We validate this approach by analyzing cluster concentrations in the Ising and Lennard-Jones models
and extracting the corresponding first-order coexistence line and critical temperature. Since the vapor
of clusters coexists with a finite liquid drop, we devise a finite size correction leading to a modified
Fisher equation. The application of the above techniques to nuclear systems requires dealing also with
the Coulomb force. Nuclear cluster evaporation rates can be corrected for Coulomb effects and can be
used to evaluate the cluster concentrations in the virtual equilibrium vapor. These cluster concentrations,
determined over a wide temperature range, can be analyzed by means of a modified Fisher formula.
This leads to the extraction of the entire liquid-vapor coexistence line terminating at the critical point. A
large body of experimental data has been analyzed in this manner and the liquid-vapor phase diagram of
nuclear matter has been extracted.

NR 141



 
 

International Nuclear Physics Conference INPC2013: 2-7 June 2013, Firenze, Italy 
 

Molecular Dynamics Simulation of Weakly-Bound Projectile Reactions  
 

Mitul R. Morker, Subodh S. Godre 
 

Department of Physics, Veer Narmad South Gujarat University, Surat-395007, India 
 

Contact email: ssgodre@yahoo.com 
 
 

Heavy-ion collisions involving weakly-bound projectiles with heavy targets have been  
studied using Continuum Discretized Couple-Channel (CDCC) method [1], a semi-classical coupled 
channel approximation [2] and a classical trajectory model [3]. In the present work we study 
collisions in a Classical Molecular Dynamics (CMD) model in which the weakly bound nucleus, say 
6Li, is considered as a cluster of 4He and 2H nucleus. The projectile fragments and the target nuclei 
are constructed in their ground state using a variational potential energy minimization code [4] and 
an NN potential between all the nucleons reproducing the ground state properties of the nuclei. 
 The weakly-bound projectile fragments are held together in the projectile nucleus in a 
configuration corresponding to the observed breakup energy. Initially, the projectile and the target 
nuclei are brought along their Rutherford trajectories for given initial conditions. The three-body 
system is then dynamically evolved from a large initial separation upto distances close to the 
Coulomb barrier using Classical Rigid Body Dynamics (CRBD) model [5]. This stage is then 
followed by CMD [4] evolution of the entire many-body system near and within the projectile -target 
barrier radius. Thus the Coulomb reorientation effects on the deformed target/projectile and their 
excitations at close distances are incorporated in the calculations. 
 Simulation of 6Li+209Bi at a given collision energy and different impact parameters are 
shown in Figure 1(a-d) in the present model calculations. All the essential features of breakup 
reactions such as complete fusion, incomplete fusion, no-capture breakup and scattering are 
demonstrated. Detailed study of the dynamics; and complete and incomplete fusion cross section 
calculations for 6Li +209Bi, 7Li +209Bi etc. will be presented. 

This work is supported by a project grant from DAE-BRNS no. 2009/37/20/BRNS. 
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                 Figure 1: 6Li + 209Bi collision at Ecm=42.7 MeV for different impact parameters, b. 
 
[1] K. Hagino et al, Phys. Rev. C 61, 037602 (2000).  
[2] H. D. Marta et al, Phy. Rev. C 78, 034612 (2008). 
[3] Diaz-Torres et al, Phy Rev.Lett 98, 152701 (2007). 
[4] S. S. Godre and Y. R. Waghmare, Phys. Rev. C 36, 1632 (1987). 
[5] P. R. Desai,  S. S. Godre, Eur. Phys. J. A 47, 146 (2011). 
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The talk is devoted to recent advances in low-energy nuclear reaction theory, a subject that has been

mostly neglected for many years, but with the development of new radioactive beam facilities, it became

the forefront of contemporary nuclear physics. The overarching objective of the work is to advances

the theory of deuteron stripping reactions leading to bound states and resonances, utilizing the state-of-

the-art theoretical and computational technology. The results of this research will be made available to

experimental groups worldwide in form of new codes for analysis of reactions induced by the radioactive

isotopes on deuterium targets. A reliable connection between direct and resonance astrophysical (n, γ)

processes and (d, p) reactions, which are unique tool to investigate neutron captures, will be provided. I

will talk about four recent advances [1-4] in low-energy nuclear reaction theory.

1. Separation of nuclear reactions and spectroscopic factors [1]. This work identifies what model-

independent spectroscopic information can be extracted from analysis of transfer nuclear reactions.

2. New theory of deuteron stripping based on the surface integral formalism, generalized R-matrix and

CDCC was formulated in [2]. It allows us to parameterize deuteron stripping amplitudes in terms of the

same observables as in the conventional R matrix. In particular, for stripping to resonance states partial

resonance widths can be extracted from the deuteron stripping in the same way as in the traditional R-

matrix method for resonance scattering.

3. The developed new theory provides a new tool in using deuteron stripping reactions as indirect meth-

ods in nuclear astrophysics: ANC and Trojan Horse methods [3].

4. Faddeev equations provide an ultimate, most consistent and advanced tool to treat deuteron stripping

reactions correctly including all the non-orthogonal coupled channels. For the first time the Faddeev

formalism is formulated in terms of the generalized Faddeev equations in the Alt-Grassberger-Sandhas

form taking into account target excitations and Coulomb interaction without screening [4].
The work was supported by the US Department of Energy under Grants No. DE-FG02-93ER40773,

No. DE-FG52- 09NA29467, and No. DE-SC0004958 (topical collaboration TORUS) and NSF under
Grant No. PHY-0852653.

[1]A. M. Mukhamedzhanov and A. S. Kadyrov, Phys. Rev. C 82, 051601(R) (2010).

[2] A. M. Mukhamedzhanov, Phys. Rev. C 84, 044616 (2011).

[3] M. La Cognata et. al, Phys. Rev. Lett. 109, 232701 (2012).

[4] A. M. Mukhamedzhanov,1 V. Eremenko and A. I. Sattarov, Phys. Rev. C 86, 034001 (2012).
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Nuclear fission is one of the most complicated reaction mechanisms, which involves the global re-
arrangement of initial compound nucleus into separated fragments. During last decades stochastic ap-
proach based on multidimensional Langevin equations and employing a macroscopic potential landscape
has been extensively and rather successfully used to elucidate many problems of collective nuclear dy-
namics in fusion-fission reactions at high excitation energies [1,2]. A reasonable choice of collective
degrees of freedom for modeling shape evolution and considering particle evaporation allow modeling
the complex interplay between static and dynamical effects in fission and succeeding in explaining a
wide range of experimental data [3,4]. In the present study, we have performed the extension of the
three-dimensional Langevin dynamical model by adding the orientation degree of freedom (K coordi-
nate) [5] to three collective coordinates that describe the shape evolution of the fissioning nucleus [6].
The K coordinate determines the projection of the total angular momentum onto the symmetry axis of
fissioning nucleus. We have studied the impact of the new additional degree of freedom on observable
features of the fission process. It was found that the K degree of freedom changes the potential energy
landscape and allows reasonably well reproduce the wide set of available experimental data for heavy
nuclei within the one-body dissipation mechanism with the reduction coefficient from the wall formula
ks ' 0.25 in contrast with 3D calculations, where a self-consistent description of all observables with
the same ks value was impossible for heavy nuclei [3].

[1] Y. Abe et al., Phys. Rep. 275, 49 (1996);
[2] G. D. Adeev et al., Fiz. Elem. Chast. At. Yadra 36, 732 (2005);
[3] P. N. Nadtochy et al., Phys. Rev. C 65, 064615 (2002);
[4] P. N. Nadtochy et al., Phys. Lett. B 685, 258 (2010);
[5] J. P. Lestone et al., Phys. Rev. C 79, 044611 (2009);
[6] P. N. Nadtochy et al., Phys. Rev. C 85, 064619 (2012).
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Measurements of interaction cross-sections σI at relativistic energies allow us to determine 

nuclear matter radii for unstable nuclei via Glauber model analysis. Since nuclear matter radii 
<rm

2>1/2 are directly related to the nuclear sizes, the measurements of σI are good tools to search for 
unusual nuclear structures, such as skins and halos [1]. These phenomena can be seen in exotic 
nuclei at the vicinity of the drip line. The combination of high intensity beam and the new generation 
fragment separator (BigRIPS) [2] has opened to access such nuclei. One of the recent topics in such 
exotic nuclei is so-called the “island of inversion” around 32Mg. The magic number of N=20 is 
vanished around this neutron rich region and the inversion of amplitudes between sd normal and pf 
intruder shells has been considered along with nuclear deformation [3]. The nature of the inversion 
mechanism has been extensively studied but remains unclear, and further experimental studies are 
needed. 

We have measured interaction cross-sections in a long series of Al isotopes on C target at 
240 AMeV, including ones in and beyond the island of inversion region. We performed the 
experiment for 26-41Al isotopes using the BigRIPS at the RI Beam Factory in RIKEN. We also 
performed the experiment for lighter isotopes of 22-25Al at the HIMAC facility in the National 
Institute of Radiological Sciences (NIRS) [4]. We used the transmission method to measure the 
interaction cross sections. We observed the enhancement of interaction cross-sections at neutron rich 
region (A>30) from the systematics for stable nuclei as well as for Ne isotopes [5]. We will discuss 
the relation between the enhancement of cross sections and the nuclear deformation in and beyond 
the island of inversion.  
 
[1] I. Tanihata et al., Prog. Part. Nucl. Phys. 68, 215 (2013). 
[2] T. Kubo, Nucl. Inst. Meth. Phsy. Res. B204, 97 (2003). 
[3] B.A. Brown, Physics 3, 104 (2010). 
[4] M. Kanazawa et al., Nucl. Phys. A746, 393c (2004). 
[5] M. Takechi et al., Phys. Lett. B707, 357 (2012). 
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Nuclear single-particle models have been very successful in predicting the properties of the atomic 
nuclei. Nevertheless, it has been observed that the cross sections of nucleon knock-out reactions 
were smaller than the predictions of the single particle models, as if only a fraction of the nucleon 
wave function is present in the corresponding shell state [1]. Spectroscopic factors are defined [2] as 
the ratio of the experimental cross section to the single-particle-model prediction (with a mass-
dependent coefficient), and may be used to give a measure of this fraction. The reduction of this ratio 
from unity is interpreted to be due to the inter-nucleon correlations, and hence provides a unique 
method of studying single-particle occupancies and their isospin dependence. An intriguing and 
puzzling problem about the reduction of spectroscopic factors is its dependence on the asymmetry 
between proton and neutron numbers in a nucleus [3]: the spectroscopic factors of the nucleons of 
the deficient species, which are more bound in the nucleus, are more quenched. 

For a systematic study of this observation, an experiment was performed at the LAND-R3B 
setup, GSI, Germany. Cocktail beams of radioactive ions with atomic numbers 3 to 10 were 
produced using the Fragment Separator (FRS) to impinge on a reaction target, surrounded by an 
array of silicon trackers (SSDs) and a gamma calorimeter (Crystal Ball), as shown in Figure 1. After 
offline calibration, the kinematic variables of the reaction products were reconstructed using time-of-
flight arrays (TFW and DTF) and tracking detectors, including two scintillating fibre detectors 
(GFIs) and two drift chambers (PDCs). 

The ultimate goal of the experiment is to extract the spectroscopic factors of all oxygen 
isotopes, from 14O to 24O. In this work, the quasi-free knock-out reactions p(20O, pp19N) and 
p(20O, n19O)p are selected. A tracking programme has been employed to reconstruct the mass 
number and time of flight of the reaction products. These variables are used to calculate the momenta 
of all reaction products. 

In this contribution, we report on the inclusive cross sections of the quasi-free knock-out 
reactions, and the momentum distributions of the reaction products.  
 

 
 

Figure 1: The experimental setup at GSI, Germany. Ion beams were guided to the setup from left. 
 
 
[1] Pandharipande V. R., et. al. Rev. Mod. Phys. 69, 981 (1997); 
[2] Brown B. A., et. al. Phys. Rev. C 65, 061601(R) (2002); 
[3] Gade A., et. al. Phys. Rev. C 77, 044306 (2008). 
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The occurrence of bifurcations in the dynamical trajectories describing nuclear reactions at Fermi
energies is studied within a novel one-body transport approach, based on the solution of the Boltzmann-
Langevin equation in three dimensions; this approach handles large-amplitude fluctuations and has a
broad applicability for dissipative fermionic dynamics [1].

In particular, the application of the Boltzmann-Langevin One-Body model(BLOB) to dilute systems
formed in central collisions indicates that large-amplitude fluctuations at the low-energy threshold of the
liquid-gas phase transition spontaneously set in. Consequently, those latter let fluctuations between two
energetically favourable mechanisms stand out, so that evolving from the same initial conditions, either
the system reverts to a compact shape, or it disintegrates into several fragments.

This result gives quantitative indications about two interconnected aspects. First, the low-energy
threshold for multifragmentation in central heavy-ion collisions at Fermi energies can be described and
compared to new experimental measurements [2]. Second, this scenario is compatible with recent exper-
imental findings [3] of bimodal distributions for observables characterising fragmentation processes.

Figure 1: Simulation of the head-on collision 136Xe+124Sn at 32 AMeV: evolution of the projected
density profile leading to a variety of fragmenting topologies for the same initial condition.

[1] P. Napolitani and M. Colonna, EPJ Web of Conf. 31 (IWM2011), 00027 (2012); J. Rizzo, Ph. Chomaz and M.
Colonna, Nucl. Phys. A806, 40 (2008);
[2] F. Gagnon-Moisan et al. (INDRA coll.), Phys. Rev C 86, 044617 (2012);
[3] E.Bonnet et al. (INDRA coll.), Physical Review Letters 103, 072701 (2009); M. Pichon et al. (INDRA coll.),
Nucl. Phys. A779, 267 (2006) 267.
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Fusion reactions using actinide target nuclei have been extensively used to investigate super-heavy 
nuclei (SHN). The reasons are (1) a relatively neutron rich SHN compared to the cold fusion 
reactions are produced, thus the decay properties of these nuclei have information on the structure in 
the vicinity of the spherically closed-shells at Z=114,120 and N=184, (2) nuclei having a relatively 
long half-lives allow us to study chemical properties, and (3) the cross sections maintain values of a 
few pico-barn even at the heaviest elements [1]. Understanding of fusion using actinide nucleus is 
important to estimate the cross sections to produce more exotic SHN and explore this field. 

We are studying fusion reaction involving 238U target nucleus using in-beam fission experiment. In 
the reactions of 30Si,31P,34,36S,40Ar,40,48Ca + 238U, the fragment mass distributions changed drastically 
with incident energy [2-5]. The data shows the competition between fusion-fission and qasifission, 
and the results are interpreted by the effects of nuclear orientation arising from the prolate 
deformation of 238U. We developed a model to calculate the fission-fragment properties in heavy-ion 
collision based on a fluctuation dissipation model, where orientation effects are taken into account 
[6]. The calculation reproduced the mass distributions and their incident energy dependence. Fusion 
probabilities are determined in this approach, which are consistent with those determined from the 
evaporation residue cross sections of 263,264Sg [3] and 267,268Hs [4], produced in the reactions of 30Si + 
238U and 34S +  238U, respectively. We also suggest that the incident beam energy can be extended to 
the sub-barrier region for the heavy-element synthesis, allowing us to produce more neutron-rich 
SHN. Discussion will be also given in the 48Ca + 238U reaction, leading to the copernicium isotopes 
(Z=112) [7,8]. 
 
 
[1] Yu.Ts. Oganessian, J. Phys. G, 34, R165 (2007). 
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[4] K. Nishio et al, Phys. Rev. C, 82, 024611 (2010). 
[5] K. Nishio et al., Phys. Rev. C, 86, 034608 (2012). 
[6] Y. Aritomo et al., Phys. Rev. C, 85, 044614 (2012). 
[7] Yu.Ts. Oganessian et al., Phys. Rev. C, 70, 064609 (2004). 
[8] S. Hofmann et al., Eur. Phys. J. A 32, 251 (2007). 
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The search for super-heavy elements (Z > 100) explores the borderline of the nuclear chart towards
its upper end where the strong Coulomb force acting between the many protons dominates the nuclear
stability and finally terminates the number of elements by instability against fission. In the present work,
we choose to synthesize250−253No in a hot fusion reaction206Pb+48Ca where individual light particles
(LPs) decay channelsσxn, x=1,2,3,4 neutrons are measured in a Dubna experiment [1] at excitation
energiesE∗

≈20-45 MeV. We have fitted the LPs decay channels cross-sections of this reaction on
Dynamical Cluster-decay Model (DCM) of Gupta and collaborators (see, e.g., [2]), where the effects of
deformations upto hexadecupole (β2-β4) and compact orientationsθc are included.48Ca nucleus forms
a compact configuration with206Pb atθc=20, a “not-equatorial compact” configuration [3]. In DCM,
the compound nucleus decay cross-section in terms of partial waves is

σ =
π

k2

ℓmax
∑

ℓ=0

(2ℓ+ 1)P0P ; k =

√

2µEc.m.

h̄2
(1)

where,µ is reduced mass,Ec.m., the center-of-mass energy, and angular momentumℓmax, for σLPs →0.
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Figure 1: Excitation functions of individualxn (x=1-4) channels for the fusion reaction206Pb+48Ca.
The symbols denote experimental data [1], and lines our calculations for the best fitted∆R values.

In figure 1, we have confronted our calculated cross-sections with data. Clearly, the model gives a
good description of the measured decay channelsσxn with in one parameter fitting of the neck length
∆R. Our calculation using204,207,208Pb, i.e., theisotopic dependence of cross-sections is underway.

[1] Yu. Ts. Oganessian et al., Phys. Rev. C 64, 054606 (2001);
[2] K. Sandhu, M. K. Sharma and R. K. Gupta, Phys. Rev. C 85, 024604 (2012); and earlier references therein;
[3] R. K. Gupta, M. Manhas and W. Greiner, Phys. Rev. C 73, 054307 (2006).
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Nucleon quasifree scattering provides one of the most direct means to investigate the NN interactions
in nuclear fields. Our group has measured spin observables in (p, 2p) reactions in order to examine
possible modification of the NN interactions. We already showed that the analyzing power (Ay) is
monotonously suppressed as increase of nuclear density for a wide range of incident energy [1,2] and
that the reaction mechanism is simple enough so that this phenomenon strongly suggests existence of
some medium effect [3]. It was also shown that a renormalization of meson-exchange model parameters
reproduces all the measured spin observables, including spin transfer (Dij), though the result may not be
unique [4]. As an extention of this study, we measuredAy in (p, pn) reactions.

The experiment was performed at RCNP by using the spectrometer LAS and a set of plastic scintil-
lator array, NPOL3. The incident beam was a 392 MeV polarized proton beam and the target used were
2H, 6Li and 12C. Figure 1 shows a result of the measurement and comparison with (p,2p) results. The
measuredAy values are plotted as functions of the effective mean densities of the target nuclei, which are
estimated in a DWIA framework. As shown in the panel [B] of the figure, theAy values for the (p, pn)
reaction in ap-forward kinematic condition are significantly suppressed from the PWIA and DWIA cal-
culations, which is similar as the case of (p,2p), the panel [A]. However, in the case of neutron-forward
(p, pn), the panel [C],Ay is not suppressed or even slightly enhanced. This imply that only the isoscaler
mason exchange part of the NN interaction is modified.

