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THIRD EURISOL TOPICAL MEETING
Physics of Light Exotic Nuclei

Foreword

This report contains the highlights of the third EURISOL Topical Meeting,
which was held in Lisbon, from October 15th to 17" 2012. It followed the
EURISOL Topical Meetings in Catania (2009) on “The formation and
structure of r-process nuclei, between N=50 and 82 (including *Ni and
¥2Sn areas)” and in Valencia (2011) on “Neutron-deficient nuclei and the

physics of the proton-rich side of the nuclear chart”. It was organized by
the EURISOL Users Group and supported by ENSAR and CFIF.

The workshop lasted two and a half days. There were about forty
participants including almost all members of the previous and present
EURISOL User Group Executive Committee. The twenty-six
presentations were all followed by lively discussions. The programme and
the presentations are available at the workshop web site
http://cfif.ist.utl.pt/~eurisol/.

Light exotic nuclei were at the core of the early discovery of phenomena
like the “nuclear halo”, which boosted the experimental and theoretical
activities related to Physics with Radioactive beams. They still hold a
special place in the panorama of recent activities, as we shall see in the
following. They provide in fact the testing grounds of all basic structure
models, from shell model to cluster models towards the most recent “ab-
initio” theories. The large intensity values of light radioactive beams allow
for the most precise measurements of quantities such as absolute cross
sections, angular distribution, momentum distributions, and nuclear decay
observables, which are of key importance for modern reaction theories.

In the following we give a short account of the topics discussed at the
workshop.

Elastic scattering and fusion (M. Borge, P. Figuera, P.Gomes, G.
Baiocco, R. de Diego, H. Arellano, G. Cardella)

The first session of the Lisbon topical meeting was devoted to the
discussion of elastic scattering experiments with the talks of Maria Borge,



Pierpaolo Figuera and Paulo Gomes, which clarified how breakup and
transfer reactions influence elastic angular distributions by comparing
results from halo nuclei and their closest neighbors. Elastic scattering is
typically depleted by the strong effect of the breakup. The same seems to
be the case also for fusion at or above barrier energies. Below the barrier
the situation is still unclear. Thus, a low energy branch of a facility like
EURISOL would be necessary for further studies. The elastic scattering
technique and its interpretation are now well established and it has been
argued during the workshop that such experiments constitute a new and
interesting case for EURISOL. In this respect there was yet another
interesting method presented the last day by Giuseppe Cardella. He
showed how one could use a 4i charged particle detector to get accurate
elastic scattering- angular distributions from fragmentation of beams by
using event-by-event identification techniques. When a large variety of
beams with high intensity will become available the study of elastic
scattering will be among the first experiments to be performed for any new
exotic nucleus.

Ab-initio structure models (A. Schwenk, C. Barbieri, C. Forssen)

Carlo Barbieri presented a new method to calculate binding energies,
which is applicable to open shell isotopes such as **Ca. It is based on the
Gorkov’s approach, which handles intrinsic degeneracies of open shell
systems by allowing the breaking of particle number symmetry.
Preliminary inclusion of three-body forces was also presented. There are at
present several versions of ab-initio methods, originating in subtle
differences.

C. Forssen clarified that “ab initio” many-body methods are those that
solve the relevant quantum mechanical many-body equations with
controlled approximations (e.g. number of channels), which are allowed
as they can be increasingly improved to the point that convergence is
reached for the observable. Converged results are considered precise “ab
initio” results. His contribution contains a review of such methods. An
important conclusion, which consistently emerges from these theoretical
analyses, is that three-nucleon forces are crucial for both global nuclear
properties and detailed nuclear structure, and that many-body correlations
due to the coupling to the particle continuum are essential as one
approaches particle drip lines. The ongoing efforts to extend the range of



applicability of “ab initio” methods were discussed by Achim Schwenk.
He presented examples from the new generation of many-body methods
in particular those that can use realistic nuclear interactions from chiral
EFT and three-nucleon interactions. Chiral 3N forces lead to repulsive
contributions to the interactions among excess neutrons that change the
location of the neutron dripline from **O (with NN forces only) to the
experimentally observed **O. This is the first explanation of the oxygen
anomaly based on nuclear forces (cf. C. Barbieri  contribution). Also in
first studies for calcium isotopes, it was shown that 3N forces are key to
explain the N=28 magic number, leading to a high 2" excitation energy.
Moreover, chiral 3N forces improve the agreement with experimental
masses predicting a flat behavior of the two-neutron separation energy
from °Ca to **Ca (cf. TITAN data). Finally the calculations of neutron
matter energy provides tight constraints for the symmetry energy and
chiral EFT interactions constrain the properties of neutron-rich matter
below nuclear densities to a much higher degree than is reflected in current
neutron star modeling.

Direct reactions and breakup (P. Descouvemont, A. Obertelli, M. Assie,
R. Crespo, T. Nakamura, D. Galaviz)

A review talk on reaction theory was given by Pierre Descouvemont, who
discussed microscopic Continuum Discretized Coupled Channel
calculations for energies around the Coulomb barrier, with two-body and
three-body projectile wave functions. He also showed preliminary results
with cluster wave functions. The eikonal model, which is appropriate at
high energies, was also revised. Theory talks by Raul Diego and Raquel
Crespo discussed details of the reaction dynamics via core excitation. The
three-body Faddeev/AGS multiple scattering expansion was discussed by
Daniel Galaviz as a method to analyze data for breakup on a proton target.
Ugo Arellano introduced microscopic calculations of the optical potential
for light nuclei, in which volume and surface effects are distinguished.
Alexandre Obertelli, also presented mechanisms of direct reactions, like
knock out and transfer, in order to obtain spectroscopic information on
single particle state occupancies. The case of nuclei with large
asymmetries in the proton/neutron separation energies was analized in
detail. T. Nakamura gave an overview of the present RIKEN facility and
he reviewed Coulomb breakup data. Such data are a well established high



energy method to obtain spectroscopic factors as the reaction calculations
are basically exact.

Clustering phenomena (M. Ploszajczak, H. Feldmeier, M. Assi¢)

Clustering was discussed from the structure theory point of view by Marek
Ploszajczak and Hans Feldmeier. Both of them showed evidences for
clustering as a “threshold” effect. Marek Ploszajczak discussed the
occurrence of clustering within the Continuum Shell model. Here the
coupling to positive energy states and the use of energy dependent
Hamiltonians give rise above particle-emission threshold to non-Hermitian
components of the effective Hamiltonian. Such components concentrate
the continuum coupling on a single state thus giving rise to clustering via
the appearence of collective near-threshold phenomena in the ensemble of
Shell Model states. H. Feldmeier and collaborators use the Fermioni
Molecular Dynamics method, which starts with Gaussian wave packets,
builds up Slater determinants are many-body states and then diagonalize
the Hamiltonian. Then the derivation of a low-momentum effective
interaction is the clue to getting an accurate description of the lightest s-p
shell nuclei. Recent results are the description of the large extension of the
Hoyle state (O,")+ in "*C, the radii of ""Ne, '"Ne and "Ne described in
terms of cluster structures due to 160 - 3He and 150 - #He configurations,
the rates of the important astrophysical reactions 3He(a, v ) 7Be and
3He(a,y )7Li.

From the experimental side Marlene Assie presented clustering evidence
and paring effects in breakup reactions. Giorgio Baiocco presented a quite
original research program in progress at the Legnaro laboratory aiming an
understanding of the statistical properties of light nuclei at excitation
energies above particle emission threshold by measurement of observables
linked to the presence of cluster structures of nuclear excited levels and the
development of a Monte-Carlo Hauser-Feshbach code for the evaporation
of the compound nucleus, which explicitly includes all the experimentally
measured particle unstable levels from the online archive NUDAT?2.

Shell model (A. Signoracci)

Angelo Signoracci covered the present status and future perspectives of
the modern shell model. He stressed an interesting aspect, namely that



shell structure is accessed via effective single-particle energies (ESPEs), as
described by the standard shell model. However it has recently been
shown that ESPEs are basis-independent but not observable, depending
significantly on the resolution scale characterizing the Hamiltonian. The
practical reconstruction of ESPEs is contaminated by theoretical
uncertainties, due in part to incomplete spectroscopic data. Thus the
continuous application of direct reaction experimental techniques is
strongly recommended. The shell model success relay heavily on the
accuracy of the effective interaction used. This is at presently been
pursued via the introduction of higher order terms, three-body forces and
possibly inclusion of positive energy states.

Resonance phenomena (N. Lo Iudice)

Nicola Lo Iudice discussed multiphonon excitations used to describe the
pygmy resonance effects. The dipole response in the neutron-rich nucleus
*0 has been studied via a new method based on an equation-of-motion
phonon method (EMPM). The results show that this mode is excited with a
relatively small strength. Indeed, the main role is played by the quasi-
particle neutron configurations with large weight, while the many-proton
states contribute with small amplitudes. Moreover, the coupling and the
coexistence with multiphonon excitations damp the dipole mode. Thus the
two-phonon components play a crucial role in fragmenting and shaping the
Giant Dipole Resonance and are determinant in pushing a residual strength
down in the low-energy sector, in agreement with experiments. Only one
of the peaks shown by the calculations may be associated to the Pigmy
Dipole Resonance. The EMPM represents an important advance with
respect to the other approaches that extend the Random Phase
Approximation.

Nuclear Astrophysics (A. Laird, C. Spitaleri, E. Maglione)

Nucleo-synthesis reactions can be studied accurately at ISOL facilities and
this subject was covered by Alison Laird with special interest at the
proton-rich side of the nuclear chart where a number of flagship
experiments e.g. with >'Na, °Al, '’F and '°F, have already been performed
to study both (p,a) and (a,p) reactions taking advantage of the forward
focusing of the reaction products. Alison stressed the necessity to have in
the future low energy, proton-rich beams (less than 2 MeV/u) with
intensities in excess of 10’ pps, and high purity. Claudio Spitaleri reviewed



indirect techniques, which use “surrogate reactions” by the Trojan horse

method, to estimate rates of very low energy reactions like “Li+n and 'O +
n. In particular the reaction '°F(d,a'’O)n, which is the first application of
the method using a radioactive beam at RIKEN, was illustrated. An
important reaction of astrophysical interest is the two-proton decay from
excited states in '*Ne, for which Enrico Maglione presented a microscopic
shell-model calculation of the sequential process, showing the possibility
to assign the angular momentum and parity of specific high energy excited
states in '*Ne. These states are very narrow, and prefer to decay by one
proton emission to the excited states of the daughter ''F, rather than to the
ground state. Since at these energies proton decay is faster than y-decay,
the nucleus prefers to emit sequentially the second proton to reach '°O,
instead of a photon that would lead to bound states of ''F.

Beta-decay (K. Riisager)

Karsten Riisager reviewed the present status of beta decay studies for light
dripline nuclei. Beta-delayed multi-particle emission 1s energetically
allowed only close to the driplines. It is of course also of interest in other
nuclei since it proceeds via highly excited states in the daughter nucleus
and can give unique physics information: particle emission can populate
many more states than the ones allowed by beta-decay spin-parity
selection rules. Thus several types of experiments will with our present
experimental techniques require long beam times and/or significantly
increased intensities of the radioactive beams. This can be due to very
small branching ratios of the interesting physics or due to inherent low
detection efficiency, e.g. neutron detection with accurate time-of-flight
(this applies even more if one attempts to do neutron coincidences) or
gamma-detection with crystal spectrometers. Thus facilities like
EURISOL will be necessary for progressing in the field.