In addition toAy, the differential cross sections were also measured. One of the observed results
is that the cross section ratio between (p, 2p) and (p, pn) reactions for 1p-knockout is consistent with
the p-p andp-n cross section ratio in free space, but the ratio is meaningfully different in the case of
1s-knockout. Since the effective density is higher for the 1s-knockout than the 1p-knockout, this also
imply existence of some medium effect on the NN interactions.

 θp = 25.5 

o
[A]

 θp = 25.5 

o

(p-forward) [B]
 θn = 25.5 

o

(n-forward) [C]

Figure 1: Analyzing
powers for 1s-knockout
(p, 2p) and (p, pn) reac-
tions. The detection an-
gles of forward outgoing
nucleons are always 25.5
deg and those for back-
ward ones are set at 51-
60 deg so as to satisfy the
zero-recoil conditions.
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Parameter  free  coupled  channels  (CC)  calculations  [1]  based  on  the  São  Paulo  double-
folding  potential  predict  rainbow-like  patterns  in  the  elastic  scattering  angular  distributions  of 
relatively heavy systems in various mass regions, contrary to usual optical model expectations in  
view of the strong nuclear absorption present. Such calculations have been corroborated by recent 
measurements of the  16O + 27Al system at 100 MeV [2,3] and 280 MeV (preliminary results). The 
decomposition into  near and  far components of the angular distributions (Fig. 1) clearly illustrate 
that the dip between 70 and 80 degrees (in the center of mass), and the bump around 90 degrees of 
the total elastic cross section are originated in the emerging far-side (refractive) component of the 
CC calculation. Both the near and far components present Airy-like minima and enhanced cross 
sections at  very large angles,  characteristic of  rainbow phenomena,  in the CC version while the 
standard optical model  (OM) predicts a smooth exponential decay.  This type of effect,  although 
already  known  in  molecular  scattering,  is  new  on  nucleus-nucleus  collision,  and  can  provide 
important information regarding the potential in internal nuclear regions.

Figure 1: Total, near-side and far-side elastic scattering cross sections obtained in the CC (a) and  
standard OM (b) approaches for the  16O + 27Al system at 100 MeV. Comparison between the CC 

and OM results for the far-side (c) and near-side (d) components.

[1] D. Pereira, et al.,  Phys. Lett. B 670, 330 (2009);
[2] M. Cavallaro, et al., Nucl. Instr. and Meth. 648, 46 (2011);
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Breakup reactions induced by weakly bound 
6
Li projectiles on a 

144
Sm target at near barrier 

energies have been studied and fully characterized through the correlated detection of the emitted 

light particles. The emphasis of the study has been placed on the extraction of the maximum possible 

amount of information on a purely experimental basis. For that purpose the analysis has been 

oriented to the determination of the distributions of all the relevant asymptotic angular and energy 

variables that describe the complete reaction in terms of its decomposition into a binary stage 

“followed” by the breakup of the weakly bound projectile. The treatment of the data, including a 

detailed reproduction of the complex response of the detection system to the three-body kinematics, 

allows one to obtain absolute differential cross sections with respect to the aforementioned relevant 

variables. Within the constraints set by the geometrical efficiency a resonant breakup component was 

found to be dominant at all energies whereas a direct breakup component associated to the lowest 

alpha-deuteron relative energies could be identified and studied at the lowest bombarding energies.  

The distribution of the polar angle of the breakup emission in the 
6
Li reference frame was found to 

be noticeably anisotropic whereas the azimuthal angular distribution is mostly isotropic. The results 

are discussed in reference to a classical three dimensional dynamical model that simultaneously 

treats breakup, complete and incomplete fusion. 

 

NR 152



International Nuclear Physics Conference INPC2013: 2-7 June 2013, Firenze, Italy 
 

Proton-proton femtoscopy and access to early dynamical sources 
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collaborations. 
 
 
Heavy-ion collisions allow one to study the properties of nuclear matter under extreme conditions, a 
very active area of research in nuclear physics. At intermediate energies, during the dynamical 
evolution of the system, the density can drop to values that are much lower than the saturation one 
(0.17 fm-3) leading to fragment formation and, possibly, to liquid-gas phase transitions. These 
studies have recently become very important in view of the perspective of exploring the density 
dependence of the symmetry energy in asymmetric nuclear matter [1]. The symmetry energy indeed 
governs important properties of nuclear systems and neutron stars, linking the interests of different 
scientific communities [2]. However, the dynamical evolution of the system is very complex, 
occurring over very short time scales that force scientists to measure observables that allow 
disentangling emitting processes during the reaction. In this respect proton-proton correlation 
functions have extensively been used as space-time probes of reaction dynamics [3]. Intensity 
interferometry indeed allows one to extract emitting source functions and thus determine its size 
and lifetime. These space-time probes are important in order to isolate proton emissions from the 
early dynamical stages, where the sensitivity to the symmetry energy is expected to be highest [4]. 
In this contribution we present a study of two-proton correlation functions in Xe+Au and Sn + Sn at 
E/A=50 MeV, with Gaussian source and imaging analysis techniques [5]. The extracted source 
functions are studied as a function of total momentum, detection angle, transverse momentum. 
Evidences for long-lived sources contributing to the correlation functions along with the short-lived 
ones are found. Attempts to compare to transport model simulations performed with the BUU 
model show that high transverse momentum gates allow one to select early stages (t<100 fm/c) 
when protons are emitted over short time scales. This result, providing an observable that reduces 
contributions from long-lived emissions, open the opportunity of improving comparisons to the 
extracted experimental dynamical source functions that are expected to be sensitive to important 
transport properties such as the equation of state, the in-medium nucleon-nucleon cross section and 
the density dependence of the symmetry energy [6].  
 
 
[1]	  M.B.	  Tsang	  et	  al.,	  Phys.	  Rev.	  Lett.	  102,	  122701	  (2009)	  
[2]	  Bao-‐An	  Li	  et	  al.,	  464,	  113	  (2008)	  
[3]	  G.	  Verde	  et	  al.,	  Eur.	  Phys.	  J.	  A30,	  81	  (2006)	  
[4]	  L.W.	  Chen	  et	  al.,	  Phys.	  Rev.	  Lett.	  90,	  162701	  (2003)	  
[5]	  D.A.	  Brown	  and	  P.	  Danielewicz,	  Phys.	  Rev.	  C64,	  014902	  (2001)	  
[6]	  G.	  Verde	  et	  al.,	  Phys.	  Rev.	  C	  67,	  034606	  (2003)	  
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Fusion cross sections were measured for8B + 28Si at near barrier energies by detecting the alpha
particles produced in the evaporation process. The8B secondary beam was produced at the EXOTIC
facility [1] at LNL-Italy of the Instituto Nazionali di Fisica Nucleare by means of the In Flight (IF)
technique. Due to the very low counting rate of the beam produced as a cocktail of8B, 7Be and6Li
nuclei, the active target technique was adopted. By using a stack of three detectors instead of one, the
discrimination of alpha particles was possible via a conventional∆E-E technique, which also prevented
any contribution from frame scattering, a usual problem in this type of measurements. Alphas were
integrated with a contour in the bidimensional spectrum, a TOF window on boron projectiles (see Figure
1 to the left) and a contour on the beam spot on the target, reconstructed by two beam profilers. The
obtained alpha production cross sections were found to be compatible with CASCADE calculations,
which justified the estimation of the proton multiplicy in the same context. Fusion cross sections were
obtained and are compared with previous results of light weakly bound projectiles on similar targets and
previous results of8B+58Ni, in Figure 1 (right). The results will be discussed.
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Figure 1: (Left) TOF between a beam profiler and the target. (right) Fusion functions according to [2]
for various light weakly bound projectiles are compared with the present results.

[1] F. Farinon et al, Nucl. Instrum. Meth. B 266,4097 (2008).;
[2] L. F. Canto, P. R. S. Gomes, R. Donangelo , M. S. Hussein; Physics Reports 424, 1(2006).

NR 154



International Nuclear Physics Conference INPC2013: 2-7 June 2013, Firenze, Italy 

 

EXCITATION OF ISOMERIC STATES IN REACTIONS (γ,n) 

AND (n,2n) ON 
113

In AND  
198,200

Hg  NUCLEI     

S.R. Palvanov
 

Department of Physics, National University of Uzbekistan, Tashkent, Uzbekistan 

Institute of Applied Physics, National University of Uzbekistan, Tashkent, Uzbekistan 

 Contact E-mail: satimbay@yandex.ru 

 

In the present work results of investigation of the isomeric yield ratios and 

cross-section ratios of the (γ,n) and (n,2n) reactions on nuclei  
113

In and  
198,200

Hg    
are presented. The isomeric yield ratios were measured by the induced 

radioactivity method. Samples have been irradiated in the bremsstrahlung beam of 

the betatron in the energy range of 10-35 MeV with energy step of 1 MeV. For 14 

MeV neutron irradiation we used the NG-150   neutron generator. The gamma 

spectra reactions products were measured with a spectroscopic system consisting 

of HPGe detector CANBERRA with energy resolution of 1,8 keV at 1332 keV 

gamma ray of 
60

Co, amplifier 2022 and multichannel analyzer 8192 connected to 

computer for data processing. The filling of the isomeric and ground levels was 

identified according to their γ lines. In the range 26-35 MeV the isomeric yield 

ratios Ym/Yg of the reaction (,n)
 
on 

198
Hg  are obtained at first. The experimental 

isomer ratios are compared with those calculated within the framework of the 

cascade-evaporation model. 
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A detailed and predictive description of the nuclear fission process is one of the most challenging 

tasks in nuclear physics and would have a major impact on a large spectrum of applications in 

society. For instance, the asymmetric mass yields and the stability of the heavy mass peak in the 

fission of actinides have been interpreted in terms of the strong influence of the nascent fragments 

nuclear structure. Recently, a new asymmetric fission has been discovered in the light Mercury 

region [1], leading to a vast debate on the effective source of the mass asymmetry in nuclear fission. 

To answer this question, a new statistical scission-point model called SPY (Scission-Point Yields) 

has been developed using one of the best theoretical knowledge of microscopic nuclear structure. 

This model, inspired by the approach developed by Wilkins in the late seventies [2], is based on a 

static energy balance calculation at scission, where the two nascent fragments are supposed to be 

completely separated so that their macroscopic properties (mass and charge) can be considered as 

fixed. The probability of a given fragmentation is then related to the energy available at the scission 

point determined in an absolute form, taking into account a micro-canonical description including 

the state densities of the fragments. The main improvement brought by this new approach is the 

introduction of microscopic ingredients for the calculation of both the individual potential energy 

and the state density of each fragment. These two quantities are calculated in the framework of the 

HFB formalism using the Gogny D1S effective nucleon-nucleon force, ensuring the overall 

coherence of the SPY model. They are also are available in the theoretical nuclear database Amédée, 

which contains the mean field potential of more than 7000 nuclei [3]. We will present the main 

results obtained with this model and discuss the comparison between our calculations and 

experimental data for a large set of fissioning nuclei. Thanks to the detailed energy balance 

calculation between the two nascent fragments we will show that the competition between symmetric 

and asymmetric fission is highly related to shell effects in the fragments, described up to very 

deformed shapes. In particular, this approach is able to prove that the surprising asymmetric splitting 

recently measured in the light Mercury region can be understood on the only basis of the nuclear 

structure of the two nascent fragments at scission [4]. Finally, the ongoing developments on the SPY 

model, mainly concerning the scission point definition, will be presented. 

 

 

 

[1] A. N. Andreyev et al., Phys. Rev. Lett. 105, 252502 (2010);  

[2] B. D. Wilkins et al., Phys. Rev. C 14, 1832 (1976);  

[3] S. Hilaire et al., Eur. Phys. Journ. A 33, 237 (2007);  

[4] S. Panebianco et al., Phys. Rev. C 86, 064601 (2012). 
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Asymmetric nuclear matter calculations and many-body correlations in
Semiclassical Molecular Dynamics
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Constraint Molecular dynamics CoMD calculations have been performed for asymmetric nuclear matter
(NM) by using a simple effective interactions of the Skyrme type [1]. The set of parameter values
reproducing common accepted saturation properties of nuclear matter have been obtained for different
degree of stiffness characterizing the iso-vectorial potential density dependence. A comparison with
results obtained in the limit of the Semi-Classical Mean Field approximation using the same kind of
interaction put in evidence the role played by the many-body correlations in to explain the noticeable
differences obtained in the parameter values in the two cases. Even if from a numerical point of view the
obtained results are strictly valid for the CoMD model [2,3], some rather general feature of the discussed
correlations can give a wider meaning to the obtained differences being strongly related to the spacial
correlations generated in the semiclassical wave packets dynamics.

[1] Massimo Papa, arXiv:1212.5362[nucl.th];
[2] M. Papa, T. Maruyama and A. Bonasera, Phys. Rev. C 64 024612(2001);
[3] F.Amorini et al, Phys. Rev. Lett. 102, 112701(2009).
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The Dynamical Dipole mode (DD) is a large amplitude collective oscillation of protons against 

neutrons of the di-nuclear system, formed in charge asymmetric heavy-ion collisions. It decays emitting 

prompt dipole -rays [1-3] and gives information about the dynamics of dissipative reactions. From a 

theoretical point of view, the DD  yield should increase as a function of the entrance channel charge 

asymmetry, becoming maximum for reactions employing exotic nuclei where large N/Z ratios can be 

reached. A large yield could allow to probe the density dependence of the symmetry energy in the Equation 

of State at sub-saturation densities, where the DD is active [4]. Furthermore, the DD radiation could be of 

interest for the synthesis of super-heavy elements in hot fusion reactions as it cools down the formed 

nucleus on the fusion path through emission of prompt -rays. However, by comparing the few existing data 

in th                  130, taken at different beam energies and for different entrance channel N/Z 

asymmetries, with theoretical calculations we conclude that many aspects should still be clarified.  

By performing time-dependent Hartree-Fock calculations it was predicted in [5] that the DD γ y  ld 

decreases in collisions involving heavy mass ions since reactions with small nuclei are less damped than 

those involving heavier ones. To verify such a prediction we investigated the DD in fusion-evaporation and 

fission reactions in a mass region never studied before. The 
192

Pb compound nucleus was formed in the 
40

Ca 

+ 
152

Sm and 
48

Ca +
144

Sm reactions at Elab = 440 MeV and 485 MeV, respectively, by using the same method 

described in our previous works [2]. The experiment was performed at Laboratori Nazionali del Sud (LNS, 

Italy), by using the 
40-48

C  pul  d b     p  v d d by th  Sup  c  duct    Cycl t   . Th  γ-rays and the 

light charged particles were detected by using the MEDEA apparatus [6], made of 180 BaF2 scintillators. 

The heavy reaction fragments were detected by position sensitive Parallel Plate Avalanche Counters placed 

symmetrically around the beam direction in order to investigate the DD in both fusion-evaporation and 

fission events. Preliminary results of the analysis were presented in [7]. -ray spectra and angular 

distributions extracted for central collisions evidence that the DD survives in reactions involving heavier 

nuclei than those studied before, with a yield of (8±1)*10
−5

sr
−1

 for evaporation and (10±3)*10
−5

sr
−1

 for 

fission. These results will be compared with those found at different mass regions for fusion-evaporation 

events and with theoretical calculations performed within a BNV transport model, based on a collective 

bremsstrahlung analysis of the entrance channel reaction dynamics. Ideas about future experimentation on 

the DD study by employing also radioactive beams will be discussed. 

  
[1] S. Flibotte et al., PRC77(1996)1448; 

[2] D. Pierroutsakou et al., PRC71(2005)054605, PRC80(2009)024612, B. Martin et al., PLB664 (2008)47; 

[3] A. Corsi et al., PLB679(2008)197; 

[4] V. Baran et al., PRC79(2009)021603(R); 

[5] C. Simenel, P. Chomaz, G. de France, PRL86(2001)2971; 

[6] E. Migneco et al., NIMA314(1992)31. 

[7] C. Parascandolo et al., Act. Phys. Pol. B42 (2011)629, D. Pierroutsakou et al.,  AIP Conf. Proc.1423,59-64 (2012). 
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It is a well established fact that elastic  scattering of heavy ions at energies near the 

Coulomb barrier, the real and the imaginary parts of the optical potential show energy dependence, 

known as threshold anomaly (TA) [1]. A characteristic localized peak is observed in the real part and 

a decrease of the imaginary part of the potential as the bombarding energy decreases towards the 

Coulomb barrier. This situation may change in the scattering of weakly bound nuclei [2]. These 

nuclei have very low breakup threshold energies and they have a large breakup (BU) probability. In 

order to understand the breakup coupling effects on elastic scattering a detailed CDCC calculations 

have been carried out for both the 
7
Li + 

27
Al, 

159
Tb systems. Also the results will be interpreted in 

terms of the energy dependence of the (OM) potential parameters. We have also derived the total 

reaction cross sections for these systems in order to investigate the role of BU on total reaction cross 

sections. 

 

[1] G. R. Satchler, Phys. Rep. 199, 147 (1991). 

[2] L. F. Canto et al., Phys. Rep. 424, 1 (2006). 
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7 INFN e Universit̀a di Bologna, 40126 Bologna, Italy.
8 INFN LNL Legnaro, viale dell’Universit̀a? 2, 35020 Legnaro (Padova) Italy.

9 INFN LNS, via S.Sofia 62, 95125 Catania, Italy.
10 Jagiellonian University, Institute of Nuclear Physics IFJ-PAN, PL-31342 Kraków, Poland.

11 Silesian University, University of Silesia, Katowice, Poland.
12 National Institute of Physics and Nuclear Engineering, RO-077125 Bucharest-Măgurele, Romania.
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In recent years, many experimental [1] and theoretical [2] efforts have been devoted to the investi-
gation of the isospin degree of freedom in heavy ion reactions at Fermi energies (30-50 MeV/nucl.). In
particular, comparing reactions involving partners with different N/Z, it was possible to investigate the
isospin transport process and its influence on the final products population. From the experimental point
of view, this task requires the availability of devices able to measure both charge and mass of the emitted
products, in the widest possible range of energy and size of the fragments. In this work we compare the
isotopic composition of the products emitted in two reactions with the same projectile and beam energy
(84Kr at 35 MeV/nucl.) and different targets: the n-nrich124Sn and the n-poor112Sn. The adopted setup,
a prototype of the FAZIA detector [3] with extremely good performance in term of mass and charge
identification [4], allowed to identify the mass of the products up to Z=20 for fragments emitted at small
angles in forward direction in the centre of mass system. In this way, it is possible to compare, for the two
reactions, the< N > /Z of fragments coming from the projectile (evaporation residues or fission frag-
ments) or from the neck region. We found that the isospin content of the fragments from the84Kr+124Sn
reaction is always higher than that observed for the reaction with the n-poor target even for fragments
originating from the projectile. The observed result is an evidence of isospin diffusion between target
and projectile. Moreover, a sampling of the emitted fragments as a function of their velocity showed that
for very light fragments the< N > /Z decreases while moving from the centre of mass (neck region)
towards the quasi-projectile region; this effect can be interpreted as an evidence of isospin drift, i.e. a
neutron enrichment of the more diluted central region of the neck. Data on the odd-even staggering in
the two systems are also presented and compared with the results of statistical models that include some
basic properties of nuclei (such as separation energies) capable of influencing the relative abundance of
the final products.