Unbound nuclei (H. Simon)

Nuclei at and beyond the dripline are one of the more interesting aspects of
physics of light exotic nuclei. They live as resonance states in a similar
way as elementary particles. They can be obtained by different reaction
mechanisms such as neutron transfer to the continuum from a deuteron
target or projectile fragmentation of an exotic bound nucleus. The goal is



to establish the ordering of the levels, their resonance energies and angular
momenta. This field still needs detailed studies to establish a correct
understanding of the reaction mechanisms; the best observables to be
measured and a method to extract unambiguously structure information
from the data. In particular the interplay between initial and final state,
which 1s well understood in transfer reactions, still need to be clarified in
projectile fragmentation reactions. Haik Simon reviewed these topics.

Conclusions

Structure investigations of exotic nuclei started almost thirty years ago
with the study of very light nuclei. They still constitute a very interesting
field, in which challenging “ab initio” methods have been developing and
will lead to the unification of structure and reaction models. This path will
clarify also the clustering phenomena appearing as threshold effects.
Besides the bound exotic nuclei we are now able to study unbound nuclei
just across the drip-line. They represent another open field of research, in
which experimental techniques and theoretical models have to be
developed further. Some unbound nuclei are sub-constituents of
borromean nuclei. Here the three-body description of the system asks for a
very accurate knowledge of the neutron-core and neutron-neutron
interactions. Direct peripheral reactions and their influence on elastic
scattering and fusion plus particle decay studies together with the shell
model will help obtaining such knowledge. Nuclear astrophysics, the
kingdom of “free and ever lasting exotic nuclei” will benefit from all such
progress. Last but not least beta-decay experiments and related models,
from which and for which radioactive beams were first developed will
continue to be of fundamental importance and often the only mean to
study high lying excited states.
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Influence of the halo structure in the scattering
with heavy targets at energies around the
Coulomb barrier

M. J. G. Borge*"

“Instituto de Estructura de la Materia, CSIC, Serrano 113bis, 28006-Madrid, Spain.
bPH—ISOLDE, CERN, 1211-Geneva 23, Switzerland

INTRODUCTION

Twenty five years ago, Hansen and Jonson [1], interpreted the large interaction cross
section with light targets observed in some neutron rich light nuclei [2] as due to the
high probability of the outermost nucleons to be at large distances from the central
core. They referred to thus system as a halo structure. The halo structure is a threshold
phenomenon due to the low binding energy of the last nucleons. Halo nuclei have
several features in common, such as a rather compact core, an extended nucleon
distribution and very few excited states, if any. The discovery of halo nuclei brought
renewed interest in the modelling of nuclear reactions. This peculiar structure should
affect the reaction properties at near Coulomb barrier energies. Due to the low
blinding energy of the last nucleons, it is expected that the description of the reactions
involving the halo nuclei should incorporate the coupling to the continuum.

Due to the loosely bound structure, the neutron halo is easily polarizable in the strong
electric field of a heavy target such as **Pb, in contrast to normal nuclei, where the E1
response is dominated by the giant dipole resonance. The paradigm of the two-neutron
halo nuclei is "'Li with S,;=369.15(65) keV [3]. The ground state density distribution
of ''Li extends well beyond its core, i.e., the rms matter radius for ''Li is 41% larger
than for the closest bound isotope, °Li. In fact strong E1 transition was observed at low
excitation energy in an exclusive measurement of the Coulomb dissociation of ''Li at
770 MeV at RIKEN [4]. Very large B(E1) values where also measured for the
archetype of the one-neutron halo ''Be where both the ground state and the only
bound excited state have halo structure with S,;=501.19(58) keV and S,=181.19(58)
keV, respectively.

When the halo nucleus scatters with a heavy target, it will be strongly polarized due to
its large E1 strength, giving rise to long-range Coulomb couplings. According to [5]
this effect should manifest itself at Coulomb barrier energies as a departure from the
elastic Rutherford scattering. This deviation can shed light on the structure as well as
how the scattering process depends on the coupling to the continuum. The interplay of
two effects will occur. First, the Coulomb break-up reduces the elastic cross section.
Second, 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. This phenomenon has been previously
observed in the scattering of *He on **Pb [6,7] and it is even stronger for ''Li + **Pb
due to the larger E1 of ''Li [8]. Furthermore, at small angles the amount of the
deviation is proportional to the B(E1) strength at low excitation energies. Since the
B(E1) is very sensitive to the model used to describe the halo nucleus structure, a
precise analysis of the elastic scattering can shed light on the structure of the halo
nucleus. Consequently, the study of the scattering of the halo nucleus at low energies
on the intense electric field created by a high Z target can reveal new features of halo
nuclei, and provide complementary information to that obtained at higher energies.
Figure 1 illustrates the scattering process of the 2n-halo ''Li and 1n-halo ''Be.
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FIGURE 1. Illustration of the scattering process of a 2n-halo and 1n-halo nuclei on a heavy target at
energies close to the Coulomb barrier. The intense electric field is mainly sensed by the core producing
a shift of the charge away from the center of mass. This creates a dipole moment of the nucleus in the
direction of the field. Courtesy of Mario Cubero.

RESULTS

A series of experiments has been done at different facilities (CRC, ISOLDE and
TRIUMEF) to study the behaviour of the scattering of the halo nuclei *He, ''Li and ''Be
on a double magic high Z nucleus such as **Pb. To understand the influence of the
neutron skin on the scattering process “He + ***Pb was also investigated in this case at
GANIL. Figure 2 shows the setups used in the different experiments. The intensity of
the different beams determined the complexity and granularity of the setup used. Even
with intensities as low as a few thousand per second, as it was the case for the ''Li
beam, the angular distribution of the scattering process was studied down to 140° with
angular resolution better than 5° degrees. In all cases the study allowed to separate the
elastic from the breakup channels in a certain angular range. The simplest case from
the theoretical point of view, ''Be + ***Pb, was at the same time the most difficult one
experimentally, since ''Be had an excited state at 320 keV and the difference in
masses of the elastic and breakup ejectiles was the smallest. The experimental results
for the ""Li + *”Pb case have been interpreted using the 4-body Continuum-
Discretized Coupled-Channel calculations.
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FIGURE 2. Illustration of the different experiments and setups used by our collaboration to study the
scattering process of the nuclei ®He + 2Pb (CRC 2001 [6,9] and 2002 [10]), ''Be + (**Zn &'*’Sn)
(ISOLDE 2004 [11 & 12], "'Li (TRIUMF 2008 [8,13]), *He + ***Pb (GANIL 2010 [14]), and ''Be +
2%pp at energies close to the Coulomb barrier. Telescopes were used in these inclusive studies to mass
separate the elastic from the breakup channels. The angular coverage was mainly determined by the low
intensity of the incoming beam and available beam time.

The departure from Rutherford scattering at energies below the barrier is well beyond
the expected behaviour. The B(E1) probability is defined as the ratio of the breakup
events divided by the sum of the elastic plus breakup ones. Theoretical calculations
suggest that these are the dominant channels, with negligible contribution from the
rest, at least for the cases of He and "'Li reactions on lead. For the case of ''Li +



2%ph, it is found that the breakup channel is significant at angles as small as 14°
degrees even at energies well below the barrier (24.3 MeV) being the breakup branch
comparable to the elastic channel for angles beyond 90°, see figure 3. The energy
distribution of the breakup ejectile indicates that for *He on lead the dominant process
at intermediate angles is 2n-tranfer while for ''Li on lead the breakup is mainly direct.
Certainly a measurement at forward angles for the “He + 2*Pb reaction near the
Coulomb barrier is desirable to confirm or reject this difference in breakup process.
This difference can be due to the fact that the B(E1) is more reduced in °He and that
threshold of B(E1) occurs at low energy in ''Li.
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FIGURE 3. On the left hand side it is shown the breakup probability distribution of ''Li + 2**Pb at
energies below (24.3 MeV)(a) and above (29.8 MeV)(b) the Coulomb barrier. Figure taken from [13].
Form the same incoming beam energies the differential elastic cross section divided by Rutherford is

shown both for ''Li + 2°*Pb and its core *Li + **Pb measured in the same experiment. Notice the
spectacular difference in elastic cross section for ''Li and °Li. Taken from [8].

The breakup probability data shed light on the effective breakup energy as well as on
the slope of the B(E1) distribution close to the breakup threshold. The differential
elastic cross section and the breakup probabilities are reasonable well described by the
four-body version of continuum discretized coupled channel method (CDCC) [15], in
which the projectile is described as a three-body system and the continuum states of
the projectile are included up to a certain angular momentum and excitation energy.
The breakup probability data shed light on the effective breakup energy as well as on
the low-lying behaviour of the B(E1) distribution. The break-up at small angles is due
to Coulomb couplings. This allowed for a description of the breakup probability by the
semi-classical Coulomb excitation theory. In this case, one can get a reduced breakup
probability that is independent of the collision parameters and that allows to extract
the B(E1) distribution near the energy threshold. This indicates that one can use the
breakup probability from inclusive reactions to determine the nucleon separation
energy for nuclei were it is not possible to determine it otherwise. This result obtained
for the ''Li case should be confirmed in the new data of ''Be + 2**Pb currently under
analysis.



SUMMARY AND OUTLOOK

The structure of exotic nuclei has many surprises. The low binding of the last nucleons
typical of systems near the drip line profoundly affect their scattering properties at
energies near the coulomb barrier where the interaction is slow enough to probe the
structure of the projectile. In these studies a double magic nucleus of high Z was
chosen as target to facilitate the interpretation of the results since is this particular case
the structure of the target can be disregarded.

The elastic scattering behaviour deviates strongly from the Rutherford scattering
formula. Very high breakup probability is found even at energies well below the
Coulomb barrier. The scattering process can be described in the framework of 4-body
CDCC. The study of ''Be will challenge the theory as elastic, inelastic and breakup
channels should be simultaneously described. Further the scattering of neutron skin
nuclei such as *He + ***Pb is very challenging as some of the approaches done here are
not valid.

With the advent of more intense beams it would be possible to do a systematic study
of the scattering of halo nuclei in the full angular range with detailed determination of
the energy distribution of the breakup products. It is important to understand the
dominant breakup process and be able to explain why in the “He + ***Pb dispersion
dominates the two-neutron transfer while in the ''Li + ***Pb case the direct breakup is
the main process. Higher intensities will allow for an extension of the studies to nuclei
of higher masses. The dipolarizability effect could be affected if the nucleus besides
the loosely bound nucleons has a cluster structure in the core. Extensive elastic
scattering studies of light nuclei with extreme structures near the Coulomb barrier is of
great importance for the future.

REFERENCES

. P. G. Hansen and B. Jonson, Euro. Phys. Lett. 4, 409- (1987).

I. Tanihata et al., Phys. Rev. Lett. 55, 2676- (1985).

M. Smith et al., Phys. Rev. Lett. 101, 202501 (2008).

T. Nakamura et al., Phys. Rev. Lett. 96, 252502 (2006).

. M. V. Andrés and J. Gomez-Camacho, Phys. Rev. Lett. 82, 1387 (1999).

A. M. Sanchez-Benitez et al., Nuc. Phys. A803, 30-45 (2008).

O.R. Kakuee et al., Nuc. Phys. A765, 294 (2006).

M. Cubero et al., Phys. Rev. Lett A109, 262701 (2012).

D. Escrig et al., Nuc. Phys. A792, 2-17 (2007).

0. L. Acosta et al., Phys. Rev. C84, 044604 (2011).

1. A. Di Pietro et al., Phys. Rev. Lett A105, 022701 (2010).

12. L. Acosta et al., Eur. Phys. J. A42, 461 (2009), erratum Eur. Phys. J. A42, 623 (2009).
13. J. P. Fernandez-Garcia et al., Phys. Rev. Lett , accepted (2013).

14. G. Marquinez-Duran et al., Acta Phys. Pol. B43, 239 (2012) & B44, 467 (2013).
15. M. Rodriguez Gallardo et al., Phys. Rev. C80, 051601(R) (2009).

— S0 N U AL



Collisions Induced By Halo And Light Exotic
Nuclei: What Did We Learn From Elastic
Scattering ?
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INTRODUCTION

The study of collisions induced by halo or, more in general, weakly bound exotic
nuclei has been object of many publications in the last years. In fact, it has been shown
that the peculiar structure of such nuclei, which have very low break-up thresholds and
an extended matter distribution in the case of halo nuclei, can strongly affect the
dynamics of the collision (e.g. [1] and references therein). For such projectiles, one
expects a large contribution of direct processes like breakup or transfer, moreover
coupling to continuum effects are also expected to be important. As a consequence,
elastic scattering angular distributions for halo and weakly bound nuclei are strongly
affected by the structure of the projectiles (e.g. [2] and references therein). Most of
the available experimental data have been analyzed within the Optical Model (OM) or
within the Continuum Discretized Coupled Channel (CDCC) approach. In the OM
framework a Dynamic Polarization Potential (DPP) has often been added to include
coupling effects. Since coupling to continuum originates a repulsive DPP (e.g. [3]) the
usual Threshold Anomaly (TA) in the Optical Potential (OP) may disappear. Such an
absence of the usual TA in the OP has been observed for collisions induced by several
stable and radioactive weakly bound projectiles (see e.g. [1,4,5] ) and was named
‘breakup threshold anomaly’ in the literature.

In the next section an overview of results for elastic scattering of halo nuclei will be
presented.

SCATTERING OF HALO NUCLEI

Elastic scattering with halo nuclei has been measured on a wide range of energies
and target masses. Most of the data are relative to °He scattering, since this beam has
been available for long time, at different RIB facilities, with reasonable currents.

Scattering of halo nuclei on heavy targets has been measured for different systems
at energies around the Coulomb barrier, showing a very strong suppression of the
elastic angular distribution in the region of the Coulomb nuclear interference peak.
®He+?%®ph scattering was measured at different energies around the barrier [6,7], and



showed a suppression in the region of the Coulomb nuclear interference peak when
compared with alpha scattering [8] at the same energy, indicating the presence of long
range absorption for °He. OM analysis of the data failed to reproduce them when using
a Woods-Saxon potential having the same geometry as the one given by global
parameters for °Li scattering, allowing to reproduce the data only using very large
imaginary diffuseness. The inclusion of a DPP, taking into account coupling to
inelastic and breakup via the Coulomb dipole interaction, shows that this effect is
important but is not the only one suppressing the elastic yield. Somehow similar
results were observed for °He scattering on other heavy targets such as for instance
197 Au [9]. The ®He scattering data on 2®*Pb and **’ Au were also reproduced within the
CDCC approach in [6,10]. **Li+**®Pb elastic scattering around the Coulomb barrier
was reported in [11] and compared with the scattering of °Li on the same target. A
huge suppression of the MLi elastic angular distribution with respect to the °Li one,
much larger than the one observed for °He, was found. CDCC calculations confirm
that, also for this system, coupling to continuum via the Coulomb dipole interaction
gives an important contribution to the disappearance of the Coulomb nuclear
interference peak.

Very few experiments have been performed concerning elastic scattering of halo
nuclei on medium mass targets. In [12] the elastic scattering for ®*He+°*Zn was
measured at energies around the Coulomb barrier. Two main features were observed:
a) the total reaction cross section for ®He is much larger (about a factor two) than the
one for “He; b) the Coulomb nuclear interference pattern is reduced although not as
much as it was observed for heavy targets. In subsequent papers [e.g. 10] these ®He
scattering data were reproduced within the CDCC approach confirming the
importance of coupling to continuum effects. In [13] the °Be+**Zn elastic
scattering was measured at Ec, = 24.5 MeV. A suppression of the elastic angular
distribution in the region of the Coulomb nuclear interference peak, much stronger
than the one observed in the °He case on the same target, was observed for *'Be.
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FIGURE 1. (a) Elastic scattering angular distributions for the collisions ®He+%Zn (open symbol) and

*He+%2Zn (closed symbols) at the same Ecm. (b) As (a) but for the collisions *'Be+%Zn (open symbols)

and '°Be+*Zn (closed symbols). In both figures one observes, for the halo nucleus case, a suppression
of the elastic cross section which has been explained as due to coupling effects to the continuum.

Data have been reproduced within the OM using as bare potential the one that
reproduces *°Be scattering, and adding a phenomenological DPP having the shape of a



Woods-Saxon derivative. A good fit was obtained with a DPP having a large
diffuseness of the order of 3.5 fm in agreement with [14]. On the contrary, the use of a
theoretical DPP taking into account coupling to inelastic and breakup via the Coulomb
dipole interaction failed to reproduce the data. Indeed the ''Be data were also
reproduced within the CDCC frame, showing that the suppression of the Coulomb
nuclear interference peak is due to the combined effect of Coulomb and nuclear
couplings to continuum.

The collision dynamics for p-halo nuclei is expected to be different than the one for
the n-halo case, since the proton in the halo feels the Coulomb interaction;
unfortunately only very limited information is available for p-halo scattering at near
barrier energies [15,19]. Scattering of the p-halo nucleus ®B on *®Ni has been
measured at energies close to Coulomb barrier in [15]. The data have been reproduced
within the OM, using phenomenological Woods-Saxon potentials, finding an
enhancement in total reaction cross section similar to the one observed for neutron
halo nuclei.

Contrary to what happens on heavier targets, with light targets the effect of
Coulomb breakup is expected to be smaller, therefore continuum coupling effects are
mainly due to nuclear couplings. Elastic scattering angular distributions for ®He on
®’Li and **C can be found in [16,17]. Scattering data on ®’Li were reproduced using
global OM potential parameters obtained for reactions induced by °Li on the same
targets, while for scattering on **C the OP parameters used were the ones for °Li+*C
at similar energies. Such result is very different from what observed in ®He+°%pb
scattering [7], where attempts to reproduce the data, using an OP having the same
shape as the one predicted by a °Li scattering systematics, failed to reproduce the
experimental results. Scattering of °He on ?’Al was measured in [18] around the
Coulomb barrier. The authors extracted total reaction cross sections performing OM
fits and concluded that they had similar values as the ones for collisions induced by
stable weakly bound nuclei on the same target. Elastic scattering of the p-halo ®B on
12C was measured in [19]. CDCC calculations showed that the effect of coupling to
continuum for this systems is very weak. Reduced total reaction excitation functions
for ®B,°He and other light weakly bound nuclei such as ®"2Li, ‘Be on *2C are rather
similar, a result which is different from what observed for halo nuclei on heavier
targets.

Elastic scattering at intermediate energies has been measured for halo nuclei on
light targets. As an example, elastic scattering data for *He+C at 38 MeV/nucleon
and for 'Be+C at 49 MeV/nucleon and associated OM and CDCC calculations, are
reported and discussed in [e.g. 20,21,22,14]. Both these data sets showed effects due
to coupling to continuum and were reproduced within the CDCC frame and within
the OM using different polarization potentials taking into account coupling to
continuum effects.

SUMMARY AND CONCLUSIONS

Elastic scattering with halo nuclei has been measured in different energy and target
mass ranges, and some common features can be found. In low energy scattering, a



partial or total suppression of typical Frenel-like oscillations is observed with a strong
increase of total reaction cross section. Such features appear to be less pronounced for
the scattering on very light targets. Experimental data have been reproduced taking
into account coupling to continuum including DPPs in the OM approach or with
CDCC calculations. Coupling to continuum effects are also evident in intermediate
energy scattering.

Although presently available results start to show some common features, most of
available data are with ®He beams and, in some cases, the results are limited by poor
beam quality. Therefore, additional data with different good quality beams, including
p-halo ones, are needed to build a wider systematics and allow a deeper
understanding of the discussed topic.

Before closing our discussion on elastic scattering with light exotic nuclei, we would
also like to mention that several resonant elastic scattering experiments with the thick
target technique in inverse kinematics allowed to measure with low beam currents,
typical of RIBs, high quality elastic excitation functions, whose analysis allowed to
extract spectroscopic information on unbound states[see e.g. 23-25].

In summary, hundred years after Rutherford experiment, elastic scattering is still a
useful promising ‘tool’ to provide us valuable information on nuclear structure and
reaction dynamics.

REFERENCES

. L.F.Canto et al., Phys. Rep. 424, 1, (2006)

. N.Keeley et al., Prog. Part. And Nucl. Phys. 63, 396, (2009)
. Y. Sakuragi, Phys. Rev. C35, 2161, (1987)

. AR. Garcia et al., Phys. Rev. C76, 067603, (2007)

. A.Gomez Camacho et al., Nucl. Phys. A833, 156, (2010)
. L. Acosta et al.: Phys. Rev. C 84, 044604 (2011)

. A. M. Sanchez Benitez et al., Nucl. Phys. A803, 30, (2008)
. A. R. Barnett et al., Phys. Rev. C9, 2010, (1974)

. O.R. Kakuee et al., Nucl. Phys. A765, 294, (2006)

10. A.M. Moro et al., Phys. Rev. C75, 064607, (2007)

11. M. Cubrero et al., Phys. Rev. Lett. 109, 262701, (2012)
12. A. Di Pietro et al.: Phys.Rev.C 69,044613,2004

13. A. Di Pietro et al., Phys. Rev. C 85, 054607 (2012)

14. A.Bonaccorso et al., Nucl. Phys. A706,322,(2002)

15. E.Aguilera et al., Phys. Rev. C79, 021601, (2009)

16. M.Milin etal., Nucl. Phys. A 746,183,(2004)

17. M.Milin etal., Nucl. Phys. A 730,285,(2004)

18. E.A. Benjamin et al.: Phys. Lett. B 647, 30, (2007)

19. A. Barioni et al., Phys. Rev. C84, 014603, (2011)

20. V.Lapoux et al., Phys. Rev. C66, 034608, (2002)

21. M.Takashima et al., Phys. Rev. C67, 037601, (2003)

22. T. Matsumoto et al., Phys. Rev., C70, 061601(R), (2004)
23. M. Freer et al., Phys. Rev. Lett. 96, 042501, (2006)

24. C.Angulo et al., Nucl. Phys. A716, 211,(2003)

25. D.W. Lee et al., Phys Rev C76,024314, (2007)

OCoOoO~No ok, WN PR



Fusion, Transfer and Breakup of Light Weakly
Bound and Halo Nuclei at Near Barrier Energies

P. R. S. Gome and J. Lubian

Instituto de Fisica, Universidade Federal Fluminense, Av. Litoranea s/n, Niteroi, R.J., 24210-340,
Brazil

The effect of the breakup of weakly bound nuclei, both stable and radioactive, on
the fusion cross section has been a subject of great interest in the last years [1, 2, 3].
Several systems have been studied, both theoretically and experimentally, including
stable weakly bound (*'Li, °Be) and radioactive projectiles, like **He, "''Be, *B and
'F, on different targets. The basic question is whether the breakup process enhances
or hinders the fusion cross section. The first point to make on this subject is to be clear
about enhancement or suppression in relation to which reference. Also, different
breakup effects may occur, like static and dynamic effects. The first is caused by the
longer tail of the optical potential, owing to the low binding energies of the weakly
bound and specially halo nuclei. This effect gives rise to lower and thicker barriers
when compared with tightly bound systems, and enhances fusion cross section at near-
barrier energies (not too much below the barrier) [4, 5]. This effect, we believe, is no
longer a matter of discussion. The second kind of effect is the dynamic, which is due
to the strong coupling between the elastic channel and the continuum states
representing the breakup channel. This is a much more complex effect to be predicted.
In any situation, if one compares data with theoretical predictions, the choice of the
bare interacting potential plays a major role, and contradictory conclusions can be
drawn with the same data set depending on the potential used. If one uses double
folding potentials with realistic densities of the colliding nuclei as the bare potential,
the possible static effects of the weakly bound nuclei, specially halo nuclei, are already
taken into account, and so the differences between data and calculations show only the
dynamic effects of the channels not included in the calculations. Recently Canto et al.
[4] proposed the use of dimensionless quantities, which appropriately eliminates static
effects, as a procedure to investigate dynamic effects on the fusion cross sections due
to the breakup couplings. Furthermore, the proposed method allows reaching a
systematic understanding of this subject, since it allows the comparison of any kind of
system in the same graphic. This method uses a benchmark curve, called the Universal
Fusion Function (UFF), given by Fj(x) = In [1 + exp (2mx)], where x = (E-VB) / hiw
and F(x) = QE.n /7 RZB hw) ors. ho is related to the barrier curvature, ofs 1s the
fusion cross section and F(x) is called fusion function. The differences between the
experimental fusion functions and UFF curve are dynamic effects due to the channels



left out of the coupled channel calculations, in this case, breakup and transfer
reactions.