[1] Dynamics and Thermodynamics with nuclear degrees of freedom, Edited by P. Chomaz, F. Gulminelli, W.
Trautmann and S. Yennello (Springer, 2006), Eur. Phys. J. A 30, issue 1, pag. 1-251
[2] M. Di Toro et al., J. Phys. G 37, 083101 (2010).
[3] see http://fazia2.in2p3.fr/spip
[4] S. Carboni et al., Nucl. Instrum. Methods A 664, 251 (2012).
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We present the results of an experiment using6He beam on9Be and197Au targets. The collision
was measured at the energies Elab=16.2 MeV and 21.3 MeV, using the RIBRAS system (Radioactive Ion
Beams in Brazil) of the Institute of Physics of the University of São Paulo [1]. The6He secondary beam
was produced by the9Be(7Li,6He) reaction with a7Li primary beam of 300 nA. The detection system
consisted of four∆E-E silicon telescopes, with 20 microns and 1000 microns thickness respectively,
which allow to separate the6He particles from the7Li beam contaminant and light particles. A high yield
of α-particles has been observed in the6He+9Be collision which was not present with the gold target.
The energy and the angular distributions of those events have been analysed and compared with CDCC
calculations for the6He breakup. Furthermore, a strip of events along the6He line with energies lower
than that of the elastic scattering has been observed in the biparametrical spectra obtained using the9Be
target. Their energy and angular distributions have been obtained and compared with Coupled Channels
(CC) calculations considering the9Be excitation. As the excited states of the9Be are all unbound one
can consider those events as a measurement of the target breakup. The angle integrated cross sections
have been obtained and compared with the totalα-particle production cross sections. The total reaction
cross section has been obtained from an Optical Model, Coupled Channels and CDCC analysis of the
elastic angular distributions and compared with other exotic, weakly bound and tightly bound systems.
An enhancement in the total reaction cross section has been observed for the exotic6He projectile with
respect to the stable6Li even for the light target9Be. We found that this enhancement exactly matches
the totalα-particle production cross section. All the calculations were performed with the computer code
FRESCO [2].

[1] R. Lichtenthler et al, European Physical Journal A 25: 259-260, Suppl. 1 (2005);
[2] I.J. Thompson, Comp. Phys. Rep. 7, (1988), 167.
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Already for several years now nuclear reactions have been used to investigate the exotic properties
of nuclei far from stability. The types of reactions are linked to the availability of radioactive ion beams
(RIBs). While the beginnings of research in this field were characterized by the use of collisions at
medium-high energy, upgrades at several production facilities are finally providing RIBs in the range of a
few to about 20 MeV/nucleon, energies which are well-suited for direct reactions and transfer reactions in
particular. These are a very powerful probe to obtain spectroscopically detailed information on nuclei in
regions of the nuclear chart, key to our understanding of the nuclear structure. Interesting and promising
results have already been obtained among others at REX-ISOLDE (CERN, Geneva) and GANIL (Caen),
for example very recently in the region of neutron-rich Ni nuclei [1,2].

Adequate detection instruments are being developed to respond to the challenges posed by the use of
weak beams in inverse kinematics. Gamma-ray detection serves the double purpose of resolving states
in nuclei where their density is high, and providing information on intra-nucleus transitions that greatly
helps spin assignments [1]. In other cases the use of active targets is the only way to achieve a sufficient
luminosity, thanks to the possibility of having a large target thickness without compromising on energy
resolution. Some examples will be presented both of performed measurements and of opportunities
opening with the development of the new generation of these instruments.

[1] J. Diriken et al. submitted to Phys. Rev. Lett.;
[2] M. Moukaddam et al., in preparation.
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We perform calculations of binary-cluster nuclear scattering, where both the projectile and target
are described in an ab initio framework, that is, all the nucleons in the projectile-target system are active
degrees of freedom interacting through a realistic nuclear two-body interaction. In particular we consider
the specific case of a deuteron (d) projectile impinging on light nuclei with mass number A > 4. In this
way, we significantly extend the scope and applications of ab initio methods to nuclear scattering and
reactions.

The adopted formalism is the no-core shell model/resonating-group method (NCSM/RGM) [1], a
well-established nuclear many-body approach that allows to treat bound and scattering states of light
nuclei within a unified framework, starting from the fundamental internucleon interactions. The actual
calculation consists in solving a Schrödinger-like equation in which the relevant aspects of the dynamics
of the scattering process are taken into account by adopting accurate nucleon-nucleon (N N) potentials
(i.e. those that fit the N N phase shifts with high precision) to describe the interaction between target and
projectile nucleons, and by expanding the nuclear wave function over many-body binary-cluster states
consistently obtained from the same Hamiltonian.
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Fig. from Ref. [3]. Calculated S-factors of the
3He(d, p)4He reaction compared to experimental
data (see Ref. [3] for details).

So far, NCSM/RGM applications concerning col-
lisions and nucleon-transfer reactions with a deuteron
projectile have been limited to the description of d-
4He (d-α) scattering [2] and both the transfer reac-
tions 3H(d, n)4He and 3He(d, p)4He [3], see Figure.
In our work, we push forward the present computa-
tional limits of ab initio calculations by extending the
NCSM/RGM formalism to the treatment of nucleon-
transfer reactions with target nuclei heavier than the
α particle. This is achieved by introducing a novel al-
gorithm to efficiently handle the large computational
scale of the many-body problem under study. Such
development will enlarge our ability to test ab initio
methods against the wealth of data from radioactive-
ion beam facilities that are becoming available in the
recent years. At the same time, the outcome of such
NCSM/RGM calculations has the potential to serve
as precious guidance for ongoing experimental inves-
tigations of the spectra of exotic nuclei, where the (d, p) reaction is a powerful tool for the study of halo
nuclei (see for instance Ref. [4]).

[1] S. Quaglioni and P. Navrátil, Phys Rev. Lett. 101, 092501 (2008);
[2] P. Navrátil and S. Quaglioni, Phys. Rev. C 83, 044609 (2011);
[3] P. Navrátil and S. Quaglioni, Phys Rev. Lett. 108, 042503 (2012);
[4] K.T. Schmitt et al., Phys Rev. Lett. 108, 192701 (2012).
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The Hoyle state, second 0+ resonant excited state of 12C at excitation energy of 7.654 MeV, 
plays an important role to understand a variety of problems of nuclear astrophysics as well as the 
stellar nucleosynthesis process as a whole [1,2]. Recent triple alpha reaction rate calculation assumes 
that the formation mechanism of 12C is through sequential two step process, i.e. through the 
intermediate ground state of 8Be nucleus.  However, the structure of this state has unusual nature as 
from the cluster model, it has a linear chain like structure of three alpha particles [3] and at the same 
time from inelastic scattering it was found that this state has a abnormally larger radius compare to 
the ground state of 12C [4] and possesses a gas like structure i.e., loosely bound 3α [5, 6]. All these 
unusual properties of this state may change the decay mode of 12C, from which reaction rates for 
carbon as well as other heavy elements have been calculated. First experimental effort to estimate the 
branches of sequential and direct decay mode of Hoyle state have been performed in 1994 by M. 
Freer, using Dalitz plot for three body decay and its projection in terms of 8Be like pairs, and 
obtained an upper limit of 4% on direct 3α decay branches bypassing the ground state of 8Be [7]. In a 
recent work by Raduta et al. [8], two direct decay branches have been identified, direct decays into 
equal energy (DDE) and direct decay in linear chain (DDL), with a combined direct decay branching 
of 17(5) %. So, this total direct decay branches not only implies a corresponding percentage of 
reduction in the reaction rate calculation in triple α  process but also for modification of recent 
theoretical prediction for reaction rate calculation. In Manfredi et. al [9], 2012, they have been 
estimated the decay branches using 8Be like pairs and root mean square energy deviation methods  
and obtained for the direct decay in phase space (DDΦ) 3.9 % and DDE is 0.45 % with a upper 
confidence limit of 99.75 %. More recently, O. S. Kirsebom et. al.[10], estimated using the 
symmetric Dalitz plot and its radial projection, in a complete kinematical experiments (total detected 
events of 5000) and have got an upper limit for DDE 0.09%, DDL 0.09% and DDΦ 0.5% at 95% 
confidence limit. Therefore, it is important to verify the recent result with higher statistics to resolve 
the ambiguity. Here, we will discuss in details about a new measurement of inelastic scattering of α 
on 12C at 60 MeV to study the decay channels of Hoyle state in a complete kinematical experiment 
with a larger statistics than ever use before. We have used here all these three methods (8Be like 
pairs, root mean square energy deviation and the radial projection of symmetric Dalitz plot, as have 
been used in references [7-10]) with three body decay Monte Carlo simulation, taking into accounts 
the experimental effect, to estimate the decay channels of Hoyle state and have been estimated and 
restricted with an upper limit of DDE 0.6 %, DDΦ 0.9 % and DDL 0.3 % with a 99.75 % upper 
confidence limit. The experimental measurement and data analysis details will be discussed here. 
 
[1] F. Hoyle, Astrophys. J. Suppl. 1, 12 (1954).    
[2] H. O.U. Fynbo et al., Nature 433, 136 (2005) and the reference therein.                                                                   
[3] H. Morinaga, Phys.Rev. 101, 254 (1956).                                                                                                                     
[4] M. Kamimura, Nucl. Phys. A 351, 456 (1981).                                                                   
[5] E. Uegaki, S. Okabe, Y. Abe and H. Tanaka, Prog. Theor. Phys. 57, 1262 (1977),  
[6] H. Horiuchi, Prog. Theor. Phys. 51, 1266 (1974); Prog. Theor. Phys. 53, 447 (1975).                                                 
[7] M. Freer et al., Phys. Rev. C 49, 1751R (1994). 
[8] Ad. R. Raduta et al., Phys. Lett. B 705, 65 (2011). 
[9] J. Manfredi et. al., Phys. Rev.C 85, 037603 (2012) 
[10] O. S. Kirsebom et. al Phys. Rev. Lett. 108, 202501  (2012). 
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The extreme back-angle evaporation spectra of alpha, lithium, beryllium, boron and carbon 
from different compound nuclei near A ≈ 100 (EX=76 MeV – 210 MeV) have been compared with 
the predictions of standard statistical model codes such as CASCADE and GEMINI. The data was 
taken from ref [1-3].  Using the parametrization given in ref [4], the temperature and p-parameters 
were extracted from both the experimental and statistical model spectra and compared in Table 1. 
Alpha spectra agree well with the statistical model predictions. However, lithium, beryllium, boron 
and carbon spectra show significantly gentler slopes implying higher temperature of the residual 
nuclei, even though the spectra satisfy all other empirical criteria of statistical emissions. The 
observed slope anomaly was found to be largest for lithium and decreases at higher excitation 
energy. These results could not be understood by adjusting the parameters of the statistical models or 
from reaction dynamics and might indicate the quantum mechanical character of the decay process.  

 
Table 1. Comparison of temperature (T) and p-parameters derived from the experimental and 
statistical model parameters. 
 

System 
studied 

Projectile 
Energy 
and EX of 
CN 
(MeV) 

Frag- 
ment 
Investi-
gated 

Derived parameters from 
Experimental data Statistical model calculation 
P 

(MeV) 
T 

(MeV) 
P 

(MeV) 
T 

(MeV) 

16O 
+ 

89Y 

96  
(16O) 

 
105Ag 
EX=76 
MeV  

4He     4.0±0.4   2.90±0.15        4.0        2.9 
Li     6.0±0.6   4.50±0.3        8.0        2.35 
Be     6.8 ±1.0   3.6± 0.3      12.6        2.0 
B   13.1±1.0   3.35±0.2      16.0        2.1 
C   15.0±1.2   3.5±0.3      18.0        1.65 

16O 
+ 

93Nb 

116 
(16O) 

 
109In 

EX=93.5 
MeV  

4He   3.5± 0.4   3.5±0.1        4.0        3.4 
Li   3.9± 0.4   4.6±0.2      11.0        2.8 
Be 10.9±1.0   3.9±0.2      19.0        2.4 
B 11.8±1.2   3.6±0.2      25.0        2.3 
C 23.0±1.0   3.5±0.2      27.0        2.0 

3He 
+ 

Ag 

90 
(3He) 

EX∼82 
MeV  

4He   2.0±0.2   3.0±0.15        2.0        3.0 
Li   3.0±0.3   5.8±0.3        3.0        2.8 
B   8.0±1.0   3.5±0.2        7.0        2.6 
C 10.9±1.0   3.5±0.3        8.5        2.6 

 
 
[1] A. Ray et al., Phys. Rev. C 68, 051602 (2003);  
[2] L. G. Sobotka et al., Phys. Rev. Lett, 51, 2187 (1983); 
[3] K. Kwiatkowski et al., Phys. Lett. B171, 41 (1986); 
[4] L. G. Moretto, Nucl. Phys. A247, 211 (1975). 
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The reaction path followed by Heavy Ion Collisions with neutron-rich (or exotic) nuclear 
beams at low energies is investigated in a transport theory based on a microscopic stochastic mean 
field approach, where two parametrizations for the density dependence of symmetry energy (Asy-
soft and Asy-stiff) are implemented [1]. The goal of this analysis is to pin down specific observables 
which are sensitive to the symmetry energy, to learn about its poorly known density behavior. We 
focus on the interplay between reaction mechanisms, fusion vs. break-up (fast-fission, deep-
inelastic), that in neutron-rich systems is expected to be influenced by the symmetry energy term at 
densities around the normal value [2]. Fusion probabilities for reactions induced by 132Sn on 64,58Ni 
targets at 10AMeV are evaluated by the evolution of the phase-space quadrupole collective modes 
[3]. Larger fusion cross sections are obtained for the more n-rich composite system, and, for a given 
reaction, with a soft symmetry term (i.e. a rather flat behaviour of the symmetry energy around 
normal density).  

The break-up events appear also sensitive to the stiffness of the symmetry energy. Owing to 
the lower symmetry repulsion at low densities in the linear (stiff) choice, the neutron-rich neck 
connecting the two partners can survive a longer time producing very deformed final fragments, 
eventually leading to ternary/quaternary fragmentation events. 197Au + 197Au collisions at 15 AMeV 
are simulated to investigate the main modes of re-separation of a heavy nuclear system and their 
sensitivity to the symmetry energy. For this system a rather fast break-up into three or four massive 
fragments have been experimentally revealed [4], allowing for a comparison between data and 
theoretical predictions.   

In addition, we investigate the collective charge equilibration mechanism, the Dynamical 
Dipole Resonance, DDR [1], in fusion and breakup events induced by 132Sn + 64,58Ni collisions at 10 
AMeV. The strength of the corresponding radiative emission depends on the stiffness of the 
symmetry term just below saturation and presents clear angular anisotropies [5,6]. We also 
investigate the effect of the mass asymmetry in the entrance channel for systems with the same 
overall isospin content and similar initial charge asymmetry [3]. As expected, we find reduced fusion 
probabilities for the more mass-symmetric case, while the DDR strength appears not much affected. 
This is a nice confirmation of the prompt nature of such collective isovector mode. Interesting 
perspectives are opening for new experiments on low energy collisions with exotic beams. 
 
 
 
 
 
 
[1] V. Baran, M. Colonna, V. Greco, M.Di Toro, Phys. Rep. 410, 335 (2005); 
[2] M. Colonna et al., , Phys. Rev. C57, 1410 (1998); 
[3] C. Rizzo, V. Baran, M. Colonna, A. Corsi, M.Di Toro, Phys. Rev. C83, 014606 (2011); 
[4] I. Skwira-Chalot et al., Phys. Rev. Lett. 101, 262701 (2008);  
[5] B. Martin, D. Pierroutsakou et al., Phys. Lett. B664, 47 (2008) 
[6] V. Baran, C. Rizzo, M. Colonna, M. Di Toro, D. Pierroutsakou, Phys. Rev. C79, 021603(R) 
(2009).  

NR 166



International Nuclear Physics Conference INPC2013: 2-7 June 2013, Firenze, Italy

A new experimental approach for fission studies: 238U+12C transfer
reactions in inverse kinematics

C. Rodrı́guez-Tajes1, F. Farget1, O. Delaune1, L. Audouin2, C.-O. Bacri2, J. Benlliure3, M.
Caamaño1,3, E. Casarejos3,4, E. Clement1, D. Cortina3, X. Derkx1, A. Dijon1, D. Doré5, B.
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Transfer reactions have been widely used as a surrogate technique in the investigation of neutron-
induced fission for nuclei that are not suitable for neutron-irradiation measurements. The method consists
in measuring the fission probability of the same compound nucleus that would be produced by neutron
capture, but using light-transfer reactions as stripping or pickup between hydrogen- or helium-isotope
beams and actinide targets close to the nuclei of interest. Although several successful experiments have
been performed, the validity of this technique relies on strong assumptions concerning the spin distribu-
tion populated in the compound nucleus and its decay, being nowadays a subject of intense debates [1].
In the present work, we propose to extend the surrogate method to heavy-transfer reactions using in-
verse kinematics and, therefore, investigate a broader collection of fissioning systems in a single ex-
periment. A 238U beam accelerated up to an energy slightly above the Coulomb barrier was shoot on
a 100 µg/cm2-thick 12C target and heavy actinides from U to Am, with excitation energies below 30
MeV, were produced through inelastic scattering and multinucleon transfer. The energy and angle of
the target-like partners in the exit channels were measured in a double annular Si telescope, providing
a complete characterization of the produced fissioning systems in atomic and mass numbers, as well as
a measurement of the total excitation energy gained in the reaction. In addition, the use of a magnetic
spectrometer combined with the inverse kinematics gives access to the complete identification in mass
and atomic numbers, ionic charge-state and kinetic energy of the whole fission fragments in the ranges
Z≈30–60 and A≈80–160. The set-up also included several clusters of Ge detectors in the target region
for coincident γ-ray measurements, allowing the investigation of possible excitation of the target-like
partners in the exit channels. These data, which are now available for the first time, are crucial for the
interpretation of the fission probabilities, as they define the sharing of excitation energy between the
two reaction partners in the exit channel and thus the actual excitation energy carried by the fissioning
system. The information gathered in this work brings the possibility of unprecedented studies about the
properties of the fission-fragment isotopic distributions for different fissioning systems and excitation
energies [2]. At the same time, the measurement of target-like partner excitation and fission probabilities
offer us the opportunity of investigating the validity of the surrogate technique, which will be carefully
discussed in this contribution.