With this method, preliminary systematic behaviors of fusion cross sections were
obtained [4, 6], by considering the available data for a large number of weakly bound
systems. Complete fusion of stable weakly bound nuclei show suppression at energies
above the barrier and enhancement below the barrier. Total fusion for those systems
coincides with the benchmark UFF curve at energies above the barrier. For neutron
halo systems, the measured total fusion cross sections show suppression above the
barrier and enhancement at sub-barrier energies. For the “proton halo” '"F + *%Pb
system ('F is halo only in its first excited state) [7], the fusion cross section coincides
with UFF at energies above the barrier. One may ask whether all systems involving
exotic nuclei follow these systematic. The answer is no, since a few of them do not
follow the behaviors mentioned above. The total fusion of °He + 197Au, for which the
systematic says that it should be suppressed at energies above the barrier, does not
show any effect [8] and the sub-barrier fusion of He + *°Pb [8] has a completely
anomalous behavior. For proton-halo fusion, *B on **Ni [9], there is only one reported
set of data, which is also the only one showing fusion enhancement at energies above
the barrier. For ®He + 2°Pb, other measurements were performed [10] and the
systematic behavior was found.

Figure 1 shows the comparison of fusion cross sections for radioactive projectiles
in comparison with UFF. The linear scale is more appropriate to observe the effects
above the barrier, whereas the usual logarithmic scale is better to investigate the sub-
barrier energy regime. Data are from Ref. [7, 9, 10, 11, 12, 13, 14, 15]. It is very
important to have more high precision data for fusion of radioactive nuclei, especially
the exotic halo nuclei, to have a better understanding of the effect of couplings to
continuum states produced by breakup and also couplings to transfer channels, which
were shown to be very important for neutron-halo nuclei. So far, it seems that the
behaviors of fusion of proton-halo and neutron-halo nuclei are very different.

Apart from the fusion of the *B nucleus, we understand the systematic behavior of
the other weakly bound nuclei as the following, using the approach of energy
dependent optical model and dynamic polarization potentials (DPP). Recent
calculations [16, 17, 18] show that the direct breakup produces repulsive DPP, owing
to the couplings among continuum breakup states (continuum-continuum couplings),
which increases the barrier height and suppress fusion. On the other hand, there are
recent experimental evidences [19, 20, 21] which show that breakup of stable weakly
bound nuclei triggered by nucleon transfer may predominate over the direct breakup,
at sub-barrier energies. So, the polarization potentials for each one should then be
evaluated separately and the results summed. Thus, the suppression of complete fusion
above the Coulomb barrier should result from the predominance of the DPP associated
with direct breakup, whereas transfer and transfer followed by breakup, both
producing attractive DPP, predominates at sub-barrier energies, especially for neutron-
halo nuclei. The suppression above the barrier can also be explained by the so-called
Breakup Threshold Anomaly (BTA) proposed by Hussein et al. [22]. Only very
recently [23], the first calculation of DPP for the transfer followed by breakup, for the
’Li weakly bound nucleus, showed that indeed, the corresponding DPP is attractive.
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Introduction

This work addresses the topic of highly excited states for light a - clustered nuclei
(N = Z even - even nuclei). Dissipative nuclear reactions are chosen as a tool to
investigate finite temperature properties for such nuclei. Through this kind of study we
are interested in understanding to what extent the picture of an equilibrated compound
nucleus holds in case of collisions between light nuclei, either when reaction partners
are particle - stable nuclei, but with a subjacent cluster structure, or, in perspective,
when dealing with exotic beams.

A great attention is paid to the exclusive nature of the proposed experimental study,
which means aiming at the achievement of a (quasi)complete event reconstruction. A
set of events corresponding to the fusion - evaporation process is selected out of the
entire reaction cross-section, in order to extract information on the nuclear Level
Density (LD). In order to put in evidence deviations from a statistical behavior we
compare the outcome of the reaction to the predictions of a dedicated Monte Carlo
Hauser-Feshbach (HF) decay code [1], highly constrained to existing data.

Few data coming from exclusive measurements exist altogether for p(4, E*, N/Z) in
the chosen mass-excitation energy region: 4 ~ 10 - 20 and E* ~ 1 - 3 A.MeV, already
for stable systems. In this same region, inclusive measurements for fusion reactions
involving loosely bound nuclei have put in evidence an entrance channel dependence
in the outcome of the decay, but data could always be satisfactorily reproduced by
statistical model calculations, if taking into account the renormalization of the LD
parameter a(4, E) and deformation at high angular momentum [2].



Available energies and intensities for radioactive beams in existing facilities make
fusion - evaporation studies a difficult experimental challenge. When extending to
more exotic nuclei, the dependence of the LD on the N/Z also comes strongly into
play, which is currently a matter of debate. Finally, studying how cluster correlations
(if persistent) are modified varying not only the temperature but also the isotopic
content of (n * o) nuclei is for sure a perspective of great interest.

In this context the NUCL-EX collaboration has undertaken a series of reference
studies on light stable nuclei at Laboratori Nazionali di Legnaro (LNL-INFN), in Italy,
with the GARFIELD + Ring-Counter (RCo) experimental setup. Results for the first
measurement: '>C (at 95 MeV beam energy) + '2C have been presented at the Eurisol
Topical Meeting in Lisbon, 15th-19th October 2012, and are briefly reported hereafter.

The 2C+ 12C Experiment

The '>C + 2C reaction has been a widely studied case in the seek for nuclear
molecular states, whose existence and decay are not subject to a statistical model
description. Several interesting resonances have been observed for this reaction in the
inelastic and o - transfer channel, suggesting that resonant structures persist in the
24Mg system up to around 50 MeV excitation energy. At such a high excitation energy,
a pure statistical behavior might be indeed expected due to the extremely high number
of available states. This reaction is therefore the ideal case to understand whether a
correlations may affect even more dissipative channels, typically associated to the
compound nucleus formation and decay [3].

The reaction has been measured at a beam energy of 95 MeV at LNL, with the RCo
+ GARFIELD setup. More details on the apparatuses and experimental techniques can
be found in [3,4]. In particular, for this measurement, the coincidence between a light
charged particle (LCP) detected at GARFIELD angles (30° < 8 < 150°) (identified in
charge and mass) and a residue detected in the RCo at forward angles (5° < 8 < 18°)
(identified in charge) has been chosen as the experimental fusion - evaporation trigger,
together with the request of the detection of the total charge available in the entrance
channel (Z,: = 12). HF code calculations have been performed for the complete fusion
source, a **Mg compound nucleus excited at £ = 61.4 MeV, with even J values
coming from a triangular distribution with a maximum of 12 4/2m.

Without selecting any specific residue a good model reproduction for global
observables (charge distribution of reaction products, multiplicities) is achieved, but it
is found that no unique choice on the LD model parameters can be done in order to
reproduce at the same time protons and a particles energy spectra. In particular, the
largest discrepancy is found for a’s in coincidence with oxygen fragments.

In order to check if this discrepancy is linked to the dominance of a decay chains
leaving a Z = 8 residue, we have performed a very exclusive study on triple (a - o -
oxygen) coincidences. Having detected the total charge available in the entrance
channel of the reaction, we can build for such events a Q-value spectrum, where the
quantity Qrin 1s given by the difference between the sum of all kinetic energies in the



outgoing channel and the beam energy. If, besides the charge, also the total mass of the
entrance channel is collected (i.e. residue is N = Z), then Quy is the real reaction Q-
value. This is the case of events of the type (a, a, 1°Ogy/*), which are classified as non -
dissipative, since the associated maximum energy expense is on average QOkin ~ 6.5
MeV, corresponding to the excitation of 'O bound states. For measured Qin < -15.7
MeV events, the (n, a, o, O) channel opens and the QO distribution becomes
continuous, because of the missing kinetic energy of the emitted neutron in the energy
balance. Events of this kind are called dissipative.

In the comparison between data and calculations it is found that the statistical
model largely underestimates the percentage of non - dissipative events, predicted to
be the (9 = 1)% with respect to the experimental (37 = 5)% of all triple coincidences
events. Given the low energy dissipation characterizing these events, this may be
attributed to the contamination of direct (transfer / pick-up) reactions, in competition
with fusion - evaporation in the experimental sample. More surprising is that, once
these events are excluded from the analysis and the comparison to calculations is
restricted among dissipative events, still a deviation from the expected statistical
behavior can be observed. This discrepancy is found to be related to a branching ratio
discrepancy for the channels with a single and with two a’s in coincidence with an
oxygen residue: the shape of the a energy spectrum is rather well reproduce by our
calculations in both cases, but the sum of the two processes is not correctly
reproduced. Experimentally, (63 £+ 5)% of the total cross section for completely
reconstructed dissipative decays with a o particle and an oxygen fragment in the
outgoing channel is absorbed by (0, o, '°0O") channels, where the oxygen is excited
above its neutron emission threshold, while according to the theoretical predictions
these channels should represent only (10 + 1)% of this class of events. This findings
indicate that cluster correlations associated to the '>C +12C system persist up to higher
center - of - mass energies than previously expected, leading to a non - statistical
behavior in the decay of the highly excited 2*Mg.

Isotopic Distributions and Neutron Detection

The finding of a branching ratio discrepancy between data and calculations for the
channel (n, o, a, 130) necessarily translates into a discrepancy concerning the oxygen
isotopic distribution. Unfortunately, because of the low energy regime of heavier
fragments, the information on their mass is not directly accessible in this experiment.
However, due to the completeness of the detection, this information can be deduced by
means of a calorimetry balance. In each event, the excitation energy can be estimated
as:

E:al (Ares) = Z EICJ” + -“\rn (‘47‘6’3) : <E,§J“1> + Q(flres)
.,. (1)
where N. (N») and EiM ((E,“M)) are respectively the charged products (neutron)
multiplicity and their center - of - mass kinetic energies, and Q is the decay Q - value.



The average neutron energy can be estimated as the measured average proton energy
with the subtraction of the Coulomb barrier. All other quantities involving neutrons
entering Eq. 1 (» multiplicity and Q - value) are univocally determined once a
hypothesis on the mass of the residue 4,es is done. The mass minimizing the quantity |
Ecal"(Ares) - E™fis|, where E*is = 61.4 MeV is the compound excitation energy from
energy balance in the entrance channel, can be considered as the better estimate of the
residue mass. Results for this procedure concerning the experimental oxygen isotopic
distribution are shown in Fig. 1 for the whole set of selected events, and compared to
calculations. A shift towards » - poorer oxygen isotopes is evident in the experimental
sample with respect to statistical model expectations, even starting from N = Z
reaction partners.

It is worthwhile to stress that the lack of neutron detection is the only uncertainty
source in the energy balance of Eq. 1. Our procedure shows that n detection, combined
with the completeness of the measurement, allows us to achieve the isotopic
identification of low energy fragments, even without a time - of - flight measurement.
In this sense, efforts on the development of new neutron detectors [5] should be
undertaken, along with the advancement in the planning and running of exotic beam
facilities.

<0.08
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0.02 + Y
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FIGURE 1. Reconstruction from experimental data (see text for details on the procedure, black
dots) and statistical model prediction (red histograms) for the oxygen isotopic distribution in the
outgoing channel for the 12C (95 MeV) + 12C reaction. Oxygen is detected at forward angles (5° <0 <
18°) in coincidence with LCP at (30° < 6 < 150°), the total charge of the entrance channel is collected.
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Explosive Nucleosynthesis with ISOL Beams
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ASTROPHYSICAL PROCESSES INVOLVING LIGHT NUCLEI

Short-lived nuclei play crucial roles in most explosive astrophysical environments,
such as novae, X-ray bursts and supernovae. In the case of light nuclei, it is often a
few individual reaction rates, involving these exotic nuclei, which determine the
energy generation rates and the path of nucleosynthesis. The main reaction processes
for light, short-lived nuclei are the hot-CNO cycle, the ap-process, and the rapid
proton capture (rp-)process.

In novae, the hot-CNO cycles are the dominant processes. Here, the explosion is
driven by thermonuclear runaway on the surface of a white dwarf star, following
accretion of hydrogen-rich matter from a companion star. The reaction pathway lies
close to stability and reaches up to *’Ca. Processed material is ejected and enriches the
interstellar medium with, in particular, B¢, >N and '"0. Moreover, novae are the only
explosive system where the nuclear reaction rate data used in the models are largely
experimentally determined.

In X-ray bursts, the higher temperatures reached results in breakout from the hot-
CNO cycles into the ap- and rp-processes. Again, the explosion is driven by
thermonuclear runaway following accretion from a companion, but here the progenitor
is a neutron star rather than a white dwarf. The reaction pathway lies further from
stability and consequently is less well defined as many of the key parameters of the
nuclei involved are unknown. The pathway may reach up to the mass 100 region but,
due to the strong gravitational field of the neutron star, very little if any material is
ejected.

Supernovae fall into two categories: thermonuclear supernovae, which, like novae
and X-ray bursts, occur in binary systems; and core collapse supernovae, which are the
final stage of massive star evolution. In both cases, thousands of reactions are involved
and sensitivity studies of these explosions are only now becoming possible.

EXPERIMENTAL STUDIES WITH ISOL BEAMS

The use of ISOL beams for nuclear astrophysics measurements was pioneered by
the Centre de Recherches du Cyclotron (CRC), at Louvain-la-Neuve in Belgium,
during the late 80s. This facility produced a variety of proton-rich beams, including
BN, %0, 'F, "¥Ne and "Ne, and in many cases delivered beam intensities which are



still unmatched by other ISOL facilities today. The driver was a 200 uA proton beam
at 30 MeV, delivered by the CYCLONE 30 cyclotron onto the production target. The
second cyclotron, CYCLONE 110, post-accelerated the reaction products and
provided high-resolution mass separation. The experimental techniques, such as
resonant elastic scattering [1], which proved to be such powerful tools at the CRC are
still commonly exploited today. Similarly, the highly segmented silicon strip detector
arrays developed for this facility are now widely used for many astrophysics and
structure applications at laboratories around the world.

What is currently feasible - Direct Measurements

Direct measurements involving short-lived nuclei are necessarily performed in
inverse kinematics, and the forward focusing of the reaction products can bring some
experimental benefits to counter the low beam intensities available. The target in most
cases is either hydrogen or helium, and so gas targets are often required. The energies
of interest, corresponding to the Gamow window for the reaction under investigation,
are typically between 0.1 and 3 MeV/u. Beam intensities available at these energies
are usually in the region of 10>-10° pps.

Recoil separators, such as DRAGON at the TRIUMF Laboratory, and the DRS at
Oak Ridge National Laboratory, are ideal for studying radiative capture reactions, and
a number of flagship experiments [2,3], e.g. with *'Na, *°Al, '’F and 'F, have already
been performed at these facilities.

Highly-segmented silicon strip arrays have been used very effectively to study both
(p,a) and (o.,p) reactions, using both foil and gas targets. In the former case, the
forward focusing of both reaction products allows high efficiency coincident
measurements to be performed, providing very clean event identification [4,5].

What is currently feasible - Indirect Measurements

Arguably the most powerful technique currently used for indirect nuclear
astrophysics studies with ISOL beams is resonant elastic scattering [6,7].
Measurements can be performed with as little as a few 10 pps, and a large centre of
mass energy scan can be achieved using the thick target technique. Simultaneous
measurements of multiple channels are also possible and, using R-matrix theory,
robust level parameters can be extracted. More recently, resonant inelastic scattering
has also proven effective in particular cases [8,9].

Transfer reactions are also useful tools for extracting level information, but to date
there have been limited relevant measurements using ISOL beams. Again the beam
intensity is the main limitation, as upwards of 10° pps is required. A successful proton
transfer reaction study has been performed [10], but there have been no alpha transfer
measurements for nuclear astrophysics.



FUTURE PROGRAMME

If further high intensity beams become available at HIE-ISOLDE (CERN), ISAC
(TRIUMF) and SPIRALII (GANIL), then measurements of many key reactions should
be achievable within the next 5-10 years. Investment in beam development at existing
and future facilities will be critical to the success of the scientific programme. In the
longer term, the push will be for more proton-rich beams. Low energy beams (less
than 2 MeV/u) will be required with intensities in excess of 10’ pps, and high purity.
Good beam emittance, and timing and energy resolution will also be required. To fully
exploit the new beams available, a suite of experimental facilities will be needed but in
most cases existing separator and detector systems will be sufficient.

SUMMARY

It is around 25 years since the first nuclear astrophysics measurements were performed
with ISOL beams, and in this time significant progress has been made, particularly in
novae and X-ray studies. Many of the experimental techniques and detector systems
used then are still crucial tools today but the main limitation comes from beam
availability and intensity. The direction of future ISOL programmes in nuclear
astrophysics will be critically influenced by the availability of intense proton-rich
radioactive beams.
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Abstract. Neutron-rich nuclei become increasingly sensitive to three-nucleon (3N) forces. These
components of nuclear forces are at the forefront of theoretical developments based on chiral
effective field theory (EFT). We discuss our understanding of 3N forces and their impact on exotic
nuclei, and show how new measurements constrain 3N forces. Three-nucleon forces therefore
provide an exciting link between theoretical and experimental frontiers.

Chiral EFT and 3N forces.— Chiral EFT provides a systematic expansion of nuclear
forces based on quantum chromodynamics [1], where nucleons interact via pion ex-
changes and short-range contact interactions. The EFT opens up a powerful approach to
investigate many-body forces and their impact on neutron-rich nuclei and neutron-rich
matter [2]. This results from the consistency of NN and 3N interactions, which predicts
the two-pion-exchange parts of 3N forces at next-to-next-to-leading order, N>LO, leav-
ing only two low-energy couplings cp,cg that encode pion interactions with short-range
NN pairs and short-range three-body physics. Moreover, all 3N and 4N forces at the next
order, N3LO, are predicted. We have shown that for systems of only neutrons, the cp,cg
parts of 3N forces do not contribute because of the Pauli principle and the coupling
of pions to spin [3]. Therefore, chiral EFT predicts all three-neutron and four-neutron
forces to N3LO. At the same time, 3N forces are a frontier in the physics of nuclei and
nucleonic matter in stars. This leads to a forefront connection of 3N forces with the
exploration of exotic nuclei at rare isotope beam facilities worldwide.

Three-nucleon forces and neutron-rich nuclei.— Three-nucleon forces play a key role
for understanding and predicting exotic nuclei and for the formation and evolution of
shell structure. As shown in Fig. 1, chiral 3N forces lead to repulsive contributions to
the interactions among excess neutrons that change the location of the neutron dripline
from 220 (with NN forces only) to the experimentally observed 2O [4, 5]. This presents
the first explanation of the oxygen anomaly based on nuclear forces. This 3N-force
mechanism was recently confirmed in large-space calculations [6, 7, 8]. Moreover, as
expected for normal Fermi systems [9], we have shown that the contributions from
residual three-valence-nucleon interactions are small in the shell model, but amplified in
the most neutron-rich nuclei [10].

While the magic numbers N = 2,8,20 are generally well understood, N = 28 is
the first standard magic number that is not reproduced in microscopic theories with
NN forces only. In first studies for calcium isotopes [11, 12], it was shown that 3N
forces are key to explain the N = 28 magic number, leading to a high 21 excitation
energy. Moreover, chiral 3N forces improve the agreement with experimental masses,
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FIGURE 2. Left panel: Two-neutron separation energy S», of the neutron-rich calcium isotopes, with
experimental energies from the AME 2003 atomic mass evaluation. We also show the new precision mass
measurements for >'*2Ca from TITAN, which disagree significantly with the indirectly measured masses
of AME 2003. Our predictions based on NN+3N forces are in excellent agreement with these masses
and with the flat S5, behavior from °Ca to 32Ca. For details see Ref. [13]. Right panel: 2% energy in
the even calcium isotopes with and without 3N forces compared with experiment (dots from ENSDF).
The excitation energies are calculated to %8Ca in an extended pfgq /2 Vvalence space, using both empirical
(emp) and calculated (MBPT) single-particle energies. For details see Ref. [14].

and as shown in Fig. 2 predict a flat behavior of the two-neutron separation energy
from °°Ca to °2Ca, in excellent agreement with new precision TITAN Penning-trap
mass measurements [13]. The 2" excitation energy in the even calcium isotopes with
and without 3N forces, based on the same calculations as for the masses, is shown
in Fig. 2 [14]. This predicts a 2* energy in *Ca (recently investigated at RIKEN) of
1.7—-2.2MeV. Finally, we have presented first results with 3N forces for the ground and
excited states of proton-rich nuclei along the N = 8 (see Fig. 3) and N = 20 isotones to
the proton dripline [15].
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FIGURE 3. Left panel: Ground-state energies of N = 8 isotones relative to '°0. Experimental energies
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compared with experimental data where available. For details see Ref. [15].

Neutron matter and symmetry energy.— As shown in Fig. 4, the same chiral 3N forces
are repulsive in neutron matter and dominate the uncertainty of the properties of neutron-
rich matter [3]. The predicted neutron-matter energy provides tight constraints for the
symmetry energy (see the right panel of Fig. 4) and predicts the neutron skin thickness of
208pp t0 0.17+0.03 fm [16], in excellent agreement with a recent determination from the
complete electric dipole response [17]. In addition, our calculations based on chiral EFT
interactions constrain the properties of neutron-rich matter below nuclear densities to a
much higher degree than is reflected in current neutron star modeling [16]. Combined
with the heaviest 2M, neutron star, our results constrain the radius of a typical 1.4M,
star to R =9.7—13.9km [18]. The predicted radius range is due, in about equal amounts,
to the uncertainty in 3N (and higher-body) forces and to the extrapolation to high
densities. To improve our understanding of neutron matter further, we have recently
performed the first complete N>LO calculation of neutron matter including NN, 3N and
4N forces [20, 21], which leads to bands consistent with our previous results [3].
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FIGURE 4. Left panel: Energy per particle E/N of neutron matter as a function of density p. The
blue band is based on evolved N*LO NN potentials and N>LO 3N forces; the dashed line gives the NN-
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Abstract. We investigate the role of core excitation in the structurd dynamics of two-body
halo nuclei by studying the breakup¥Be on protons at an incident energy of 63.7 MeV/nucleon.
To describe the reaction, we use the XCDCC formalism, whicloliporates these core excitation
effects, in both the structure of the weakly-bound projectis well as in the reaction dynamics.