[1] J. Escher et al., Phys. Rev. C 74, 054601 (2006).
[2] F. Farget et al., arXiv:1209.0816.
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The shell effect in a nucleus enhances the stability with respect to the average behaviour expected from
the liquid drop model. Shell effect also affects the nuclear level density (NLD). There is a long standing
theoretical prediction that the shell effect on the NLD parameter damps out with excitation energy (E

X
)

beyond 40 MeV [1]. It is not easy to populate the208Pb nucleus at low excitation energy to address the
damping of shell effect. The damping of the nuclear shell effect with excitation energy has been measured
through an analysis of the neutron spectra following the triton transfer in the7Li induced reaction on
205Tl. An exclusive measurement of neutron spectra was made at the Pelletron Linac Facility, Mumbai
using neutron detector array [2] in coincidence with ejectile alpha particles measured in an array of 8
CsI(Tl) detectors. A control experiment was also made on181Ta. The statistical model (SM) analysis of
the spectra was done using the excitation energy dependence of the NLD parametera, which includes
the shell effect and its damping [3]. Fig. 1(a), (b) demonstrate a large shell correction energy required
to explain the measured neutron spectrum near the doubly magic208Pb and a small value around184W.
We have searched for an acceptable range ofã andγ by fixing ∆

S
from the SM analysis of the neutron

spectra. The extracted damping factor near208Pb found to be (0.060+.010

−.020
) MeV−1 which is different

from the value extracted from the compilation neutron resonance data [4]. An exclusion plot of the
damping parameterγ and the inverse level density parameterδa has been made for the first time (see
Fig. 1(c)).

Figure 1: (a) Neutron spectrum from 208Pb at E
X

=20.8 MeV and solid and dashed lines are the SM
calculation using shell correction energy (∆

S
) 13.1 and 2.2 MeV, respectively, for ã=A/8.5 MeV−1 and

γ=0.055 MeV−1. (b) Same as (a) except for 184W at E
X

=20.6 MeV and (c) the exclusion plot between
δa (= A/ã) and γ. The allowed values of ã and γ are within the contour.

[1] V. S. Ramamurthy, S. K. Kataria and S S. Kapoor, Phys. Rev. Lett.25, 386 (1970);
[2] P. C. Rout et al., Nucl. Instr.& Meth. A 598, 526 (2009);
[3] A. V. Ignatyuk, G.N. Smirenkin and A.S. Tishin, Sov. J. Phys.21, 255 (1975);
[4] S. F. Mughabghab and C. Dunford, Phys. Rev. Lett.81, 4083 (1998).
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The study of nuclear level density (NLD) is important as it helps us to understand the microscopic 
properties of the atomic nuclei and also is an important ingredient in both the statistical and pre-
equilibrium models of nuclear reactions. It is important and interesting to understand the dependence 
of NLD on the key parameters such as excitation energy (temperature) and angular momentum. 
Although in the recent years several experimental and theoretical efforts [1-3] were made to 
understand the angular momentum dependence of NLD, no conclusive idea was obtained. In order to 
investigate the angular momentum dependence of NLD further we have measured the neutron 
evaporation spectra in coincidence with the γ- rays of various multiplicities for the 4He + 115In 
system. Theoretical analyses of the experimental data were carried out using the statistical model 
code CASCADE to extract the value of the inverse level density parameter (k) (k=A/a, where a is the 
Fermi gas level density parameter) at different angular momentum regions (J), corresponding to 
different γ multiplicity. The extracted values of k as shown in Fig.1A were observed to decrease with 
J at two incident energies. The decrease of k (or increase in a) at higher J is indicative of the fact that 
NLD increases with angular momentum [3]. To understand the phenomenon in more consistent 
manner we have simultaneously measured all (major) the light particle (n, p, α) evaporation spectra 
for the 4He + 93Nb and 4He + 58

 

Ni systems in another experiment. In this case the decrease of k was 
also observed from neutron, proton and α-particle spectra (Fig.1B (i), (ii) and (iii)) for both the 
systems consistently. The increase in level density in the first case can be partly understood by the 
concept of collective enhancement. However, in the second case shape change at higher angular 
momentum based on RLDM as well as the present prescription of collective enhancement failed to 
explain the observed variation of NLD with J [4]. Similar measurements has also been performed for 
systems with A~180 -200. Analysis of the experimental data is being carried out.  Detail of the 
experimental results and their implications will be presented during the conference. 

 
 

Figure 1: Variation of inverse level density parameter (k) with angular momentum (see text for 
details). 

[1] Y. K. Gupta et al., Phys. Rev. C 80, 054611 (2009) and  Phys. Rev. C 78, 054609 (2008).  
[2] M. Aggarwal and S. Kailas, Phys. Rev. C 81, 047302 (2010). 
[3] K. Banerjee et al., Phys. Rev. C 85, 064310 (2012).  
[4] Pratap Roy et al., Phys. Rev. C 86, 044662 (2012). 
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The elliptic-flow ratio of neutrons with respect to protons or light complex particles in reactions
of heavy-ions at pre-relativistic energies is proposed as an observable sensitive to the strength of the
symmetry term in the nuclear equation of state at supra-saturation densities. The results obtained from
the existing FOPI/LAND data for 197Au +197 Au collisions at 400 MeV/nucleon in comparison with
the UrQMD model favour a moderately soft symmetry term but suffer from a considerable statistical
uncertainty [1]. These results have been confirmed by an independent analysis based on Tübingen QMD
[2]. In order to obtain an improved data set for Au+Au collisions and to extend the study to other
systems, a new experiment was carried out at the GSI laboratory by the ASY-EOS collaboration in May
2011 [3]. The flows of neutrons, protons and light complex particles were measured for 197Au+197 Au,
96Ru +96 Ru, and 96Zr +96 Zr collisions at 400 MeV/nucleon using the Large Area Neutron detector
LAND, four double-rings of the forward part of the CHIMERA multi-detector, the ALADIN ToF-Wall,
the KRATTA Si-CsI triple-telescope array and the Microball detectors. First results, including elliptic
flow ratios for Au+Au, will be reported.

[1] P. Russotto et al., Phys. Lett. B 697 (2011) 471.
[2] M.D. Cozma, Phys. Lett. B 700, 139 (2011).
[3] P. Russotto et al., arXiv:1209.5961 [nucl-ex].
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Production cross sections for Rn and Ra evaporation residues (ER) early observed in the 
12

C+
204,206,208

Pb reactions study [1] with an electrostatic deflector [2] were reevaluated with taking 

into account later data on charge distributions of ER atoms [3] and a more reliable approach to the 

transformation of measured differential cross sections to the integral ones based on simulations of 
angular distributions for ER [4]. Pb(

12
C, xn)Ra excitation functions resulting from the reevaluation 

are compared to the similar data obtained earlier and to the calculated excitation functions obtained 

in the framework of the standard statistical model of a compound nucleus (CN) decay. For the latter, 

calculated survivability of Ra nuclei is mainly determined by fission barrier heights used in the 
calculation, which could be estimated with a fit of the calculated evaporation excition functions to 

the measured ones. The data allow to trace the variation of fission barriers for Ra nuclei in a wide 

region of the neutron number N, especially at its crossing the spherical shell closure at N=126. In the 
vicinity of N=126 the effect of the collective enhancement in the nuclear level density should 

strongly reduce production cross sections of Ra nuclei, as it was observed in the relativistic collisions 

of a 
238

U beam with a copper target [5]. This effect was not evidently manifested in the analysis of 
cross sections for different CN reactions leading to the Po nuclei production and fission in a wide 

region of N [6]. At the same time, very low production cross sections for very neutron defficient Po 

nuclei produced in reactions with massive projectiles could not be undoubtedly explained by a steep 

decrease in Po fission barrier heights. In such reactions quasi-fission effects leading to the 
suppression of complete fusion of nuclei, which can be described using the fusion probability, 

Pfus<1. In this connection, reliable ER cross section data obtained in very asymmetric combinations, 

such as 
12

C+Pb, in which the fusion suppression is absent, become important as a reference for the 
analysis of similar data for ER produced in less asymmetric or symmetric combinations leading to 

the same or close CN. 

In this work, the measured ER production cross sections in the 
12

C+
204,206,208

Pb reactions are 

considered in detail. Consequences from these data, which may help to understand better the 
survivability of heavy nuclei produced in heavy ion CN reactions, are discussed. Quantitative data on 

the fusion probabilities extracted empiricaly for massive combinations of interacting nuclei are also 

obtained with the use of the 
12

C+
204,206,208

Pb ER cross sections and are discussed.  
 

 

[1] R.N. Sagaidak et al., Phys. Rev. C 68, 014603 (2003). 
[2] S. Beghini et al., Nucl. Instrum. Methods in Phys. Research A 239, 585 (1985).  

[3] R.N. Sagaidak et al., LNL Annual Report 2004, INFN-LNL-(Rep)-204/2005, p.37 (2005). 

[4] R.N. Sagaidak et al., Nucl. Instrum. Methods in Phys. Research A 700, 111 (2013). 

[5] A.R. Junghans et al., Nucl. Phys. A 629, 635 (1998). 
[6] R.N. Sagaidak and A.N. Andreyev, Phys. Rev. C 79, 054613 (2009). 
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Figure 1: dσ/dΩ for (p, n)IAS
reaction on tin isotopes.

Thickness of neutron skin has recently attracted a considerable in-
terest, since it provides us with fundamental information on the prop-
erty of asymmetric nuclear matter. One of the approaches of measur-
ing the neutron-skin thickness is to relate a certain observable of giant
resonance to skin thickness via structure calculation. However, such
approaches have a fundamental weak point that uncertainties originate
from the structure model. Another approach is to determine both pro-
ton and neutron density distributions by measuring electron and proton
elastic scattering. While its analysis is now almost model-independent
[1], it is not easy to extend this method to the study of unstable nuclei.
This is because the measurement of electron scattering is technically
very difficult in the RI-beam experiment.

Our aim is to establish a method to determine the neutron-skin
thickness that can be applied to nuclei away from the stability line. As
a possible candidate, we propose to use the charge exchange (p, n) re-
action to an isobaric analog state. This reaction is equivalent to proton
elastic scattering under the isospin symmetry. Proton elastic scattering, induced by an isoscalar part of
the optical potential, is sensitive to the ”sum” of proton and neutron distributions. On the other hand, the
(p, n)IAS reaction is induced by an isovector part of the optical potential, and is expected to be sensitive
to the ”difference” between proton and neutron distributions. Analyzing both (p, p) elastic scattering and
(p, n)IAS reaction in a single theoretical framework, simultaneous determination of proton and neutron
density distribution could be possible without measuring the electron scattering.

As a proof-of-principle experiment, we have measured the differential cross sections and vector an-
alyzing powers of both proton elastic scattering and (p, n)IAS reaction from stable tin isotopes 116,120Sn
at RCNP, Osaka University at an incident energy of 170MeV. The measurement was realized with a
high-resolution neutron detector NPOL3 [2]. Figure 1 displays the low-momentum transfer region of the
dσ/dΩ data for (p, n)IAS reaction. The slope of the data is expected to reflect the surface structure of
isovector density. While the difference between the skin thickness of 116Sn and 120Sn is only 0.04 fm,
a clear difference is observed: The slope of dσ/dΩ for 120Sn is steeper, which can be understood as
the result of thicker neutron skin. We will present the results of proof-of-principle experiment, simple
interpretation of the data, and future application of this method to the RI-beam experiment.

[1] S. Terashima et al., Phys. Rev. C 77, 024317 (2008). [2] T. Wakasa et al., NIM A 547, 569 (2005).
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Neutron transfers in the low energy nuclear reactions allow us to obtain new isotopes of 
atomic nuclei with increased neutron content. The probability of neutron transfer is highest during 
so-called grazing nuclear collisions. In this case, the distances between the surfaces of the atomic 
nuclei do not exceed the range of the action of nuclear forces. The most probable transition is the one 
between the nuclei of the external, most weakly bound neutrons. A new possibility for theoretical 
study of transfer reactions is provided by numerical solution for the non-stationary Schrödinger 
equation for external neutrons [1]. In this study the spin-orbital interaction and Pauli's exclusion 
principle were taken into consideration. Time-dependent Schrödinger equation is numerically solved 
by difference method for external neutrons of spherical nuclei 6He, 18O, 48

�� and deformed nucleus 
238U at their grazing collisions with energies near to a Coulomb barrier. The visual computer 
animations of probability density evolution (Fig. 1a) are calculated and probabilities of transfer of 
neutrons at reactions 6He+197

�u, 18O+48Ca, 40,48Ca+238U are determined as function on minimum 
inter-nuclear distances. It is found, that the nucleons transfers for small values of full nucleon 
angular moment projection on an inter-nuclear axis at closed approach of nuclei are most probable. 
The calculation results of cross section for formation of the 198Au isotope in the 6

��+197Au reaction 
agree satisfactorily with the experimental data [2] in vicinity of the Coulomb barrier (Fig. 1b). At 
reactions 6He+197

�u, 18O+48Ca  neutrons are predominantly transferred from a smaller nucleus to the 
greater nucleus. At reaction 48Ca+238U probabilities of neutrons stripping and pick-up are 
commensurable. Non-stationary quantum approach applied in this work may be used for external 
protons and internal nucleons too. It may be useful for nucleons transfer experimental data analysis. 

This work was supported in part by the Russian Foundation for Basic Research (RFBR) 
through Grant No 12-02-01325-�. 
 

     
a       b 

Figure 1: a) Change in the probability density of the external neutrons of an 6He nucleus with the 
initial state 1p3/2 during a collision with the 197Au nucleus at energy in the center of mass system 
E = 18 MeV. The course of time corresponds to the panels’ locations from left to right. 
 b) Energy dependence of the cross section for the formation of the 198Au isotope in the 
6He+197Au reaction. Dots represent the experimental data from [2]; the dashed line, calculations for 
the transfer of one neutron; the solid line, calculations for the transfer of one or two neutrons. VB is 
the Coulomb barrier. 
 
[1] V. Zagrebaev et al., Phys. Rev., C 75, 035809 (2007); 
[2] A. Kulko A. et al., J. Phys., G 34, 2297 (2007). 
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Employing the quantum diffusion approach [1-3], we calculated the capture cross sections and com-
pared them with the experimental fusion cross sections to extract the threshold energies at which the
capture and fusion cross sections start to deviate from each other. We found the relationship between
the threshold energy for a deep sub-barrier fusion hindrance phenomenon and the energy at which the
slope of the sub-barrier capture cross section changes. For the reactions4He + 208Pb,58Ni + 54Fe,48Ca
+ 48Ca,90,96Zr, 40Ca + 90,96Zr, 58Ni + 58,60,64Ni, 60Ni + 89Y, 64Ni + 64Ni,100Mo, 90Zr+90Zr, and16O
+ 208Pb,238U, there is a good agreement between the threshold energyEs for a deep sub-barrier fusion
hindrance phenomenon and the energyEch at which the regime of interaction ((the external turning point
rex leaves the region of the nuclear forces and friction)) changes in the sub-barrier capture process [2].
The valuesEs andEch almost coincide and linearly increase withZ1Z2[A1A2/(A1 + A2)]1/2. In the
special case of the spherical interacting nuclei,Ech is approximately defined as the energy at which the
external turning point coincides with the interaction radiusRint: Ech ≈ V (Rint = rex, J = 0) (V is the
nucleus-nucleus potential fors-wave). The agreement betweenEs andEch seems to be contradictory to
the conclusions of other approaches.

We predicted the sharp change of the slope of the quasielastic barrier distribution below the threshold
energy [2]. This anomalous behavior is expected to be the experimental indication of a change of the
regime of interaction in the sub-barrier capture. One concludes that the quasielastic technique could be
an important tool in capture (fusion) research. However, to check our prediction, very high precision
measurements are required.

The quantum diffusion approach was applied to calculate the capture cross sections for the reactions
92Mo + 92Mo, 104Pd + 104Pd, 94Mo + 94Mo, 100Ru + 100Ru, and78Kr + 112Sn at extreme sub-barrier
energies which are lower than the ground state energies of the compound nuclei [3]. Because the capture
cross section is the sum of the complete fusion and quasifission cross sections, and the complete fusion
cross section is zero at these sub-barrier energies, one can study experimentally the unique quasifission
process in these reactions after the capture. The quasifission near the entrance channel is the unique
binary decay process after the capture. The reactions104Pd +104Pd,100Ru + 100Ru, and78Kr + 112Sn
seem to be optimal systems for a experimental study of the true quasifission at extreme sub-barrier
energies.

[1] V.V.Sargsyan, G.G.Adamian, N.V.Antonenko, W.Scheid, H.Q.Zhang, Phys. Rev. C 84, 064614 (2011).
[2] V.V.Sargsyan, G.G.Adamian, N.V.Antonenko, W.Scheid, H.Q.Zhang, Eur. Phys. J. A (2013) in print.
[3] V.V.Sargsyan, G.G.Adamian, N.V.Antonenko, W.Scheid, H.Q.Zhang, Eur. Phys. J. A 48, 188 (2012).
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Study of three nucleon forces (3NFs) is essentially important in clarifying nuclear phenomena. In
addition to the first signals of the 3NF effects in the binding energies of the 3H and 3He, the significance
of 3NFs has been recently pointed out for descriptions of discrete states in higher mass nuclei. Three nu-
cleon scattering at intermediate energies (E/A ∼ 200 MeV) is one attractive approach to investigate the
dynamical aspects of 3NFs, such as momentum and/or spin dependences. With the aim of clarifying roles
of the 3NFs in nuclei the experimental programs with polarized deuterons beams at intermediate energies
are in progress at RIKEN RI Beam Factory (RIBF) [1]. As the first step, we have measured a complete
set of deuteron analyzing powers in deuteron–proton (dp) elastic scattering at 70–300 MeV/nucleon.

The vector and tensor polarized deuteron beams were accelerated by three cyclotrons, AVF, RRC
and the newly constructed cyclotron SRC. The measurement of deuteron analyzing powers for elastic
dp scattering was carried out using the polarimeter BigDpol installed at the extraction beam line of the
SRC. The deuteron beams bombarded a polyethylene (CH2) target in the scattering chamber. Scattered
deuterons and recoil protons were detected by plastic scintillators in kinematical coincidence conditions.

A part of the obtained data is shown in Fig. 1. The obtained high precision data are compared with
the results of three-nucleon Faddeev calculations based on modern nucleon-nucleon (NN) potentials; i.e.
CD Bonn, Argonne V18, Nijmegen I, and II, alone (a blue band in the figure) or combined with Tucson-
Melbourne’99 3NFs (a red band). Large discrepancies between pure NN theory and data, which are not
resolved by the current 3NFs, are found at the c.m. backward angles for almost all the deuteron analyzing
powers with increasing an energy.

Figure 1: Tensor analyzing power T22 for dp elastic scattering at 250 MeV/nucleon.

[1] K. Sekiguchi et al., Phys. Rev. C 83, 061001 (2011).
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Molybdenum is considered as an alloy component in different advanced nuclear energy 
system developments due to its excellent material properties at elevated temperatures. Improved 
quality and completeness of the data base are needed for reliable prediction of the behavior of the 
materials under such conditions. Of particular importance for the integrity of the structural materials 
is the hydrogen and helium production originating from (n,p) and (n,α) reactions. Improved and 
more complete experimental data for Mo isotopes will help to determine the parameters of nuclear 
models in a more systematic way and allow the verification of model predictions. 