Keywords. halo nuclei; breakup; core excitation
PACS: 24.50.+g, 25.60.Gc,27.20.+n, 25.40.Ep

INTRODUCTION

Over the last decade, breakup reactions have played antampoole in the study of
weakly-bound systems like halo nuclei. Generally, thessntum collisions have been
described within a three-body model and the coupling to thieound states of the
projectile (treated as a two-body system) should be takenaocount. Under this ap-
proach, the Continuum-Discretized Coupled-Channels (CPp@ethod [1], originally
developed to describe the effect of breakup channels iredsuscattering, has proved
to be a very efficient tool and it has been applied succegsfolinvestigate different
loosely-bound nuclei, such 4ki, “Li, 11Be or®B, for example.

In its standard formulation, the CDCC method considers thatweakly-bound
projectile is composed of two or more inert clusters, withoensidering possible ad-
mixtures of different core states in the structure of thggutie or transitions between
them.

In this contribution, we use an extension of the CDCC metlwwdviio-body projec-
tiles, proposed in [2]. There, the continuum of the projectras described by using a
generalization of the standard binning method. Instealisfive make use of a pseudo-
state description of the projectile. This formalism is aggko the breakup of'Be on a
proton target 63.7 MeV/nucleon and compared with a DWBA wakon, which takes
also into account the effect of core excitation but withiroaracoil approximation.



THEORETICAL FORMALISM: STRUCTURE AND DYNAMICS

Structure of the halo nucleus: Particle-rotor model

Regarding the structure of the halo nucleus, we use thecfgartitor model so the
Hamiltonian is given by:

Hp(F, &) = T(7) +Voc(T, &) + he(&) 1)

wherer is the relative coordinate between the valence and the Eatenote the internal
degrees of freedom of the corgé(r) the core-valence kinetic energy operaigg the
valence-core interaction, amg(¢) the intrinsic Hamiltonian of the core. The states of
the system are computed by using the THO method [3]. In thivotkthe Hamiltonian

is diagonalized in an appropriate set of functions so theretates are expanded in a
truncated basis:

Aagy (&) =RG(0) [Yus ()@ @1 (E)], i=1..N @

where the labebtr denotes the set of quantum numbéfss, j, 1}, with ¢ (valence-core
orbital angular momentum) arsl(spin of the valence) both couple jo(total angular
momentum). The spin of the projectilly is given by the coupling betweepand |
(intrinsic spin of the core). The states related to the w@detore relative motion are
described by the functior'HO(r) (radial part) andy,;(f) (angular part) while the

functionsg, (&) describe the core states.

The eigenstates of the Hamiltonian (1) in a truncated THQOsbasgl be given by
n’\]] =313 aCla@q s, whereN is the number of basis statesis an index identi-

fylng each eigenstate, a@!‘a are the coefficients for the expansion of the states of the
system in the truncated THO basis.

The negative eigenvalues of the Hamiltonian (1) are ideuwtifiith the energies of
the bound states whereas the positive ones corresponddorateirepresentation of the
continuum spectrum.

Core excitation: XCDCC method

Once the projectile wave functions have been obtained, weead to solve the
scattering problem. We consider a three- body Hamiltorﬁam(]d we express the three-

body wave functlonSIJ in terms of the se{CDn 3t

F,&) +Vu(RT) 3)

(R
ﬁ®quwzﬂ (4)

H(RT,&) =T(R) +Hp(,&) +Ve
WM (R F,E) = zFJT )Y

Mt
Jr



where, in addition to the projectile coordinateandé , we have the relative coordinaie
between the center of mass of the projectile and the targstifaed to be structureless).
The different quantum numbers are labeledBoy {L,Jp, n}, whereL (projectile-target
orbital momentum) and, both couple to the total spin of the three-body sysfgm

By inserting (4) in the Schrodinger equation a system of teigifferential equations
is obtained and the main ingredient is given by the couploigmptials:
U (R) = (@3 Ve (R T, &) + V(R )] 03 31) (5)
The nuclear and Coulomb contributions are treated simedtasly under this scheme.

However, in our case, the Coulomb contribution can be néglielsecause we consider
a proton target and the excitation is mainly due to the nuctgaraction.

APPLICATION TO 1BE BREAKUP

Now we apply the XCDCC model in first order (equivalent to tH&BA formalism) to
the breakup ot'Be on protons at 63.7 MeV/nucleon. This reaction has beenqursly
analysed in a no-recoil DWBA framework with core excitatipf). The calculated
angular distributions, integrated in the relative enengtenvals =0-2.5 MeV and

E =2.5-5.0 MeV, were found to describe reasonably well the d&fg]. Furthermore,

it was shown the importance of core excitation to the breakogs section, specially
in the second energy interval, which contains the"3/@sonance. This is due to the
dominance of thé%Be(2") ® Vsy» configuration as stated in Table 1, which collects the
spectroscopic factors for the ground state"1d2d the resonances 5/2Ex =1.78 MeV)
and 3/2° (Ex =3.41 MeV) of 11Be in the particle-rotor model, assuming a permanent
axial deformation in thé®Be core withB,=0.67 [6].

TABLE 1. Spectroscopic factors for the ground and resonant
states 5/2 and 3/2 of 11Be, according to the particle-rotor

model.
State 0F @ (L9)]) |27 ®s15) [2F @ds5)0)
1/2" (g.s.) 0.86 - 0.12
5/2" (1.78 MeV) 0.70 0.18 0.11
3/2" (3.41 MeV) 0.16 0.74 0.08

The fragment-target potentials are those used in [4] ancdbaesfon the excitation of
the two resonances. In Fig.1 the calculated breakup andigtaibutions as a function
of the center-of-mass scattering angle are plotted. Theuef right panels correspond,
respectively, to the 5/2 and 3/2" resonances. The solid lines show the results in the
no-recoil DWBA framework with core excitation similar toelcalculation of [4], but
using a continuum representation in terms of THO pseudesstastead of continuum
bins (these two basis representations give almost idénBsalts). The open circles
correspond to the present XCDCC computation with the psstatkes basis and, as we
can see, they are found to be very close to the no-recoil leions.
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FIGURE 1. Angular distribution for the breakup étBe on protons at 63.7 MeV/nucleon. The left and
right panels correspond, respectively, to the'sédd the 3/2 resonances. The DWBA calculations using
the no-recoil model are given by the solid lines. The opedledr correspond to a XCDCC calculation
taking into account recoil effects.

SUMMARY AND CONCLUSIONS

We have investigated the effect of core excitation in theakup of halo nuclei. We
have shown that the THO basis combined with the XCDCC metlayd provide a
suitable framework which takes into account the core deftion in the structure of the
two-body halo nuclei, as well as the dynamic core excitadionng the collision, with a
reduced number of functions (once the convergence has lseseaseed). The model has
been applied to the resonant breakug®e on protons at an incident energy of 63.7
MeV/nucleon.

From these calculations, we may conclude that core exmitaffects might be
also important in other reactions induced by loosely-boprajectiles with deformed
constituents. The proposed approach goes beyond the aib-approximation and it
could describe core excitation effects in those situationghich the assumption of the
no-recoil model (possibility of neglecting core-recog)not fulfilled.

We must notice that all calculations rely on the Born appration, and higher
order couplings are ignored. These calculations are inrpssgand will be presented
elsewhere.



ACKNOWLEDGMENTS

This work has been partially supported by the Spanish Minstde Ciencia e

Innovacion under contracts No. FPA2009-07653 and FISZBIB8-C02-01, and
by the Spanish Consolider-Ingenio 2010 Programme CPAN @D8[D-00042).

R.D.D. and R.C. are supported by the FCT grants SFRH/BPD&/2611 and

PTDC/FIS/103902/2008, respectively. J.A.L. acknowledgeresearch grant by the
Ministerio de Ciencia e Innovacion.

REFERENCES

=

N. Austern, Y. Iseri, M. Kamimura, M. Kawai, G. Rawitschand G. J. YahiroPhys. Rep154, 125
(1987).

N. C. Summers, F. M. Nunes, and I. J. Thompdgthys. Rev. G4, 014606 (2006).

J. A. Lay, A. M. Moro, J. M. Arias, and J. GGmez-CamadpPbys. Rev. @5, 054618 (2012).

A. M. Moro, and R. Crespd?hys. Rev. B5, 054613 (2012).

A. Shrivastava, et alPhys. Lett. B596, 54 (2004).

F. M. Nunes, J. A. Christley, I. J. Thompson, R. C. Johnsod, V. D. EfrosNucl. Phys. 2609, 43
(1996).

ouRr®N



Discontinuity of BBG self-consistent solutions
and role on low-energy elastic scattering
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Abstract. Microscopic optical model potential in momentum space @odsted as the sum of two
terms, one given by the Kerman-McManus-Thaler (KMT) fotlof the off-shell scattering matrix
and another depending on the gradient ofithemedium nucleon-nucleon effective interaction, mod-
eled by the Brueckner-Bethe-Goldstone (BR3)atrix for infinite nuclear matter. Thugsmatrices
based on self-consistent single-particle fields are neadaltidensities ranging form zero to a max-
imum value given by the isoscalar density of the target. Hemeaccurate self-consistent calcula-
tions in the Brueckner-Hartree-Fock (BHF) approximatiead to a discontinuity/coexistence in the
self-consistent single-particle potentials at Fermi motadelowks = 0.3 fm~L. In this work we
present preliminary results accounting for this discaritinand implied low-density self-consistent
solutions. Total cross sections for nucleon elastic sgagdbecome sensitive to these effects at
beam energies below40 MeV.

Keywords: Optical model, nucleon scattering, effective interactiapmatrix, nuclear matter
PACS. 24.10.Ht 21.60.-n 25.60.Bx 25.40.Cm

A primary goal behind microscopic optical model potent{@#1P) for nucleon scat-
tering, is that of providing a link between the two-nuclenteraction in free space with
a one-body operator describing the transit of a nucleonutiirca composite system.
The degree of understanding of the scattering processagauf from the level coher-
ence between measurements obtained in experimentatieacdnd predictions made by
theory. From a theoretical point of view, the constructiémanicroscopic OMP faces
many challenges at various levels, one of them being thadrdteucting an effective in-
teraction able to retain leading-order correlations afiiatting nucleons (fermions) in a
many-body environment. It is at this stage where the BB@atrix has played a pivotal
role. Its use has typically been implemented by means of teasity-dependent effec-
tive interactions [1], an approximation aimed to simplihetinvolved structure of the
OMP when the genuine off-shejlmatrix is used. The effort in this work is not only to
avoid such approximation but also to assess implicatiogdting from accurate evalua-
tions of theg matrix, particularly its associated self-consistent Ergarticle potentials
in the continuous choice.

The interaction between a nucleon with enekggnd a nucleus can be described by
means of an OMP which in momentum space is expressed as

U(K'KE) = [dp'dp (K'P' | T(E) [kP).s AP'.P). ()

HereT represents a two-body effective interaction which, in geheontains informa-
tion about the discrete spectrum of the many-body system ohle-body mixed density



p(p’, p) accounts for the ground-state of the target. The evaluafioptical potentials
considering all these elements is far from feasible eveh witrent computational ca-
pabilities. Part of the difficulties is avoided by treatirgparately the ground-state of the
target and the nucleon-nucleddl) effective interaction. A remaining challenge is the
Fermi motion of the target nucleons implied by thedp’ integration.

Following Ref. [2], intrinsic medium contributions in therstture of the optical
potential can be disentangled from their free-space copatein T following a general
analysis of its momentum-space structure. The matrix as T in coordinate space
are denoted witlir's’ | T | r s), where the ‘prior’ coordinates of each particle are denoted
by r and s, respectively, whiler’ and s’ refer to the ‘post’ coordinates of the same
particles. These vectors define tinean coordinate z, given by the average

z=3(r+s+r'+s).

As shown in the cited reference, a reduced two-nucleondaotem modeled by the
density-dependent BB@ matrix, needs to be evaluated at this stevhere the local
density isp(z). After some analysis described in Ref. [2], Eq. (1) tbyields

U(K,k;E) =Uo(K,k;E) +U1(K K E) ,

with Uy the full-folding optical potential based on the friematrix (KMT contribution).
The medium-dependent contributib, in turn, is given by

1 . o j1(zZK 0
U1(K,KE) :ﬁ/dpdp’p(p’,p)/o z%z% (_ d_gzz) | 2)

Here g; is evaluated at off-shell at relative momeré(ak’— p’) and %(k— p), total

momentunk’ 4 k and starting energg consistent with the energy of the beam. Actual
evaluations of the OMP are made considering the reducerhoiieng; as the nuclear
matterg matrix in the BBG theory. Here the coordinatalefines the densitp(z) at
which g; is evaluated. As shown in Ref. [2], this model reproduces aarticplar case
thein-medium folding model of Arellano, Brieva and Love [3] if one assumeSlater
approximation for the mixed density (ABL folding).

In BBG theory for symmetric nuclear matter tbematrix depends on the density of
the medium, characterized by the Fermi momentgmand a starting energg. To
lowest order in the BHF approximation, when only two-bodyretations are taken into
account, they matrix satisfies

Q

w)=V+V = =
g( ) w+in—hy—hy

9(w), 3)

with v the bare interaction between nucleonsthe single-particle energy of nucleon
(i=1,2), andQ the Pauli blocking operator. The solution to this equatinal#es the
evaluation of the mass operator

MKE)= 3 (3(k—p)Igk(E+ep)lz(k—p)), (4)
|p[<kr



whereK is the total momentum of the interacting pdr= k+ p, andep, = p?/2m+
U (p), the single-particle energy defined in terms of an auxiliéeld U. The nucleon
masamis taken as the average of proton and neutron masses. In thagséximation
the single-particle potential is given by the on-shell massrator,

U(k) = OeM(k; ) , (5)

a self-consistency requirement which can be achievediiteha In Ref. [4] itis reported
a thorough study on self-consistent solutions for theskcselsistent fields. A key
element in this study is the explicit treatment of di-nudémund states during the self-
consistency search. As a result, it is found two familiesatfFsonsistent solutions. One
of them describes unbound solutions and the other bound bnEgy. 1 we show self-
consistent solutions for the single-particle fields basethe Argonner;g potential. On
the left we show a set of solutions flg > 0.35 fm™1, denotedJ;, featuring the usual
aspect of solutions reported elsewhere. On the rightkfor 0.35 fm™1, two families

(I and 11) of self-consistent solutions are shown, both nmgethe self-consistency
requirement expressed by Eq. (5). The density range whese tholutions coexist
corresponds t0.@3 < ke < 0.28, in units of fnT1. These Fermi momenta represent
low nuclear densities located on the surface of the nucleus.

U (MeV)

FIGURE 1. Left: Self-consistent solutiond. (k) as functions okr andk for the Argonnevsg potential
in the bound phase II. Right: Solutions | and Il in the coestisie range ifkg.

To each of the two families of self-consistent fieltds,andU,;, corresponds a set
of solutions for theg matrix, g and g, respectively. In an attempt to explore these
solutions in the context of optical potentials, we have espnted they matrix as
function ofkg in the form

glke] = O(kc —kr) x Gi [ke] + O(kr —kc) x gii [ke ], (6)

with ke a Fermi momentum in the region of coexistence. Certainlyrgbhescriptions
can be investigated following more rigorous argumentsiroed to assess how sensitive
is the optical potential to the use of alternative comboraiof coexisting solutions.

Following Ref. [5], we have evaluated optical potentialsrfacleon elastic scattering
from 12C and1%0. TheNN interaction is the Argonne;g potential, from which off-
shell g matrices are calculated at various densities. The apjgitapresented in this
report usekc = 0.25 fm in Eq. (6). These matrices are then used, with no localinatio
whatsoever, to obtain non-local optical potentials to gattering observables.

In Fig. 2 (left frame) we show the reaction cross sectigrfor p+160 andp+12C
elastic scattering as function of the beam energy. Solidesurepresent results based on
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FIGURE 2. Left: Reaction cross section for proton elastic scattefinm 60 (blue curves) and?C
(red curves), based a¥g-folding (continuous curves) and ABL-folding (dashed @s) Data from Ref.
[6]. Right: Total cross section for neutron elastic scattgrfrom 180. The same convention as in the
previous plot is adopted for the curve patterns. Data froifa [Rg

dg-folding, using the exact one-body mixed density from shatidel wavefunctions.
Dashed curves are obtained using ABL-folding, where theatadiensity is used to
evaluate the potential. Differences between the two agesto evaluate the optical
potential appear below 40 MeV, becoming more pronouncedheatidwer energies.
Additionally, the ABL approximation exhibits better agreemb with the data than the
5gapproach. In Fig. 2 (right frame) we show the total crossisect for n+10 elastic
scattering as function of the beam energy. Here again diffes appear below 40 MeV,
although theg-approach agrees better with the data than ABL. We also naté¢tbory
overestimatesrr by about 0.15 barn, almost uniformly.

In summary, we have performed microscopic OMP in momentuacegonsidering
high precisiong matrices in BBG theory. Special attention has been placed en th
account for coexisting solutions of single-particle fiedd$ow densities. From this study
we conclude that nucleon elastic scattering at low energgsnsitive to medium effects
on the surface of nuclei. Under the assumption thagthmatrix is discontinuous in the
range of coexisting solutions of the single-particle fiettie effect of such discontinuity
shows up in reaction and total cross sections below 40 MeVenaenergy (40 MeV/A
ion energy). At these energies shell-structure effectstneaelevant, as evidenced when
comparing ABL vsdg approaches. Considering that the effects investigatedduetg
at low densities (surface), the findings we report here mbghtelevant for the study of
nuclear reactions involving exotic structures.

H.F.A acknowledges partial funding from FONDECYT under Grdn 1120396.
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On the Origin of Nuclear Clustering
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INTRODUCTION

The nuclear Shell Model (SM) in which the one-body behavior is supplemented by
configuration-mixing effects of residual two-body interaction, describes nucleus as a
Closed Quantum System (CQS) where nucleons occupying bound orbits are isolated
from the environment of scattering states and decay channels. In its modern version,
SM calculates nuclear properties in ab initio manner [1], using realistic interactions
which reproduce the nucleon-nucleon scattering data [2,3].

The validity of such a CQS framework depends on the dissociation energy. The
configuration-mixing effects in weakly bound or unbound nuclear states cannot be
treated as a small perturbation atop the mean field, and involve effects of the coupling
to decay channels [4]. Phenomena such as the anomalous behavior of elastic cross-
sections and the associated overlap integral near threshold states in multi-channel
coupling [5], the isospin and mirror symmetry-breaking threshold effects [6], the
resonance trapping [7,8] and super-radiance phenomenon [9], the modification of
spectral fluctuations [10], and deviations from Porter-Thomas resonance width
distribution [8,11], are all unique manifestations of the continuum coupling. For a
description of these diverse phenomena it was necessary to create theories which unify
structure and reactions. Examples of these attempts are the Shell Model Embedded in
the Continuum (SMEC) [12] and the Gamow Shell Model (GSM) [13,14]. Ab initio
calculations that use a proper asymptotic behavior of wave functions include also the
No-Core Shell Model (NCSM) coupled with the Resonating Group Method [15] and
the Coupled Cluster approach generalized in the complex-energy plane using the
Berggren basis [16].

We assert that the appearance of cluster states in the vicinity of their respective
cluster decay thresholds is another direct consequence of an openness of the nuclear
many-body system and, as such, cannot be predicted by the standard SM [17].

NEAR-THRESHOLD CLUSTER STATES

The cluster states are closely related to the nature of a nearby cluster-decay
threshold. The challenging problem is how to separate generic and specific features of
this intricate many-body phenomenon. The energetic order of particle emission
thresholds, and their nature, is given by the N- and Z-dependence of the nuclear



binding energy, i.e., it depends on specific properties of the nuclear Hamiltonian. The
appearance of specific decay channels involving both kinds of nucleons, and the
absence of stable nuclei entirely composed of like nucleons, is a direct consequence of
the isospin structure of the nuclear force. On the other hand, the phenomenological
rule that cluster correlations are seen in the vicinity of the respective cluster emission
threshold is unlikely a consequence of specific properties of nuclear forces and calls
for a generic explanation.

The comprehensive understanding of the universal occurrence of clustering and its
properties is absent in the CQS formulation of the nuclear many-body problem. The
commonly used Cluster Model (CM) [18] is an a posteriori approach that assumes
effective building blocks (clusters). A priori approaches, like the nuclear SM
approach, simply fail to predict cluster states at around cluster-decay thresholds. A
well-known formal correspondence between Slater determinants of single-particle
harmonic oscillator wave functions, used in many CQS SM frameworks, and CM
wave functions [19], is of limited use when it comes to a proper treatment of decay
thresholds and asymptotic behavior of wave functions.

Ikeda et al. [20] remarked that a-cluster states can be found in the proximity of a-
particle decay thresholds. A plausible explanation of this phenomenological rule has
been in terms of the collective coupling of SM states via the decay channel(s) [17].
Actually, the conjecture of Ikeda can be formulated more generally [17]; namely, the
coupling to a nearby particle/cluster decay channel induces particle/cluster correlations
in Continuum Shell Model (CSM) wave functions which are the imprint of this
channel. In other words, clustering is a generic near-threshold phenomenon in OQS
which does not originate from any particular property of the nuclear forces or any
dynamical symmetry of the nuclear many-body problem. This generalized conjecture
holds for all kinds of clustering, including unstable clusters such as dineutron or ®Be.

The real-energy CSM (SMEC) using Feshbach projection formalism [12] offers a
convenient framework in which generic features of clustering can be discussed. In this
framework, the description of internal dynamics includes couplings to the environment
of decay channels, and is modelled by the energy-dependent effective Hamiltonian
which is non-Hermitian for energies above the first particle-decay threshold. The
continuum-coupling term in this Hamiltonian generates effective many-body
interactions in the internal space, even if it has two-body character in the full space
[21].

The coupling to decay channels results in the anti-Hermitian component. The
interplay between Hermitian and anti-Hermitian components of the effective
Hamiltonian is a source of collective near-threshold phenomena in the ensemble of
SM states [17] and leads to the binding energy stabilization. In particular, the anti-
Hermitian mixing tends to concentrate the continuum coupling in a single state
(aligned state) of the OQS, an archetype of the cluster state, which captures most of
the continuum coupling, and, above the decay threshold, exhausts most of the decay
width.

The continuum-coupling correlation energy of the SM eigenstate depends on the
structure of the SM eigenstate and the nature of the decay channel. The correlation
energy is peaked at the threshold only for the coupling to the /=0 neutron decay
channel [21]. For higher partial waves and/or for charged particles, the centrifugal



Coulomb barriers shift the maximum of the correlation energy above the threshold.
Even though the continuum-coupling correlation energy is a small fraction of the total
binding energy, it profoundly impacts the configuration mixing leading to instabilities
of certain SM eigenstates near the channel threshold.