An experimental study of the 92Mo(n,p)92Nbm, 92Mo(n,α)89Zr, 95Mo(n,p)95Nbm, 
95Mo(n,p)95Nb, 96Mo(n,p)96Nb, 97Mo(n,p)97Nb, 98Mo(n,p)98Nbm, 98Mo(n,α)95Zr, 100Mo(n,α) 97Zr, and 
92Mo(n,2n)99Mo activation reaction cross sections were carried out in the 7-15 MeV energy range at 
the CV28 compact cyclotron at Physikalisch-Technische Bundesanstalt, Braunschweig. The PTB 
time-of-flight (TOF) spectrometer with a D(d,n) source is well suited for this difficult energy range 
were significant correction for non-monoenergetic neutrons have to be applied. Gamma-ray 
spectrometry was applied for the measurements of the activity of the reaction products. All cross 
sections were determined relative to 238U(n,f) and 27Al(n,α)24Na standard cross sections obtained 
from ENDF/B-VII library. Corrections were applied for the variation of the neutron fluence in time, 
measurement geometry, dead time effects and coincidence summing effects. 
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Nuclear data are needed in different fields of science and technologies. The collection and 
compilation of experimental nuclear reaction data and the related bibliographic information 
in the EXFOR database (http://www-nds.iaea.org/exfor/) is the main task of the 
International Network of Nuclear Reaction Data Centres (NRDC). The Network 
constitutes of worldwide cooperation of nuclear data centres under the auspices of the 
International Atomic Energy Agency. The scope of the EXFOR database has evolved since 
the first neutron-induced reaction data exchange in 1970 and presently compulsory for 
compilation are neutron-, charged-particle- and photon- induced reaction data for projectile 
energies up to 1 GeV and incident projectiles up to A=12. However, data for heavier 
projectiles and higher energies are compiled in EXFOR as well in order to respond to recent 
developments in science and application. The database presently contains cross section, 
angular-, energy- and double differential cross section,, analyzing power, resonance 
parameters, fission yield and fission neutron multiplicity etc. obtained by about 19600 
experimental works. Users are provided with sophisticated search options, a user-friendly 
retrieval interface for downloading data in different formats, and additional output options 
such as extensive data plotting capabilities. The paper will present some recent IAEA 
Nuclear Data Section activities related to the development of the EXFOR database and 
retrieval system. 
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Reactions with weakly bound stable projectiles have been studied on several targets [1–4] in 

order to investigate the role of breakup channel on scattering and fusion in different mass region. 

Breakup is said to suppress the cross section of complete fusion (CF) of the projectile at energies 

above the barrier compared to the model predictions including the coupled channel calculation. The 

suppression of complete fusion (CF) is accounted for with the process of incomplete fusion (ICF) of 

a part of the weakly bound projectile with the target. In general, the suppression is expected to 

decrease with decreasing charge of the target [5–7]. But in a recent work Kumawat et al. [8] 

demonstrated the existence of a uniform suppression of about 30% of complete fusion cross section 

independent of charge of the target for 
6
Li projectile. The effect was attributed to the dominance of 

nuclear induced breakup over Coulomb breakup for 
6
Li. However, an exception of the trend was 

observed for 
6
Li+

59
Co system. 

In this context, we intend to present our recent measurement of fusion excitation function for 
6
Li +

64
Ni system using the characteristic γ -ray detection technique. The experiment was carried out 

at the TIFR/BARC Pelletron Facility in Mumbai with ∼99% enriched 
64

Ni target. The excitation 

function was measured over the incident energy of 11 to 28 MeV with the barrier for the sys-tem 

being ∼13.8 MeV in laboratory. A thin Be-window n-type and an Al-window p-type HPGe were 

used at for-ward and backward angles. Dominant 2n, 3n and pn evaporation channels coming from 

purely complete fusion process were identified along with other channels from ICF and transfer 

processes. A representative spectrum is shown in Fig.1. Extraction of complete fusion cross section 

for 
6
Li +

64
Ni system and subsequent observation of suppression, if any, will be presented. 

FIG. 1: Representative characteristic γ spectrum from 
6
Li +

64
Ni fusion at 26 MeV. 
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To understand the in-complete fusion (ICF) reaction dynamics at low energies (≈ 4-7 

MeV/A), where complete fusion is expected to be the sole contributor, the excitation functions for 

several radio-nuclides populated in 
13

C+
169

Tm interactions have been measured and analyzed in the 

framework of statistical model. These residues were identified by their characteristic γ-rays and were 

further confirmed from their measured half lives. In these measurements the recoil-catcher technique 

followed by off-line γ-spectrometry has been used. The experiments for the presently studied system 

have been performed at the Inter University Accelerator Centre (IUAC), New Delhi, India using 15 

UD Pelletron Accelerator facilities. In our investigations, some of the radio-nuclides populated are 

found to have contributions from their higher charge isobar pre-cursor decay, which have been 

separated out from the cumulative cross-section using the successive radioactive decays formulations 

[1]. The xn and pxn-channels are found to be satisfactorily reproduced by theoretical calculations. 

Further, in order to look into the production mechanism of α-emitting channels, the experimentally 

measured EFs have been compared with the PACE4 [2] calculations. The measured EFs for α-

emitting channels are found to be significantly enhanced over the calculated values. This 

enhancement may be attributed to the contribution of ICF processes in these reaction channels. In 

order to achieve information on how does the fraction of ICF depend on various entrance channel 

parameters, the incomplete fusion fractions (FICF) have been deduced at these energies. The FICF is a 

measure of relative strength of ICF to the total fusion. A survey of the literature shows that, the 

mass-asymmetry systematic, as suggested by Morgenstern [3], for ICF is modified as a projectile 

dependent mass-asymmetry systematics given by Singh et. al [4]. According to Morgenstern et al. 

[3], the onset of ICF takes place as soon as rel > 0.06 (i.e., 6 % of c) and with increasing probability 

for more mass-asymmetric systems. In a recent communication [5], it has been observed that the ICF 

starts competing with complete fusion at noticeably lower rel -value and displays strong projectile 

dependence. However, Yadav et al. [6], summarized the probability of low energy ICF on the basis 

of α-Q value systematics, where, FICF decreases for projectiles having relatively large negative α-Q 

values. Therefore, in the present work the 
13

C+
169

Tm data has been compared with the existing 
12

C, 
16

O+
169

Tm data [4,7], in order to proclaim the validity of the above systematics at low energies. 

Further details will be presented. 

[1] M. Cavinato et al., Phys. Rev. C 52, 2577 (1995). 
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[3] H. M. Morgenstern et al., Phys. Rev. Lett. 52, 1104 (1984); Phys. Lett. B 113, 463 (1982). 
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The onset of incomplete fusion (ICF) at slightly above barrier energies (Elab≈Vb) and its strong

influence on complete fusion (CF) at relatively higher energies, where CF supposed to be dominant

[1], have been reported recently [2-4]. High quality data on ICF strength function, forward ranges and

angular distributions of heavy recoils have conclusively demonstrated the existance of ICF. However,

how does ICF show up at such low energies is not fairly understood.

Aiming to probe the dynamics of low energy ICF, an experiment has been performed at the Inter-

University Accelerator Center (IUAC), New Delhi. The spin-distributions of various reaction residues

populated via xn/pxn/αxn/2αxn-channels in 16O(Elab≈5.6 AMeV)+169Tm system have been measured

using particle-γ coincidence technique [5]. Prompt γ-rays in coincidence with charged particles (Z=1,2)

have been recorded for channel selection. Reaction dependent decay patterns, which eventually led

to distinctly different spin-distributions of CF and ICF reaction products, have been observed. The

mean value of driving input angular momenta (`) associated with xn/pxn/αxn/2αxn-channels have been

obtained from the analysis of spin-distributions. Higher `-values (` ≥ `crit), imparted into the system in

non-central interactions, are found to be responsible for low energy ICF [5].

In order to confirm the finding reported in our recent letter [5], the similar measurement has been

extended at 10 energies (from 1.02Vb to 1.64Vb) for 12C+169Tm systems. The experimental spin-

distributions have been analyzed to achieve information on input `-values, and to generate feeding inten-

sity profiles of different reaction products. In general, the ICF-αxn/2αxn channels display the involve-

ment of higher `-values than that observed in CF-xn/pxn/αxn/2αxn channels at the very same projectile

energy. The value of ` increases with successively opened ICF channels and incident energy. Further,

It has been observed that the CF products are strongly fed over a broad spin range, while ICF products

are found to be less fed and/or the population of lower spin states are strongly hindered. Experimental

results are found to be consistent with that presented in ref.[5].

Detailed results and systematics obtained from this measurement will be presented during the con-

ference.

[1] H. Morgenstern et al., Phys. Rev. Lett. 52, 1104 (1984); Z. Phys. A 324, 443 (1986); Z. Phys. A 313, 39

(1983).

[2] Abhishek Yadav et al., Phys. Rev. C 86, 014603 (2012); Phys. Rev. C 85, 064617 (2012); Phys. Rev. C 85,

034614 (2012).

[3] Pushpendra P. Singh et al., Phys. Rev. C 77, 014607 (2008); Euro. Phys. Jour. A 34, 29 (2007).

[4] Pushpendra P. Singh et al., Phys. Rev. C 78, 017602 (2008); Phys. Rev. C 80, 064603 (2009).

[5] Pushpendra P. Singh et al., Phys. Lett. B 671, 20 (2009).
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Presence of Kramers predicted dissipation strength in heavy-ion induced reactions is well established 
from the study of different probes like pre-fission neutrons, gamma ray multiplicities from the compound 
nucleus giant dipole resonance (GDR), light charged particles and evaporation residues etc [1].  
Nowadays the research is going on to establish the behavior of nuclear dissipation under various 
observables such as isospin, excitation energy, shell effect etc. The study of shell effect on nuclear 
dissipation is important for the production of super heavy elements (SHE), as SHE are mainly produced 
by cold fusion process, where the maximum excitation energy can be 30-40 MeV, where  shell effect can 
play an important role. Present work mainly deals with the study of effect of shell closure in compound 
nucleus (CN) on nuclear dissipation using neutron multiplicity as a probe. A series of experiments were 
carried out at Inter University Accelerator Center (IUAC), New Delhi using Pelletron and LINAC beam. 
Three isotopes of Fr (213,215,217Fr) are populated by fusion of 19F+194,196,198Pt in the excitation energy range 
of 46.6–91.8 MeV [1]. Out of these 213Fr is shell closed CN (N = 126) and other two are away from shell 
closure (N = 128, 130).  Experimentally obtained neutron multiplicities for different CN are compared 
with statistical model predictions with and without inclusion of shell corrections using both Bohr-Wheeler 
and Kramers modified fission widths. It is observed that the statistical model calculations using Bohr-
Wheeler predictions under-predicts the experimental neutron multiplicity except at the lowest energy, 
which clearly indicate the presence of dissipation effects. During the statistical model calculation using 
Kramer fission width without shell correction, it is observed that excitation energy dependent dissipation 
strength is required to explain the experimental neutron multiplicity and strength of dissipation required 
from 213Fr (N = 126) shell closed CN is quite less as compared to other two CN and this lowering is 
visible up to 91.8 MeV. Later, to understand the lowering of dissipation due to shell closure more clearly, 
the shell effects are included in nuclear mass and fission barrier [2]. It is observed that again the 
excitation energy dependent dissipation strength is required to fit the experimental neutron multiplicity 
and comparison of dissipation strengths for different CN shows that the all the three CN behave similarly 
above 60 MeV excitation energy, whereas a suppression in dissipation strength for shell closed CN (213Fr) 
is observed below 60 MeV. From the present study, it can be concluded that the shell closure in CN 
results in the lowering of nuclear dissipation strength at low excitation energy. Hence the increase in the 
survival probability of SHE due to shell closed CN can be offset by some extent by the lowering of 
dissipation strength.  
[1] D. Hilscher et al., Phys. Rev. C 20, 576 (1979).                                                                                     
[2] Varinderjit Singh et al. Phys. Rev. C 86, 014609 (2012).                                                                       
[3] Varinderjit Singh et al. Phys. Rev. C (to be submitted).  
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We provide first-principle calculations of the nucleon mean-free path in the medium by extending
the many-body Green’s functions formalism to the complex energy domain. Using self-consistent ladder
self-energies, we find the spectra and lifetimes of quasi-particles in nuclear and neutron matter. With a
consistent choice of the group velocity, the nucleon mean-free path can be computed. Our results indicate
that, for energies above 50 MeV at densities close to saturation, a nucleon has a mean-free path of 4 to 5
femtometers. This paves the way toward an ab initio description of transport properties of dense matter.
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Figure 1: Mean-free path of a nucleon in nuclear matter as a function of energy. Upper panel: results
obtained with a CDBonn+3BF self-energy at T = 0 MeV for different approximation schemes. Lower
panel: mean-free path from the fully dressed pole for different NN forces and two different temperatures.

[1] A. Rios, V. Somà., Phys. Rev. Lett 108,012501 (2012).
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The fusion excitation functions of light heavy-ion systems like 12C,16O + 12C,16O show oscillatory
structures above the Coulomb barrier, sometimes caused by resonances. They may also be due to the
penetration of successive centrifugal barriers well separated in energy. Those structures are best revealed
by plotting the derivative of the excitation function [1]. CC calculations based on a shallow potential
in the entrance channel reproduce nicely the oscillations. This implies some consistency with fusion
hindrance at far sub-barrier energies, because the ion-ion potential directly influences both effects.

In heavier systems, the amplitude of oscillations decreases and the peaks get nearer to each other.
This makes the measurements very challenging. We have performed a first experiment for 28Si + 28Si,
by measuring fusion cross sections in an energy range of '15 MeV above the barrier, with 0.5 MeV
lab-energy steps. Previous data marginally suggest the presence of oscillations in this system [2]. The
beam was accelerated by the XTU Tandem of the LNL onto 50 µg/cm2 targets, and fusion-evaporation
residues were detected near 0o. Preliminary results are shown in the figure.

It is remarkable to note that three regular oscillations are clearly observed. The predicted oscillatory
structure of Ref.[1] (full line in the figure) is in good agreement with the observations. The final result of
the experiment, together with our recent data down to far sub-barrier energies, will be analyzed within
the CC model, and will provide a stringent test for the calculations, in particular for the choice of the
ion-ion potential, and for the possible relation of the observed structures with resonances.
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Figure 1: (left) Fusion cross sections of 28Si + 28Si; statistical uncertainties are close to 1% for all points.
(right) Energy-weighted derivative of the excitation function, compared to the prediction of Ref.[1].

[1] H.Esbensen, Phys. Rev. C 85, 064611 (2012).
[2] S. Gary and C. Volant, Phys. Rev. C 25, 1877 (1982); Y. Nagashima et al., Phys. Rev. C 33, 176 (1986).
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Understanding the interaction between nucleons is fundamental for nuclear physics and a starting
point for describing properties of nuclei and reactions involving nucleons. Observables for three-nucleon
(3N) systems constitute an important basis for testing modern theories of these interactions. Polarization
observables can be sensitive to smaller and different dynamical ingredients as compared to cross section,
therefore they are necessary for comprehensive understanding of the system.

High precision data for vector and tensor analyzing powers of the 1H(⃗d,d)p elastics scattering and
1H(⃗d,pp)n breakup reaction at 130 and 100 MeV deuteron beam energies have been measured at KVI
in a large fraction of the phase space [1,2,3]. They are compared to the theoretical predictions based on
various approaches to describe the three nucleon (3N) system dynamics. Theoretical predictions describe
very well the vector analyzing power data for both studied processes, with no need to include any three-
nucleon force. Tensor analyzing powers can be also very well reproduced by calculations in most of the
studied region, but locally certain discrepancies are observed. In the case of breakup process at 130 MeV,
the discrepancies appear for Axy when model 3N forces are included. Predicted effects of 3NFs are much
lower at 100 MeV. At this energy equally good consistency between the data and the calculations, with
or without 3NFs, is obtained. On the other hand, Coulomb interaction starts to play the role and has to
be included into calculations in order to reproduce experimental data. Conclusions following from that
analysis will be confronted with the data obtained at other beam energies.

[1] E. Stephan et al., Phys. Rev. C 76, 057001 (2007).
[2] E. Stephan et al., Eur. Phys. J. A 42, 13 (2009).
[3] E. Stephan et al., Phys. Rev. C 82, 014003 (2010).
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Accelerated beams of short-lived radioactive nuclei have been available for a few years from 
different facilities around the world. Heavy-ion collisions using radioactive ion beams (RIB) gives 
the possibility to study the equation of state of nuclear matter with different neutron-to-proton (N/Z) 
ratios. RIB are available with energies up to 15 MeV per nucleon at TRIUMF from the ISAC II  
superconducting linear accelerator [1]. The HERACLES multidetector is used to study heavy-ion 
collisions at TRIUMF, with ion beams with an energy range between 8 to 15 MeV per nucleon [2].  
Seventy-eight detectors are axially distributed around the beam axis in 6 rings allowing detection of 
multiple charged fragments from nuclear reactions. Experimental data was collected by HERACLES 
from a radioactive ² Na beam and a stable ² Mg beam at 9.23 MeV per nucleon on a carbon target.⁵ ⁵  
For analysis, we compare energy spectra and isotopic ratios from both projectiles with an hybrid  
code. Antisymmetrized Molecular Dynamics (AMD) [3] is used to treat the dynamics of colliding 
systems and GEMINI [4] for the statistical deexcitation of fragments. 

[1] M. Marchetto, ISAC-II Operations and Future Plans, LINAC’08, Victoria, BC, Canada, August 
2008;
[2] J. Gauthier,  Ph.D. Thesis, Université Laval (2012), Ratios isotopiques de fragments légers et  
opérations du multidétecteur HERACLES à l'accélérateur ISAC-II;
[3] A. Ono, et al., Prog. Part. Nucl. Phys. 53  (2004) 501;
[4] R.J. Charity, et al., Nuclear Phys. A 483 (1988) 371.
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We study the inelastic neutron-deuteron scattering on the basis of the configuration-space Faddeev-

Noyes equations [1]. The Merkuriev-Gignoux-Laverne approach [2] is generalized for arbitrary 

nucleon-nucleon potentials and with an arbitrary number of partial waves.  

A new computational method for solving the nucleon-deuteron breakup scattering problem is 

proposed. This method is based on the spline-decomposition in the angular variable and on a 

generalization of the Numerov method for the hyperradius (see Ref. [3]). 

Neutron-deuteron observables are calculated using the Argonne AV14 nucleon-nucleon 

potential at the incident nucleon energy 14.1 MeV. Convergence of numerical results with respect to 

maximum value of the three-body angular momentum M is studied. Accuracy of elastic amplitudes 

computed is checked by using more detail grids in the angular variable. These amplitudes are applied 

for calculations of the elastic differential cross-section, and the nucleon A
y
and deuteron 

iT
11

analyzing power. The breakup amplitudes have been calculated under FSI configuration. To 

calculate elastic and breakup amplitudes, we take into account all orbital angular momenta of 

subsystems ℓ and λ ≤ 4, the total angular momentum of a pair nucleons j ≤ 3, and the total three-body 

angular momentum M up to 13/2. For the elastic observables we have obtained a good agreement 

with theoretical predictions of the Bochum [4] and Grenoble [5] group. All predictions for analyzing 

powers have considerable discrepancies with the experimental data [6,7].  

For the nd breakup scattering at E
lab

=14.1 MeV the angular distribution and nucleon 

analyzing power A
y
have been calculated. In this case agreement with the experimental data [8] and 

the prediction of the Bochum group [9] for the nucleon analyzing power A
y
have only qualitative 

character. These preliminary results are currently under study. 

This work is supported by NSF CREST (HRD-0833184) and NASA (NNX09AV07A) 
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Acta Physica (Austriaca) Suppl. XXIII, 65 (1981). 
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[9] H. Witala, W. Glöckle, and Th. Cornelius, Nucleon-induced deuteron breakup: Analysis of 14.1 
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	 Interaction cross sections (σI) for Na isotopes from stability line to the vicinity of the neutron drip 
line have been measured at around 240A MeV. The σI for 33-35Na have been measured for the first 
time. The experiment was carried out by using BigRIPS at RIBF. 
 
The halo and skin structures at the nuclear surface 
have attracted much interest. These exotic structures 
were discovered by measurements of interaction cross 
sections[1,2]. In this work, we measured σI for Na 
isotopes including the nuclei that are located in or near 
the so-called “island of inversion”. Figure 1 shows the 
mass number dependence of σI for 22-35Na isotopes on 
C targets. Starting at mass number 28, the present data 
deviate from systematics for stable nuclei with 
increasing mass number. The tendency of σI for 22-31Na 
isotopes corresponds with that of nuclear deformation 
parameter β2. From the present data, the root mean 
square nuclear matter radii <rm

2>1/2 were determined 
by using Glauber-type calculation. These <rm

2>1/2 are 
almost in agreement with theoretical calculation by 
relativistic mean field model (RMF) [3]. A monotonic 
growth of the neutron skin thickness has been 
observed as the neutron number increases in Na 
isotopes.  This results  are  consistent  with  results  in  
ref. 2. Moreover, the shell structures of neutron excess 
Na isotopes will be discussed.     
 
[1] I. Tanihata et al., Phys. Rev. Lett. 55, 2676 (1985). 
[2] T. Suzuki et al., Phys Rev. Lett. 75, 3241 (1995). 
[3] L. S. Geng et al., Nuclear Phys. A 730, 80 (2004). 

Figure 1: The observed mass number dependence 
of interaction cross sections for Na isotopes on C 
targets. 
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We shortly review physics related to the production of particles in peripheral ultrarelativistic heavy
ion reactions. Several processes will be discussed such as production of pairs of charged muons, pairs of
pions, pairs of charmed quarks, and vector mesons (ρ0, J/ψ or their radial excitation). The production
occurs when heavy nuclei pass each other at impact parameter from2RA to several thousands of fermis.

Ultrarelativistic heavy ions are a strong source of quasi-real photons. Therefore two competing
mechanisms will be considered: photon-photon fusion and high-energy photoproduction on nuclei.
The interrelations between these two mechanisms were not studied so far in the literature. Such pro-
cesses are under current evaluation at RHIC and LHC. Due to large charges of heavy ions the related
cross sections are very large. Several processes will be discussed in detail. Some experimental results
will be review as well. The photon-photon collisions are interested per se and are related with physics
relevant at LEP, BELLE or BABAR. The production of vector mesons is related to physics of gluon sat-
uration studied in electron deep-inelastic scattering off proton and less peripheral heavy-ion collisions.

The presentation will be based mostly on our papers published in recent years.

[1] M. Kłusek, A. Szczurek, and W. Schäfer,
Phys. Lett.B674 (2009) 92.
[2] M. Kłusek-Gawenda and A. Szczurek,
Phys. Rev.C82 (2010) 014904.
[3] M. Kłusek-Gawenda, A. Szczurek, M. V. T. Machado an d V. G. Serbo,
Phys. Rev.C83 (2011) 024903.
[4] M. Kłusek-Gawenda and A. Szczurek,
Phys. Lett.B700 (2011) 322.
[5] A. Cisek, W. Schäfer and A. Szczurek,
Phys. Rev.C86 (2012) 014905.
[6] S. Baranov, A. Cisek, M. Kłusek-Gawenda, W. Schäfer and A. Szczurek,
arXiv: 1208.5917 [hep-ph].
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Soić1, A. M. Stefanini2, C. A. Ur3, J. J. Valiente-Dobón2
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Transfer reactions play an essential role in the study of collision dynamics and nuclear structure.
They have an important impact in the understanding of correlations in the nuclear medium, and play a
very important role for the study of the evolution from the quasi-elastic to the deep-inelastic and fusion
regime [1]. In the heavy-ion induced transfer reactions, the constituents of the collision may exchange
many nucleons, thus providing information on the contribution of single particle and correlated particle
transfers, and on the contribution of surface vibrations (bosons) and their coupling with single particles
(fermions).

The recent revival of transfer reaction studies greatly benefited from the construction of the new gen-
eration large solid angle spectrometers based on trajectory reconstruction that reached an unprecedented
efficiency and selectivity. The coupling of these spectrometers with large γ arrays allowed the identifi-
cation of individual excited states and their population pattern. In this work selected results obtained by
using Prisma spectrometer [2] will be presented. Special emphasis will be placed on the major achieve-
ments of the last years, as was the extraction of absolute differential cross sections via a careful study
the response function of the spectrometer [3,4]. This fact was of crucial value in the extraction of the
pair-transfer stregths [5,6,7].

In addition, a new preliminary results of the test of pair-correlation properties in heavy ion induced
reactions by populating at once ±(nn), ±(pp) and ±(np) channels will be dicussed [8]. Especially the
role played by neutron-proton correlations. Nuclear models point out that such a correlation is expected
to be strongest in N ∼ Z nuclei, where protons and neutrons occupy the same orbitals.

[1] L. Corradi, G. Pollarolo, and S. Szilner, J. of Phys. G 36, 113101 (2009).
[2] S. Szilner et al., Phys. Rev. C 74, 024604 (2007).
[3] D. Montanari et al., Eur. Phys. J. A 47, 4 (2011).
[4] T. Mijatović et al., NUCLEAR STRUCTURE AND DYNAMICS 2012, edited by T. Nikšić et al., AIP Conf.
Proc. 1491, 346 (2012).

[5] L. Corradi et al., Phys. Rev. C 84, 034603 (2011).
[6] D. Montanari et al., NUCLEAR STRUCTURE AND DYNAMICS 2012, edited by T. Nikšić et al., AIP Conf.
Proc. 1491, 377 (2012).
[7] S. Szilner et al., Phys. Rev. C 84, 014325 (2011).
[8] S. Szilner, L. Corradi, and D. Montanari, INFN-LNL PAC proposal 2012.

NR 189



International Nuclear Physics Conference INPC2013: 27 June 2013, Firenze, Italy

Influence of Mass of the Fragmenting System on Projectile 
Multifragmentation

R. Talukdar, B. Bhattacharjee

 Department of Physics, Gauhati University, Assam, India

Contact email: rupalimtalukdar@gmail.com

We have studied multifragment decays of Mg projectiles after collisions with various 
emulsion   targets   at   a   bombarding   energy   of   4.5   AGeV.   In   the   study   of   projectile 
multifragmentation, the bound charge Zb , which is the sum of all projectile fragments with 
charge ZPF  ≥ 2, is considered to be one of the important observables. Correlation between 
mean number of intermediate mass fragments <NIMF> and Zb is one of the most interesting 
aspects of studying projectile multifragmentation. In this report an attempt has been made to 
study the variation of <NIMF> on the mass of the fragmenting system Zb  [12] for MgEm 
interaction at 4.5 AGeV and compare the result with the results reported by ALADIN and 
KLMM [14].  A rise  and fall  pattern  in  <NIMF> vs Zb  plot  with  the maximum value of 
<NIMF> corresponding to the value of Zb = 67 could be observed for our MgEm system. 
The value of bound charge corresponding  to  the maximum value of average number of 
intermediate  mass fragments is found to be consistent with  the results reported by other 
workers. The variation of <NIMF> on Zb normalized with the projectile charge Zp indicates a 
clear size effect for the studied systems.  

.

[1].  J Hubele et al., Z. Phys. A340,  263 (1991).
[2].  A Dabrowska et al., Acta Physica Polonica B31(3) ,725 (2000).
[3].  M L Cherry et al., Phys. Rev. C52(5), 2652 (1995).
[4].  A Schuttauf et al.,  Nucl. Phys. A607, 457 (1996).
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The loosely bound structure of halo nuclei should affect the collisions with heavy targets at 
energies around the Coulomb barrier. One can thus expect a departure from Rutherford scattering. 
This deviation shed light on the structure as well as on how the scattering process depends upon the 
coupling to the continuum. 

The interplay of two effects will occur: Firstly, the Coulomb break-up reduces the elastic 
cross section. Secondly, the distortion of the wave function, generated by the displacement of the 
charged core with respect to the centre of mass of the nucleus, reduces the Coulomb repulsion, and 
thus the elastic cross sections. 

We report here on a series of experiments performed at different facilities to study the 
behaviour of the scattering of the light halo nuclei 6He, 11Li and 11Be on lead. The results are 
interpreted in the framework of 4-body Continuum-Discretized Coupled-Channel calculations. The 
departure from Rutherford scattering at energies below the barrier is well beyond the expected 
behaviour. Furthermore, the breakup probability data shed light on the effective breakup energy as 
well as on the slope of the B(E1) distribution.  
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Nuclear structure is known to change dramatically close to the driplines (e.g. halo-structure, clustering).
At large isospin, the varying influence of components of the nuclear interaction, such as the tensor, the
3-body and the spin-orbit part, leads to modifications of the traditional shell structure, see e.g. [1] for
a recent review. The resulting changes of the nuclear structure make nuclei at and beyond the neutron
dripline an interesting target for experimental studies.
The S393 experiment, performed at the LAND/R3B (Reactions with Relativistic Radioactive Beams)
setup at GSI, aims at studying a large number of light nuclei near the neutron dripline in complete
kinematics. In particular the experiment provides data for studying the cluster structure of Beryllium
isotopes, extracting (n,γ) rates for r-process nucleosynthesis, deriving single-particle spectroscopic fac-
tors, and studying the shell structure of nuclei near and beyond the neutron dripline. Radioactive beams
with of nuclei in the range from Z = 4 to Z = 10 with kinetic energies around 490 AMeV were provided
by the GSI fragment separator FRS.
The LAND/R3B setup (shown in Fig. 1), being the precursor and transitional setup to R3B at FAIR,
allows for experiments in complete kinematics. This is facilitated by the high kinetic energies of the
secondary beams available at GSI, which lead to relativistically forward-focused reaction products. This
provides optimal conditions to study quasifree scattering [2], specifically (p,2p) and (p,pn) reactions,
which are important in order to create and study unbound nuclei. For example the latter are created when
a nucleus at the neutron dripline undergoes a (p,2p) reaction with the target. Detecting the two protons
from the reaction plus the products of the resulting break-up, one is able to tag the reaction mechanism
exclusively.
Measuring the momentum distributions of the outgoing particles allows to study single particle states
and offers a second method to reconstruct the recoil momentum, apart from measuring it directly.
The data analysis is ongoing. Identified reaction channels and the current status of the analysis, which
focuses on quasifree knockout reactions and unbound neutron rich nuclei, will be presented.
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Figure 1: A schematic drawing of the LAND/R3B setup used during the S393 experiment. Not to scale.

[1] Nobel Symposium 152: Physics with Radioactive Beams, Phys. Scr. (2013, in press);
[2] T. Aumann, Eur. Phys. J. A 26, 441-478 (2005).
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It is long known that the experimental cross sections of (d,p) reactions are best reproduced by the-
oretical calculations if deuteron breakup is accounted for. Such calculations, performed usually in the
adiabatic model, use local neutron and proton optical potentials taken at half the deuteron energy in or-
der to calculate the distortion in the incident channel. However, it is also known that nucleon optical
potentials are non-local due to the complex nature of the target. What has been an open question until
now is how the adiabatic model should be modified to include these non-localities. We propose a model
in which all the complexity of the continuum n + p + A effects and the non-localities in the p-A and n-A
interactions is reduced to a simple two-body equation with an effective deuteron potential which is easy
to construct. Such a potential can be read in by existing transfer reaction codes thus giving our approach
the opportunity to being widely used. We demonstrate that in our new approach the effective deuteron
potential is reduced with respect to the traditional adiabatic potential and quantify the influence of this
effect on (d,p) cross sections.
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Elastic scattering experiments provide a first information on the overall reactivity of an exotic pro-
jectile. We have recently undertaken a research program aimed at measuring the 17O elastic scattering
process from medium and heavy targets, being 17O (Sn = 4.143 MeV) a good reference case for its mirror
nucleus: the weakly-bound and radioactive 17F (Sp = 0.600 MeV).

The experiment was performed at the Laboratori Nazionali di Legnaro with an 17O beam impinging
on a 58Ni (150 µg/cm2) target from 42.5 to 55 MeV in 2.5 MeV steps and on a 208Pb (200 µg/cm2) target
at 5 energies in the interval 78-87 MeV. We used three modules of the EXPADES detector array (whose
commissioning is reported in another contribution to this conference). Two 300 µm thick Double Sided
silicon Strip Detectors (DSSSDs) were placed symmetrically to the beam axis to cover the angular range
θlab = [36◦-74◦]. A DSSSD telescope (40+300 µm) was placed at backward angles to cover the range
θlab = [95◦-125◦]. Left and right panels of Fig. 1 show the 17O elastic scattering angular distributions on
58Ni and 208Pb, respectively.

The results were analyzed within the framework of the optical model to extract the reaction cross
sections (shown in the insets), which, after being scaled for the different projectile atomic numbers,
result to be larger for the stable well-bound 17O rather than for the weakly-bound radioactive 17F. This
outcome suggests, that for the pair 17O-17F nuclear structure effects are more relevant than the projectile
binding energy in the reaction dynamics at Coulomb barrier energies.
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Figure 1: 17O angular distribution for the systems 17O+58Ni (left) 17O+208Pb (right). Continuous lines
are the results of optical model best-fits of the collected data. The insets show the reduced reaction cross
sections for the systems 17O,17F+58Ni (left) and 17O,17F+208Pb (right).
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The sustainable use of nuclear energy as a means of reducing reliance on fossil-fuel for energy
production has motivated the development of nuclear systems characterised by a more efficient use of
nuclear fuels, a lower production of nuclear waste, economic viability and competitiveness and minimal
risk of proliferation of nuclear material and is being pursued by international collaborations [1]. The
accurate knowledge of relevant nuclear data is crucial for feasibility and performance studies of advanced
nuclear systems, including Accelerator Driven Systems (ADS) and Generation IV reactors. These data
include neutron cross sections of a variety of plutonium isotopes and other minor actinides, such as
neptunium, americium and curium.

In this context, the 240,242Pu(n,f) cross sections were measured relative to the well-known 235U(n,f)
cross section. These isotopes are included in the Nuclear Energy Agency (NEA) High Priority List [2]
and the NEA WPEC Subgroup 26 Report on the accuracy of nuclear data for advanced reactor design
[3]. The measurements were performed at the CERN n TOF facility [4], taking advantage of the wide
energy range (from thermal to GeV) and the high instantaneous flux of the n TOF neutron beam.

The measurements were carried out with the innovative Micromegas (Micro-MEsh GAseous Struc-
ture) gas detector [5]. The gas volume of the Micromegas is separated into a charge collection region
(several mm) and an amplification region (tens of µm) by a thin “micromesh” with 35 µm diameter holes
on its surface. The amplification that takes place in the amplification region significantly improves the
signal-to-noise ratio of the detector. A chamber capable of holding up to 10 sample-detector modules
was constructed and used to house the plutonium samples (4×240PuO2, 4×242PuO2, with a total mass
of 3.1 and 3.6 mg respectively for each isotope) and a reference 235U sample (3.3 mg). The detector was
operated with an Ar:CF4:isoC4H10 gas mixture. The behaviour of the detectors was studied in detail by
means of Monte Carlo simulations performed with the FLUKA code [6], focusing particularly on the
reproduction of the pulse height spectra for α-particles and fission fragments for the evaluation of the
detector efficiency and the quality of the peak-search routine.

[1] Generation-IV International Forum, http://www.gen-4.org/, International Framework for Nuclear Energy Co-
operation (IFNEC), http://www.ifnec.org/;
[2] NEA Nuclear Data High Priority Request List, http://www.nea.fr/html/dbdata/hprl/;
[3] OECD/NEA Working Party on Evaluation and Co-operation (WPEC) Subgroup 26 Final Report: Uncertainty
and Target Accuracy Assessment for Innovative Systems Using Recent Covariance Data Evaluations,
http://www.nea.fr/html/science/wpec/volume26/volume26.pdf;
[4] C. Guerrero, A. Tsinganis et al. (the n TOF collaboration), Performance of the neutron time-of-flight n TOF
facility at CERN, submitted to Nucl. Instr. and Meth. A, 2012;
[5] Y. Giomataris, Ph. Rebourgeard, J.P. Robert, G. Charpak, MICROMEGAS: a high-granularity position-sensitive
gaseous detector for high particle-flux environments, Nucl. Instr. Meth. A, 376 29-35, 1996;
[6] G. Battistoni et al., The FLUKA code: Description and benchmarking, Proceedings of the Hadronic Shower
Simulation Workshop 2006, FERMILAB 6–8 September 2006, AIP Conf. Proc. 896, pages 31–49 and A. Fassò,
A. Ferrari, J. Ranft, and P.R. Sala, FLUKA: A multi-particle transport code, Tech. Rep. CERN-2005-10, INFN/TC 05/11,
SLAC-R-73, 2005.
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The correlation between the sub-barrier resonant behaviour of fission cross-section of non-
fissile actinides characterizing the pre-scission stage and the non-statistical fluctuations of their 
fission fragment and prompt neutron data (characterizing the post-scission stage) around the incident 
energies of resonances is outlined and supported by quantitative results for three fertile actinides 
238U(n,f), 234U(n,f) and 232Th(n,f).  

The pre-scission stage (when only one nucleus is involved with the evolution on the fission 
path) includes the calculation of neutron-induced cross-sections, focusing on the fission cross-
section. The calculation is done in the frame of the refined statistical model for fission with sub-
barrier effects included in the STATIS code (for details see for instance Ref.[1] and references 
therein) and also implemented in the code EMPIRE (details can be found for instance in Ref.[2] and 
references therein).  

The post-scission stage (involving many nuclei, the fission fragments, emitting prompt 
neutrons and gammas according to their structure properties and excitation energy partition) is 
treated in the frame of the Point-by-Point (PbP) model (for details see the appendix of Ref.[3] and 
references therein). Total average quantities, characterizing both fission fragments and prompt 
neutron emission, as a function of incident neutron energy (obtained by averaging the PbP results as 
a function of fragment over the fission fragment distributions) reveal variations around the energies 
of sub-barrier resonances in the fission cross-section. This correlated behaviour making the link 
between the pre-and post scission stages. 

In the pre-scission stage, the sub-barrier resonances of experimental fission cross-section 
data are very well described by our model calculations performed for 234,238U and 232Th. The neutron-
induced cross-sections of competitive processes (elastic and inelastic scattering and gamma-capture) 
are also obtained in good agreement with existing experimental data.  

In the post-scission stage, the primary results of the PbP model, consisting in the so-called 
multi-parametric matrices of quantities characterizing both fission fragments and prompt neutron 
emission (such as level density parameter a(Z,A,TKE), prompt neutron multiplicity ν(Z,A,TKE)) are 
averaged over experimental fragment distributions. The resulted total average quantities, such as 
energy release <Er>, level density parameter <a>, average neutron separation energy from fragments 
<Sn>, prompt neutron multiplicity <ν> as a function incident energy (En), exhibit visible non-
statistical fluctuations around En of sub-barrier fission cross-section resonances. In the case of 
238U(n,f) more details about can be found in Ref.[4]. 

For the first time prompt emission quantities (such as prompt neutron multiplicity and 
spectra, prompt gamma-ray energy and so on) are calculated for 234U(n,f) and 232Th(n,f) at many En 
and are obtained in very good agreement with existing experimental data. Average prompt emission 
quantities as a function of TKE, such as <ν>(TKE), <ε>(TKE), (obtained by averaging the 
corresponding PbP multi-parametric matrices over the double distributions Y(A,TKE) as described 
in Ref.[3]) are calculated at many En revealing interesting behaviours: the slope dTKE/dν practically 
does not vary with En and the flattening of <ν> at low TKE values is more pronounced at low En. 
 
[1] G. Vladuca et al., Nucl.Phys.A 740, 3-19 (2004);  
[2] M. Sin et al., Phys.Rev.C 74, 014608 (2006); 
[3] A. Tudora, Ann.Nucl.Energy 53, 507-518 (2013); 
[4] A. Tudora et al., Nucl. Phys. A 890-891, 77-101 (2002). 
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High-spin resonances well above the Coulomb barrier in 28Si+28Si system exhibit a number of sharp
peaks correlated among the elastic and inelastic channels. In their angle-averaged excitation functions,
bumps are seen corresponding to the grazing angular momenta, and several sharp peaks are found on each
bump [1]. Angular correlation measurements for 28Si + 28Si at Ecm = 55.8MeV show characteristic
features [2]. We analyzed the correlations by using normal modes of the equilibrium configuration of
interacting two oblate nuclei, and found that the molecular ground state reproduces those characteristic
features of the angular correlations very well [3].

We expect that some of those sharp peaks on the bump correspond to wobbling excited states, and
thus we have analyzed their angular correlations. In the high spin limit (|K|/J ∼ 0), we obtain analyt-
ical wobbling (K-mixing) solutions as Fn(K) = Hn(K/b) exp(−K2/2b2), with Hermite polynomials
Hn for n-th excited states, which provides a good perspective [4]. Oscillating behaviors of the coeffi-
cients of the K-substates give rise to wobbling excitations. For numerical calculations, we have exactly
diagonalized hamiltonian of a triaxial rotator, and have used the solutions.

The fragment-fragment-γ angular correlations in the mutual 2+ channel decays are displayed in
fig. 1, which are classified for three quantization z-axes: (a) beam direction, (b) normal to the plane and
(c) fragment direction taken perpendicular to the axes (a) and (b). Solid lines show theoretical results of
the molecular ground state with J = 38, which have dominant m
= 0 (disalignment) in (b). It is found that the molecular ground
state reproduces the measured correlations very well [2, 3]. Further-
more predictions are given for the first and second excited states of
the wobbling motion. Apparently the excited states exhibit differ-
ent characteristics from those of the molecular ground state. For the
first excited state (dashed lines), with a dominant m = 2 pattern in
(b), a strong alignment is indicated. The second excited state (dotted
lines) gives dominant m = 2 pattern in (a), due to high K-rotation.
(The fragment spins are parallel to the molecular z′-axis, which is
seen commonly in the twisting motion.) Decay properties have been
also investigated; due to the alignment, the wobbling excited states
show strong suppression in the elastic channel, which is consistent
with the data around Ecm = 57MeV [1].

Finally, the molecular ground state with J = 38 is a good can-
didate for the resonance at Ecm = 55.8MeV. In addition, we have
predicted angular correlations for the wobbling excited states. Ex-
periments on the nearby resonances are strongly called for, which
will unveil the long-standing mystery of the high-spin resonances in
heavy-ion collisions.
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Figure 1: Angular correla-
tions of 28Si+ 28Si decays at
Ecm = 55.8MeV

[1] R.R. Betts, B.B. Back and B.G. Glagola, Phys. Rev. Lett. 47, 23 (1981).
[2] R. Nouicer and C. Beck et al., Phys. Rev. C60, 041303 (1999).
[3] E. Uegaki and Y. Abe, Prog. Theor. Phys. 127, 877 (2012).
[4] E. Uegaki and Y. Abe, Prog. Theor. Phys. 127, 831 (2012).
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High-spin resonances well above the Coulomb barrier in the 28Si + 28Si system exhibit a number of
narrow and prominent peaks correlated among the elastic and inelastic channels, which suggest rather
long-lived compound system [1,2]. Disalignments between the orbital angular momentum and the frag-
ment spins at Ecm = 55.8MeV have been indicated by the angular distributions in the inelastic channels
that show dominance of a single orbital angular momentum L = J = 38 [3].

By using a molecular model the authors found the equilibrium configuration of interacting two oblate
nuclei to be the equator-equator (E-E) one as displayed in fig. 1 [4]. The axis of the largest moment of
inertia is normal to the plane defined by the two pancake-like 28Si nuclei, which is assigned approxi-
mately to be the reaction plane of the molecular ground-state resonance of a high-spin state, as explained
later. The spins of the 28Si fragments are in this plane, not normal to the plane, since no rotation can
occur about the symmetry axes of 28Si. Thus, the spins of 28Si are disaligned with the orbital angular
momentum, which naturally explains the experimental observation.

In order to study distribution of the spin orientations in the dinuclear molecule, we further investigate
the rotational state of the total system [4]. Since the E-E configuration is triaxial, rotations of the total
system induce mixing of K-quantum numbers. At a given angular momentum J , the triaxial configura-
tion rotates preferentially about the axis corresponding to the largest moment of inertia in the state with
the lowest energy, which is called wobbling. In the high spin limit (|K|/J ∼ 0), the analytical wobbling
(K-mixing) weights are given by a gaussian distribution, and we have the wave function for the wobbling
ground state as ΨJM

λ ∼
∑

K exp(−K2/2b2)DJ
MK(θi)χK(R,α, β1, β2), where χK describe the motions

of the internal degrees of freedom, which are in the zero-point vibrations at the equilibrium configuration
illustrated in fig. 1. As a matter of course, the K-mixing
given above provides a quantitative description of the frag-
ment spin distribution [5], which has turned out to clarify
that the angular correlation measurements for 28Si + 28Si
made with 4π gamma detectors have provided crucially im-
portant information on resonances [3].

In conclusion, study of the 28Si+ 28Si system by the di-
nuclear molecular model gives variety of molecular states.
In them the molecular ground state with J = 38 is a candi-
date responsible for the resonance at Ecm = 55.8MeV[4,5].
For systematic study for excitations of the molecular modes,
the same kind of information on the other nearby resonances
of 28Si + 28Si is strongly called for.
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Figure 1: 28Si − 28Si molecular
ground-state configuration and spin
directions.

[1] R.R. Betts et al., Phys. Lett. 100B, 117 (1981).
[2] R.R. Betts et al., Phys. Rev. Lett. 47, 23 (1981).
[3] R. Nouicer and C. Beck et al., Phys. Rev. C60, 041303 (1999).
[4] E. Uegaki and Y. Abe, Prog. Theor. Phys. 127, 831 (2012).
[5] E. Uegaki and Y. Abe, Prog. Theor. Phys. 127, 877 (2012).
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Measurement of light charged particles in the decay channels of
medium-mass excited compound nuclei
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The 48Ti on 40Ca reactions have been studied at 300 and 600 MeV using the Tandem-ALPI accel-
erator complex at Laboratori Nazionali di Legnaro. The reactions have been analyzed focusing on the
fusion-evaporation (FE) and fusion-fission (FF) exit channels, which dominates in symmetric entrance
channel collision at moderate bombarding energies. In particular, the energy spectra, angular distribu-
tions, and multiplicities of the emitted light charged particles in the two reaction channels FE and FF
will be discussed. An estimation of the absolute cross sections for both channels will be also given. The
experimental results will be then compared to Monte Carlo simulations based on the statistical model.
The comparison between the results obtained from the same system populated at two excitation energies
is important to evidence the possible growing of non-equilibrium effects. At the lower energy complete
fusion is expected to exhaust almost the whole central collision cross section, with a consequent negligi-
ble non-equilibrium emission. This reaction may therefore be used to keep under control the statistical
code parameters. Results on the comparison between the two reactions energies will be discussed.

Indeed, very few data exist in literature which are coming from coincidence measurements between
evaporation residues and light charged particles for compound nuclei with mass A < 150. That is why
statistical model parameters are not completely tested in this mass region. The present work, which deals
with the de-excitation of 88Mo, is therefore very interesting because experimental results will help in
refining the statistical description of the decay of hot and rotating nuclei with moderate size.
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Measurements of neutron elastic and inelastic scattering on 23Na have been performed for 
sixteen incident neutron energies above 1.5 MeV with the 7-MV CN Van de Graaff at the University 
of Kentucky Accelerator Laboratory using the 3H(p,n) reaction as the neutron source. These 
measurements were supplemented with γ-ray excitation functions using the (n,n'γ) reaction. The 
time-of-flight technique is employed for background reduction in both neutron and γ-ray 
measurements as a means to determine the energy of the scattered neutrons.  Cross section 
measurements at the laboratory support fuel cycle and structural materials research and development. 

Previous reaction model evaluations [1] relied primarily on total cross sections and four 
(n,n0) and (n,n1) angular distributions in the En = 5 to 9 MeV range.  The inclusion of more inelastic 
channels provides additional information on direct couplings as a function of angular momentum 
transfer.  Model calculations examining collective and compound properties will be presented. 

Research at the University of Kentucky Accelerator Laboratory is supported by grants from 
the U.S. Department of Energy-Nuclear Energy Universities Program, the U.S. National Science 
Foundation, the USMA Nuclear Science and Engineering Research Center, the USNA James 
Kinnear Fellowship, and the Cowan Physics Fund at the University of Dallas.   
 
 
 
 
[1] B. Strohmaier, Ann. Nucl. Energy 20, 533 (1993). 
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Dynamics of the collinear ternary fission decay
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We have performed systematic work on the search for true ternary fission, with three fragments of com-
parable masses, e.g. in252Cf(sf,fff) and 235U(n,fff). From numerous studies in the last decades (see
Pyatkov et al.[1] and refs.) we have learnt, that for intermediate mass ternary fragments such decay will
be collinear and special experimental techniques (missing mass), are needed to study these. The signature
is obtained in binary TOF (based on gas detectors [1]) coincidences between two fragmrnts (θrel = 180◦),
with a dispersive medium in one of the detector arms and a support grid of the foils at the entrance of the
ionisation chambers. With two fragments which are originally collinear, they are separated by a small
angle, 2◦, which allows the blocking of one of the lighter fragments leading tomissing mass events.
The process was named “collinear cluster tri-partition”, CCT. The relatively high yield of the CCT-effect
(more than 10−3 per binary fission) in the channels like,132Sn + 50Ca + 72Ni, are explained. For the
dynamics of the process we have calculated within the fragmentation valley the opening angle for frag-
ments in the collinear decay, see Fig.1. For the process to be considered sequential, the kinetic energies
[2] of the fragments are obtained. The third fragments have very low kinetic energies (below 20 MeV),
but span a large phase space due to the favourable Q-values, which contains about 25 mass-combinations
of nuclei with their excited states, and spins. This explains the large overall yield compared to previous
work onternary fission, where a light fragment in the decay is assumed to produce a triangle for the
three vectors of the fragments in the detectors.
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Figure 1:Potential energy of ternary fragmentsA1,A2 andA3 as functionof the angles between them.
Right: The relative angles of the three fragments in ternary (CCT) fission decay for252Cf (sf).

[1] Y. V. Pyatkov, D.V. Kamanin, W. von Oertzen, et al. Eur. Phys. J. A 45, 29 (2010).
[2] K.R. Vijayaraghavan, W. von Oertzen, M. Balasubramaniam, Eur. Phys. J. A 48, 27 (2012).
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A New Interpretation of Cluster Radioactivity Mechanism 

V.V.Volkov and E.A.Cherepanov 

JINR, Russia 

The discovery of nuclear molecules [1], double nuclear system and deep inelastic transfer 

reactions [2, 3] allow a new interpretation to be proposed for the cluster formation mechanism. 

It is assumed that nuclei of elements heavier than lead are capable of spontaneously 

condensing valence nucleons (nucleons above 
208

Pb) to nuclei of lights elements – clusters. This

process results in formation of an asymmetric nuclear molecule, in which both nuclei are in the 

ground state and interact with each other through the nucleus-nucleus potential. The cluster is 

formed by successive transfer of valence nucleons to the α-particle, which is formed with a high 

probability in the surface of the initial nucleus, and further on the light nuclei increasing in mass. 

Cluster formation is an exoergic process.  However, the energy release in this process-Q is below 

the exit Coulomb barrier and cluster emission (decay of the nuclear molecule) proceeds as a 

quantum-mechanical process of penetration through the potential barrier.  

Realism of the proposed concept of the cluster formation mechanism can be evaluated by 

considering cluster radioactivity of quite heavy nuclei like 
251,252

Cf. Within the adiabatic 

approach [4] to the mechanism of cluster radioactivity the cluster to emit by these nuclei can be 

the 
48

Ca nuclei with experimentally measurable half-life. More than twenty years have passed

since these adiabatic calculations but so far nobody in the world has observed cluster 

radioactivity in the 
251,252

Cf nuclei. Within the proposed approach, emission of the 
48

Ca cluster

from 
251,252

Cf nuclei is impossible because the process of nucleon transfer from heavy nucleus to

the light nucleus will continue after the formation of 
48

Ca, ending in spontaneous fission of the

initial nucleus.  

 

1. Almgvist E.,   Bromley D. A. and Kuehner  J. A.  Phys. Rev. Lett. 1960. V.4. P. 515.

2. Volkov V.V.  Phys.Reports. 1978. V.44. P.93-157.

3. Schroder W.V., Huizenga J.R.  Treatise on Heavy-Ion Science. Ed. D.A.Bromley.  N.Y.;

London. 1984. V.2, P.115.

4. Greiner W., Ivascu M., Poenaru D.N. and  Sandulescu A.  Treatise on Heavy-Ion

Science. Ed. D.A.Bromley.  N.Y.; London. 1989. V.8, p.640-722.
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First EXL experiment with radioactive beam: Proton scattering on 56Ni
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EXL (EXotic nuclei studied in Light-ion induced reactions at the NESR storage ring) is a project
within NUSTAR [1] at FAIR [2]. It aims for the investigation of light-ion induced direct reactions
in inverse kinematics with radioactive ions cooled and stored in the future NESR (New Experimental
Storage Ring). A universal detector system will be built around an internal target of the NESR in order
to detect the target-like recoils. One of the key interests of EXL is the investigation of reactions at very
low momentum transfers where, for example, the nuclear matter distribution, giant monopole resonances
or Gamow-Teller transitions can be studied [3].

The existing ESR (Experimental Storage Ring) at GSI, together with its internal gas-jet target, pro-
vides a unique opportunity to perform this kind of experiments on a smaller scale already today. In the
last years we have developed a UHV compatible detector setup mainly based on DSSDs (Double-sided
Silicon-Strip Detector) for the target-like recoils [4] and an in-ring detection system for the projectile-
like heavy ions. With this setup we were able to successfully investigate reactions with a stored ra-
dioactive beam for the very first time. As a part of the first EXL campaign we investigated the reaction
56Ni(p,p)56Ni in order to measure the differential cross section for elastic proton scattering and deduce
the nuclear matter distribution of 56Ni. The present contribution will present the current status of the
project and preliminary results.

This work was supported by BMBF (06DA9040I und 05P12RDFN8) and HIC for FAIR.

[1] http://www.fair-center.eu/for-users/experiments/nustar.html
[2] http://www.fair-center.eu
[3] FAIR Baseline Technical Report, GSI Darmstadt (2006),
https://www-alt.gsi.de/documents/DOC-2006-Jul-44-1.pdf
[4] B. Streicher et al, Nucl. Instr. And Meth. A 654 (2011) 604
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The Structure of the Proton-Dripline Nucleus 17Ne Studied in Knockout
Reactions at Relativistic Beam Energies
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17Ne is a proton-dripline nucleus that has raised interest in nuclear-structure physics in recent years.
As a (15O+2p) Borromean 3-body system, it is often considered to be a 2-proton-halo nucleus, yet lack-
ing concluding quantification of its structure; this is appearent in the form of different results on the
s-/d-wave mixing of the valence-proton pair in the17Ne ground state in recent years [1-4].
In order to clarify its structure, we have studied breakup reactions of 500 AMeV17Ne secondary beams
in inverse kinematics using the R3B-LAND setup at GSI in 2007. The reactions investigated were
Coulomb breakup on a lead target, quasi-free scattering on a proton-rich polyethylene (CH2) target, and
one-proton-knockout reactions on a carbon target.
In this contribution, we focus on knockout and proton-removal reactions on the carbon target: Projectile-
like forward protons after one-proton knockout from17Ne have been measured in coincidence with the
15O residual core, leading to the relative-energy spectrum of the unbound16F. The selection of the low-
energy region in this spectrum enables us to exclusively select events stemming from the knockout of
halo (not core) protons.
Monte-Carlo simulations including the detailed geometry of the experimental setup have been carried
out, allowing for the determination of the relative-energy-differential acceptance and efficiency for the
identification of the various proton-breakup channels leading to15O in the final state. In consequence,
the partial cross sections for 2p-knockout, 1p-knockout, and diffraction (0p-knockout) on17Ne have been
determined, as well as the inclusive 2p-removal cross section. Those, and the also obtained transverse-
momentum distributions of residual16F fragments stemming from 1p knockout on17Ne, have been
interpreted using Glauber-type calculations in terms of a superposition of components of s- or d-proton
knockout from the groundstate of17Ne. In this analysis framework, the relative weights as well as spec-
troscopic factors for the s- or d-wave valence-proton pair in17Ne have been determined.
Additionally, the s-/d-weight in the17Ne ground state has been determined by describing the low-energy
region of the16F relative energy spectrum by a superposition of the four lowest known continuum res-
onances in16F, broadened by the experimental resolution determined via the Monte-Carlo simulation.
Those two independently obtained results will be compared, and the implications regarding the structure
of 17Ne will be discussed.
This work was supported by BMBF (project 05P12RDFN8), by HIC for FAIR, and by GSI.

[1] R. Kanungo et al., Eur. Phys. Jour. A 25, 327 (2005);
[2] L. V. Grigorenko et al., Phys. Rev. C 71, 051604 (2005);
[3] W. Geithner et al., Phys. Rev. Lett. 101, 252502 (2008);
[4] T. Oishi et al., Phys. Rev. C 82, 024315 (2010).
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The Radioactive Ion Beam Factory (RIBF) at RIKEN has added a new page to the history of unstable
nuclei. One of the most attractive region is Island of Inversion (Z∼10-12, N∼20-22), because the nuclei
in the region have exotic properties such as large deformation and loss of N = 20 magic number. The
deformation of 28-32Ne has been investigated in Ref. [1]. It is based on the double folding (DF) model
with the density calculated by antisymmetrized molecular dynamics (AMD). The AMD-DF model is one
of the microscopic approach. The measured reaction cross sections of 28-32Ne + 12C at 240 MeV/nucleon
have been well reproduced, and the deformation has been determined. In addition, they have concluded
31Ne is a halo nucleus with large deformation.

In this study, we apply the same analysis to Mg isotopes and compare the results with the latest
experimental data measured at RIBF. The AMD-DF model well reproduces the experimental data over-
all. However about 37Mg, the AMD-DF model largely underestimates the experimental data, and this
may be because the density given by AMD has improper asymptotic form. 37Mg is the nucleus very
near to the drip line and a new candidate for a deformed halo nucleus, so proper asymptotic form
is very important to the reaction cross section. As a convenient way of simulating the density cal-
culated directly by AMD, we also propose the double folding model with the density calculated by
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Figure 1: Reaction cross sections for the scat-
tering of Ne isotopes by 12C. The experimen-
tal data are taken from Ref. [3].

the deformed Woods-Saxon (DWS) model with the de-
formation given by the AMD calculation [2]. The DWS-
DF model well simulates the reaction cross sections cal-
culated by the AMD-DF model, and it is expected to be
a correction for the tail region of AMD density as shown
in Fig. 1.

We determine the deformation of Mg isotopes in
and near the island-of-inversion region through reaction
cross sections, which were very recently measured. Our
results suggests that they have large quadrupole defor-
mation and 37Mg expects to be halo structure with de-
formed core nucleus. In this presentation, we show
the results for the reaction cross sections calculated by
AMD-DF model, and we then introduce the analysis for
37Mg with DWS-DF model.

[1] K. Minomo et al., Phys. Rev. Lett. 108, 052503 (2012).
[2] T. Sumi et al., Phys. Rev. C 85, 064613 (2012).
[3] M. Takechi et al., Phys. Lett. B 707, 357 (2012).
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The explanation of the magic numbers for nuclei in the valley of stability was one of the milestones 
in the understanding of nuclear structure. However, in recent years, several theoretical and 
experimental investigations found evidence that these magic numbers change when going away from 
stability towards more exotic nuclei. Nucleon knockout reactions using fast rare isotope beams are a 
well suited tool to study single-particle properties of exotic nuclei and the evolution of nuclear shell 
structure towards the drip-lines. Recently, a series of experiments has been performed at the National 
Superconducting Cyclotron Laboratory at Michigan State University in order to study reaction 
mechanism in nucleon knockout reactions. Such experiments are key for validation of the theoretical 
description of the reaction mechanism and use for quantitative spectroscopy of very exotic nuclei. In 
particular the sudden removal of two protons from an intermediate-energy neutron-rich projectile has 
been shown to proceed as a direct reaction. In addition to giving spectroscopic information, this type 
of reaction promises a rather unique tool assign spins by measuring the momentum distributions of 
the heavy reaction residues. First coincidence measurements of the heavy reaction residues and the 
removed protons enabled the relative cross sections from each elastic and inelastic nucleon removal 
mechanism to be determined. These more final-state-exclusive measurements are key for further 
validation of this direct reaction and its use for quantitative spectroscopy of highly neutron-rich 
nuclei. The kinematic correlations of the removed protons are also analyzed. A Dalitz-plot analysis 
and comparisons with simulations show that a majority of the triple-coincidence events with two 
protons display phase-space correlations consistent with the (two-body) kinematics of a spatially 
correlated pair-removal mechanism. This result promises access to a new, more specific probe of the 
spin and spatial correlations of valence nucleon pairs in exotic nuclei produced as fast beams. 
 In this talk I will present recent results from experiments at the interplay of nuclear 
structure and reactions performed at the NSCL. 
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Comparison of theoretical predictions with data for elastic nucleon-deuteron (Nd) scattering and nu-
cleon induced deuteron breakup clearly shows the importance of the three-nucleon force (3NF). Inclusion
of semi-phenomenological 3NF models into calculations in many cases improves the data description.
However, some serious discrepancies remain even when 3NF is included.

At low energies the prominent examples were found for the vector analyzing power in elastic Nd
scattering and for the neutron-deuteron (nd) breakup cross sections in neutron-neutron (nn) quasi-free-
scattering (QFS) and symmetric-space-star (SST) geometries [1]. Since both these configurations depend
predominantly on the S-wave nucleon-nucleon (NN) force components, these cross section discrepancies
have serious consequences for the nn1S0 force component. A stronger1S0 nn force is required to bring
theory and nn QFS data to agreement. The increased strength of the1S0 nn interaction could make the
nn system bound. However, even such a drastic modification of the1S0 nn force does not improve the
SST data descritpion.

At energies above≈ 100 MeV current 3NF’s only partially improve the description of data for cross
section and spin observables in elastic Nd scattering and breakup. The complex angular and energy be-
havior of analyzing powers and spin correlation and transfer coefficients fail to be explained by standard
nucleon-nucleon interactions alone or combined with current 3NF’s [2-3].

One of the reasons for the above disagreements could be a lack of consistency between 2N and 3N
phenomenological potentials used or/and omission of important terms in the applied 3NF. The Chiral
Effective Field Theory approach provides consistent two- and three-nucleon forces and 3NF occurs for
the first time at next-to-next-to leading order (N2LO) of chiral expansion. This force when used in 3N
calculations provides the quality of data description comparable to that with realistic nuclear forces.
Recently the chiral 3NF at N3LO was derived. At this order 3NF consists of long range parts with
the 2π-exchange, 1π-2π and ring terms [4] and a short-range contributions 2π-contact and relativistic
corrections of order 1/m [5]. This is supplemented by 1π- and 3N- contact terms. Results obtained with
these N3LO forces for elastic Nd scattering and breakup will be presented.

[1] H. Witała et al., Phys. Rev. C83,034004 (2011);
[2] Y. Maeda et al., Phys. Rev. C76,014004 (2007);
[3] K. Sekiguchi et al., Phys. Rev. C79,054008 (2009);
[4] V. Bernard et al., Phys. Rev. C77,064004 (2008);
[5] V. Bernard et al. Phys. Rev. C84,054001 (2011).
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The density dependence of the nuclear symmetry energy is of large actual interest in nuclear physics 
with important implications in astrophysics, particularly in the properties of neutron stars. It is not 
well determined in microscopic calculations, and therefore has been investigated in heavy ion 
collisions. Here also the momentum dependence of the symmetry energy enters, which determines 
the effective mass difference between protons and neutron. Here we discuss sensitive observables in 
the region of densities around and below saturation. A promising observable has been the difference 
in the pre-equilibrium emission of neutrons and protons, which directly depends on the strength of 
the symmety potential. We extend these studies to the emission of light fragments, in particular to 
3He and tritium, which are more easily determined in experiments. We discuss stochastic transport 
calculations for collisions of different Xe+Sn isotopes in the energy range of 32 to 150 AMeV, 
varying both the symmetry potential and the effective masses. We find, in particular, that the yield 
ratios n/p and 3He/t as a function of the emission energy is a promissing observable to disentangle 
the density and momentum dependence of the symmetry energy.  We also compare to preliminary 
INDRA data. 
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Semi-empirical Rules to Extract Fusion Barriers and Penetration
Probabilities from Experimental Fusion Cross Section Data
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Fusion barriers El and penetration probabilities Pl(E) are important physical quantities in the dy-
namics of the fusion of two nuclei. Previously, a compact formula for the fusion cross section was
presented as a function of energy in terms of the fusion barrier E0 for the l=0 partial wave and its pene-
tration characteristics [1]. I have recently introduced simple semi-empirical rules to determine the barrier
heights El and the penetration probability Pl(E) for different l partial waves from experimental fusion
cross section, for the collision of identical or non-identical light nuclei [2]. The application of these rules
with the illustration of the collisions of 12C+13C and 12C+12C will be presented.
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Figure 1: The penetration probability Pl(E) as a function of E on a linear scale (a) and on a logarithmic
scale (b) for different partial waves l extracted from the data of Notani et al. and Dayras et al., for the
collision of 12C+ 13C.

[1] C. Y. Wong, Phys. Rev. Lett. 31, 766 (1973).
[2] C. Y. Wong, Phys. Rev. C86, 064603 (2012).
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We have studied the 
13

B(d,p)
14

B reaction in inverse kinematics to better understand the 

evolution of the properties of single-neutron states in the sd shell for neutron-rich N=9 isotones. We 

have also obtained data for the 
15

C(d,
3
He)

14
B reaction to provide additional information on 

14
B 

complementary to that obtained with the (d,p) reaction. The nucleus 
14

B is the most neutron-rich N=9 

isotone that is still particle bound in its ground state, and provides an excellent opportunity to explore 

the effects of the tensor contribution to the evolution of sd-shell effective single-particle energies, the 

properties of loosely-bound or un-bound states, and to test the predictions of shell-model interactions 

at the boundary of nuclear stability.  The inversion of the relative positions of the 1s1/2 and 0d5/2 

orbitals when moving from 
17

O to 
15

C is behavior is driven largely by the changing tensor interaction 

between the p-shell protons and the sd shell neutron, however other effects are also likely to be 

important, such as halo behavior that arises due to the small neutron binding energy. The very 

weakly bound first-excited state, should its wave function be dominated by a 1s1/2 neutron 

configuration, may be the best-known example of a single-neutron-halo state. As the states of 

interest are either loosely bound, or unbound with respect to neutron decay, they also pose a 

challenge to the usual reaction models used to analyze transfer-reaction data. 

We have studied 
14

B using two reactions: neutron adding with 
13

B(d,p)
14

B, and proton 

removal with 
15

C(d,
3
He)

14
B. The experiments were conducted in inverse kinematics using 

radioactive beams produced using the in-flight method via the 
14

C(
9
Be,

10
B)

13
B and 

14
C(d,p)

15
C 

reactions at the ATLAS facility at Argonne National Laboratory. The proton and 
3
He reaction 

products were detected with HELIOS [1] (the HELIcal Orbit Spectrometer), in coincidence with the 

recoiling residual nuclei. HELIOS exploits a uniform magnetic field to transport light-charged 

particles from the target to an array of position-sensitive silicon detectors.  This method alleviates 

many difficulties associated with the study of such transfer reactions in inverse kinematics. Similar 

experiments have been performed to analyze the properties of sd-neutron states in 
13

B[2], 
16

C[3], and 
20

O[4]. The neutron-adding reaction yields relative spectroscopic factors that allow us to construct 

wave functions for the low-lying excitations in 
14

B which, for 2
-
 and 1

-
 levels, are configuration-

mixed states that include both (0p3/2)
-1
(1s1/2) and (0p3/2)

-1
(0d5/2) contributions.  The proton-

removal data permit a better isolation of the (0p3/2)
-1
(1s1/2) components and together, the results 

provide a determination of the 1s1/2 and 0d5/2 effective single-particle energies in this nucleus that can 

be compared to other similar nuclei in this region.  Experimental results and a comparison of the data 

to shell-model and ab-initio No-Core Shell-Model calculations will be presented. 

This work is supported by the U. S. Department of Energy under contract numbers DE-

FG02-04ER41320 and DE-AC02-06CH11357, and the U. S. National Science Foundation under 

grant numbers PHY-02-16783 and PHY-07-58099. 

 

[1] A. H. Wuosmaa et al., Nucl. Instrum. in Phys. Res. A 580, 1290 (2007), and J. C. Lighthall et al., 

Nucl. Instrum. in Phys. Res. A 622, 97 (2010). 

[2] B. B. Back et al., Phys. Rev. Lett. 104, 132501 (2010). 

[3] A. H. Wuosmaa et al., Phys. Rev. Lett. 105, 132501 (2010). 

[4] C. R. Hoffman et al., Phys. Rev. C 85, 054318 (2012). 
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Neutron skins of exotic nuclei are a key observation to study the equation of state (EOS) of 
nuclear matter [1]. The density-derivative coefficient in the EOS would be clearly defined by the 
precise neutron skin thicknesses of extremely neutron-rich nuclei such as 78Ni.

A new approach to probe the point-proton (charge) distributions of exotic nuclei close to the 
drip line is currently being developed. The charge-changing cross sections σcc of stable and unstable 
nuclei (9-11Be, 14-16C, 16-18O) on a carbon target were investigated at an intermediate energy, 300 
MeV/nucleon. A phenomenological Glauber-type model analysis of σcc for nuclei with known charge 
radii indicates an approximate, but universal, scaling of σcc over a wide range of A/Z [2]. This allows 
the determination of the density distributions of protons bound in the neutron-rich nuclei. An 
application to the one-neutron halo nucleus 15C and 16C, where laser spectroscopy has technical 
difficulty, indicates a systematic evolution of proton root-mean-square radii. Combined with the 
matter radii obtained from the interaction cross sections [3], the present study has revealed for the 
first time a neutron skin effect in carbon isotopes [2]. 

As an extension, to examine the applicability of the present method to the whole over the 
chart of nuclides, the charge-changing cross sections of medium-mass nuclei ranging from Z = 18 to 
32 (84 nuclides in total) were measured systematically. The results show a significant correlation 
between the measured cross sections and known charge radii. Being complementary to isotope-shift 
and electron-scattering experiments, the present study suggests a potential capability to explore the 
structures of exotic nuclei far from the stability. We will present the methodology developed with the 
experimental data, the results obtained, and the future physics case of Ni isotopes. 

[1] M. Centelles et al., Phys. Rev. Lett. 102,122502 (2009). 
[2] T. Yamaguchi et al., Phys. Rev. Lett. 107, 032502 (2011). 
[3] A. Ozawa, T. Suzuki, I. Tanihata, Nucl. Phys. A 693, 32 (2001). 
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Study of anti-analog giant dipole resonance in 208Pb(~p, ~n)
and neutron skin thickness for 208Pb
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The neutron density distribution extends somewhat further than the proton one for a nucleus with
N > Z. The neutron skin thickness ∆Rpn, defined as the difference between the neutron and proton
root-mean-square radii, depends not only on the neutron excess (N−Z) but also on the symmetry energy
term of the nuclear equation of state. Therefore, precise information on ∆Rpn has become important to
obtain the symmetry energy term. In particular, ∆Rpn of 208Pb has been studied by various methods
such as dipole polarizability [1], elastic proton scattering, and parity-violating elastic electron scattering.

Recently, Krasznahorkay et al. [2] have suggested a new method for determining ∆Rpn by using
the strong correlation between ∆Rpn and the energy ∆E of the anti-analog giant dipole resonance
(AGDR) relative to the isobaric analog state (see Fig. 1). This method is very attractive since it can
be applied for studying ∆Rpn of unstable nuclei [2]. In order to confirm the reliability of this meth-
ods, we investigated the strength distribution and the mean energy of the AGDR by multipole de-
composition (MD) analysis for the 208Pb(~p, ~n) reaction at a bombarding energy of Tp = 296 MeV
[3]. The polarization transfer observables are very useful to separate the AGDR from the other exci-
tations such as the spin dipole resonance in MD analysis. The ∆E value has been determined to be
∆E = 8.67± 0.25(stat.)± 0.23(syst.) MeV. By comparing the present ∆E value with the theoretical
prediction in the proton-neutron relativistic quasi-particle random phase approximation (pn-RQRPA), we
have obtained the ∆Rpn value as ∆Rpn = 0.220± 0.043(exp.)± 0.015(theor.) fm, which is consistent
with previous results derived by various methods [1]. These findings support that the energy ∆E of the
AGDR can be used to deduce the neutron skin thickness ∆Rpn.

Figure 1 : Extraction of the neutron skin thickness ∆Rpn for 208Pb based on the correlation between
∆Rpn and the energy ∆E of the AGDR relative to the isobaric analog state.

[1] A. Tamii et al., Phys. Rev. Lett. 107, 062502 (2011).
[2] A. Krasznahorkay et al., AIP Conf. Proc. 1491, 190 (2012); A. Krasznahorkay et al., arXiv/1205.2324 (2012).
[3] T. Wakasa et al.. Phys. Rev. C 85, 064606 (2012).
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Quasi-projectile sources produced in collisions of 70Zn+70Zn, 64Zn+64Zn and 64Ni+64Ni at 
E/A=35 MeV have been reconstructed using the charged particles and free neutrons measured in the 
NIMROD-ISiS detector.  Equilibrated sources were selected which have a mass A=48-52 and which 
are on average spherical. Caloric curves for these quasi-projectiles have been extracted with the 
quadrupole momentum fluctuation thermometer.  The caloric curves for the different light charged 
particle probes show a clear ordering which is consistent with a scenario in which the “expensive” 
particles are emitted preferentially at early times, when the source is hottest.  For all light charged 
particle probes, the caloric curves show a clear dependence on the composition, (N-Z)/A, of the 
source.  For a given excitation (E*/A), the neutron-poor sources exhibit higher temperatures.  A 
consistent but smaller dependence is observed by selecting on the composition of the initial system 
rather than the composition of the source.  The dependence on source composition is also observed 
in caloric curves extracted with the Albergo yield-ratio thermometer. 
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According to the cluster interpretation, the strongly deformed nuclear state can be treated as the cold
rotating dinuclear systems (DNS). The relative distance between the centers of two touching clusters cor-
responds to the minimum of the pocket of nucleus-nucleus interaction potential. The large overlap of the
DNS nuclei is hindered by a repulsive nucleus-nucleus interaction potential at smaller relative distances.
The pocket of nucleus-nucleus potential at given angular momentum contains the quasibound states with
the energies below the potential barrier and with quite large half-lives. The lowest quasibound state is
identical to the superdeformed (hyperdeformed) state in the case of asymmetric (symmetric) DNS con-
figuration. Based on the results of [1], one can be convinced that certain quasimolecular configurations
with the dumb-bell shapes have the same quadrupole moments and moments of inertia as those measured
for the high- and low-spin superdeformed (SD) states, and low-spin hyperdeformed (HD) isomer states.

Using the cluster and statistical approaches, the population of SD, produced in fusion-evaporation
reactions, in theA ∼ 150 region is described. The calculated characteristics (moments of inertia,
quadrupole moment, relative intensities ofE2-transitions between the rotational states) [2] of SD of
152Dy are close to the experimental values.

The high-spinhyperdeformed (HD) nuclear states are suggested to be directly populated in the cap-
ture process either by de-excitation (particle emission) of the initial DNS formed at collision energy
above the entrance Coulomb barrier [3] or directly by tunneling through this barrier [4]. The reactions
ANi+ANi, ACa+ACa, etc are considered.

The dependenceof the calculated results on de-excitaion channel and beam energy is analyzed.

[1] T.M. Shneidman, G.G. Adamian, N.V. Antonenko, S.P. Ivanova, and W. Scheid, Nucl. Phys.A671, 119 (2000).
[2] A.S. Zubov, V.V. Sargsyan, G.G. Adamian, and N.V. Antonenko, to be published.
[3] A.S. Zubov, V.V. Sargsyan, G.G. Adamian, N.V. Antonenko, and W. Scheid, Phys. Rev. C81, 024607 (2010).
[4] A.S. Zubov, V.V. Sargsyan, G.G. Adamian, N.V. Antonenko, and W. Scheid, Phys. Rev. C82, 034610 (2010).
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