The continuum-coupling induced mixing of SM states diminishes with increasing
proton number, ie., the increased Coulomb barrier in heavier nuclei suppresses
correlation energy close to particle-decay threshold and, therefore, prevents the
clustering. This generic tendency does not depend on the nature of the decay threshold

OUTLOOK

Clustering is one of the most complex phenomenon known to the structure of
atomic nuclei. A comprehensive description of clustering goes beyond standard SM
and CM frameworks. We argue that clustering is a direct consequence of the collective
mixing of SM eigenstates via the aligned state which captures most of the continuum
coupling and carries many characteristics of the decay channel. Above the decay
threshold, the aligned state becomes a broad resonance.

The mechanism responsible for the creation of the aligned near-threshold state is
mathematically similar to the formation mechanism of collective super-radiant [7] or
trapped states [8,9]. However, the physical domain of aligned states is not restricted to
the region of large density of resonances in the continuum. It can even correspond to a
bound state at energy below the lowest decay threshold. Collectivity of the aligned
state is a fingerprint of instability in the ensemble of all SM states having the same
quantum numbers and coupled to the same decay channel. Quantitatively,
manifestations of this instability depend on the strength of the continuum coupling, the
density of SM states, and the nature of the decay channel [17].

Neutral-cluster configurations are expected to show up primarily below the
threshold, due to the rapid growth of the decay width with energy. Here, spectacular
examples are one- and two-neutron halos in light nuclei. Favorable conditions for the
charged-cluster configurations are above the charged-cluster emission threshold. The
Hoyle resonance in '*C represents is a good example of such a continuum-correlated
collective state. Several narrow a-cluster resonances are known in p- and sd-shell
nuclei from the valley of beta stability. Exotic forms of clustering, such as
*H-, dineutron-, and *He-clustering, are expected close to neutron and proton drip
lines, respectively.

To learn more about an interplay between internal (Hermitian) and external (anti-
Hermitian, via the continuum) configuration mixing, it will be necessary to develop a
vigorous experimental program searching for coalescing resonances. An excellent
example is the 2+ doublet of narrow (I'~100 keV) resonances in 8Be at the excitation
energies 16.63 MeV and 16.92 MeV, respectively. These two resonances, which have
approximately the structure of 7 Li+p and 7 Be+n threshold configurations [22], are
seen below one-nucleon emission thresholds. Above these thresholds, one finds a
nearly degenerate, both in energy and width, doublet of 3+ resonances. More
experimental data on exotic clustering and double-poles of S-matrix would be
necessary to stimulate intense studies of the continuum-coupling induced



configuration mixing by comparing ab initio No-Core GSM and NCSM for the same
with realistic chiral interactions [23].
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FERMIONIC MOLECULAR DYNAMICS (FMD)

In the FMD approach we employ Gaussian wave packets

_h)2
(o) =exp{ -3 b |xTxt s €) ®

as single-particle basis states. The complex parambterscode the mean positions
and momenta of the wave packets anithe widths of the wave packets. The spins can
assume any direction, isospirdd denoting a proton or a neutron. Intrinsic many-body
basis states are Slater determinants

Q)= {|a)®...0[d)} (2)

that reflect deformation or clustering and break the symesetf the Hamiltonian with
respect to parity, rotation and translation. To restoresimametries the intrinsic basis
states are projected on parity, angular momentum and to&al momentum

|QI™K; P =0) = PR PP=0 | Q). (3)

In a full FMD calculation the many-body Hilbert space is spath by a set oiN
projected intrinsic basis stat§$Q®;J™™K;P=0),a= 1,...,N}. By diagonalizing
the Hamiltonian in this set of non-orthogonal basis statesaimplitudes of the various
configurations contained in the many-body eigenstate dezrdaned.

Starting from the realistic Argonne V18 interaction [1] weride a phase-shift-
equivalent effective low-momentum interaction using timétary correlation operator
method (UCOM). The basic idea of the UCOM approach is to ekpfliinclude short-
range central and tensor correlations by means of a unitaeyator [2, 3, 4]. No-
core shell model calculations show that the two-body UCOMraction gives a good
description of- and lightp-shell nuclei [4], indicating that the neglected inducelldgly
forces cancel to a certain extent the missing genuine 3-turdgs.

1 Supported by the ExtreMe Matter Institute EMMI



CLUSTER STATESIN 2C

The structure of the second Gtate in'C, the famous Hoyle state, is still one of the
hottest topics in nuclear structure. In [5] we investigaitisdstructure with a model
space consisting of FMD configurations obtained by vanatiad a full set of three-
a configurations and found that the Hoyle state has a veryaddatl extended three-
structure. This is illustrated in Fig. 1 where we show themsic FMD basis states that
have the largest overlap with the ground state and the Htgle.s

@®
S

FIGURE 1. Left: intrinsic FMD basis state that has the largest ovewdp the ground state. Right: the
four intrinsic FMD basis states that have the largest opeslith the Hoyle state.

We used these many-body wave functions also to calculateahsition form factor
from the ground state to the Hoyle state and compared ittthracelectron scattering
data [5, 6]. The good agreement of calculation and expetiimsenstrong confirmation
for a spatially extended cluster structure of the Hoyleestatso the second;2above
the Hoyle state and the thirdj Gexhibit very extendedr-cluster structures with large
point radii. Overall, the results are very similar to thoséi, 8].

Radii Exp FMD | Transitions Exp FMD
Ichargd 0 ) 2.47(2)fm 2.53fm| M(E0,0f —05) 5.4(2)fn?  6.53 fn?
r(0f) 2.39fm | B(E2,2f —0}) 7.6(4)&ém* 8.69 &fm*
r(0;) Hoyle state 3.38fm | B(E2,2] —05) 2.6(4)&fm* 3.83 &fm*
r(03) Hoyle like 4.62fm

r2y) 2.50 fm

r(25) Hoyle like 4.43 fm

NEON |SOTOPES AND TWO-PROTON HALO

The charge radii of the neon isotopes, which have been mesuRef. [9], do not show
the usual monotonic increase with mass number, see Fig.€2FMD model explains
this by substantial changes in the ground-state structuegtributes the large charge
radius of1’Ne to an extended two-proton halo with ehcomponent of about 40%,
r.h.s. of Fig. 2. In®Ne the radius is smaller due to a significantly smafezomponent.
The radius increase fdfNe is caused by the admixture 8O - 3He and®0O - *He
cluster configurations in the tail of the wave function. Td@simixtures are related to
the known deformation properties and decrease with gromeugron number.
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FIGURE 2. Left: charge radii of Ne isotopes measured by COLLAPS undutated with FMD [9]
Right: two-proton halo if’Ne, matter and proton point densities.

RADIATIVE CAPTURE REACTION 3He(a,y)'Be

Another application of the FMD approach is the calculatibthe *He(a,y)’Be radiative
capture reaction [16]. As this reaction plays an importalg in the solar proton-proton
chains and determines the production’8e and®B neutrinos [17, 18], it has been
studied extensively from the experimental side in recertry¢10, 11, 12, 13, 14].
However, it is still not possible to reach the low energiegwant for solar burning
in experiment. From the theory side this reaction has beesstigated using simple
potential models, wheréHe and*He are treated as point-like particles interacting via
an effective nucleus-nucleus potential, e.g., [19] or nscopic cluster models, e.g.,
[20, 21] where the/Be bound and scattering states are constructed from mipasc
SHe and*He clusters interacting via an effective nucleon-nucledaraction Ab-initio
calculations using variational Monte Carlo [22] and noecsinell model wave functions
[23] were used to calculate asymptotic normalization coeeffits for the bound states

0.7p . ‘ . . _—

i . \L/\l/je’i\lz;\n%rén 04| ] 0.15f e Caltech '94| T
=06k 4 ' 4 = I — FMD 1
~ 0'6; LUNA '07 ] =2
% : + Seattle '07 ] %
< 0.5F% = ERNA '09 4 = i
= — FMD 1 =0 10? ]
*8 0.4 - *8 L EEE 1
s | | & | THg 3
& 0.3k 1 5 | LK U R I SRR

~t ] 0.05+ .

L 1 1 L 1 L 1

0% 1 0 0.5 1
E,, [MeV] E.m [MeV]

FIGURE 3. Sfactor for capture reaction - leffHe(a,y)'Be, recent data [10, 11, 12, 13, 14] colored
symbols, older data gray symbols - righiti(a,y) Li, recent data [15] colored, older data gray symbols.



but relied on potential models for the scattering phasesshif

In the FMD calculation we divided the many-body Hilbert spanto an external
region, where the scattering states are antisymmetrizetlipts offHe and*He clusters
in their FMD ground states at various distances, and andatien region, where FMD
configurations were obtained by variation after projecbonspin-parity ¥2*, 3/27,
5/2tand 32-,1/2~,7/27,5/2~. A constraint on the radius of the intrinsic states was
used to vary the distance between the clusters. Using th@seiapicR-matrix method
[24] boundary conditions for bound and scattering statee\weplemented by matching
to Whittaker and Coulomb functions at the channel radéus {2 fm).

The capture cross section was calculated from electrontiagin@nsition rates be-
tween the microscopic many-body scattering and bound atdsstThe result for the
total cross section for théHe(a,y)’Be capture, shown in form of the astrophysigal
factor in the left part of Fig. 3 agrees very well with the netcdata, both in absolute
normalization and in the energy dependence. The calcuatery dependence of the
Sfactor in the isospin mirror reactiotH(a,y)’Li agrees well with the data (right hand
side of Fig. 3), but the absolute cross section is larger thendata by Brunet al.
by about 15%. This is surprising as the FMD results for thiebound states and the
scattering phase shifts are of similar quality as thoséBer.
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NUCLEAR BREAK-UP REACTIONS

Nuclear break-up occurs at few tens of MeV per nucleon. Among all other inelastic
processes leading to the emission of one nucleon, the nuclear break-up, also called
Towing Mode is characterized by the emission of a nucleon from the target on the
same side as the projectile with an intermediate velocity and a large angle with respect
to the beam axis. Knock-out reactions lead to a nucleon emitted around 90 deg. while
pick-up break-up reactions lead to forward emission.The mechanism is understood the
following way: when the projectile passes by the target, the nucleon inside the target
feels its nuclear potential and is towed to be emitted to the continuum. This picture is
confirmed by a theoretical model solving the time dependent Schrodinger equation
(TDSE) for the wave function of a nucleon inside the potential of target when the
projectile potential passes by.
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FIGURE 1 : Angular distribution of neutrons from the OAr+®Ni experiment compared to TDSE
calculations for 3 different wave functions.

The nuclear break-up was brought out in the *“Ar+**Ni @ 44 MeV/A reaction
where the neutron or proton knock-out was measured [1]. In addition to the statistical
decay, a contribution was highlighted in the forward region. The angular distribution
extracted for each excited state populated in the daughter nucleus showed very good



agreement with the TDSE calculations (see Fig. 1). Therefore nuclear break-up is
sensitive to the initial wave function (quantum numbers) of the nucleon inside the
target and can be used as a tool to probe nuclear structure. Several examples of
utilization of nuclear break-up will be shown below such as configuration mixing,
pairing correlation and clusterization into alpha particles.

PROBING CONFIGURATION MIXING

The ground state of ''Be is known to be a superimposition of two configurations
that is to say (i) a '’Be in its ground state and a neutron in the 2s,; and (ii) a '"Be in its
first deformed 2" state with a neutron in the 1ds,. The configuration mixing was
estimated by breaking up the ''Be and detecting the emitted neutron and the possibly
emitted gamma together with the residual projectile. The energy distributions obtained
compared to TDSE calculations enabled to extract a spectroscopic factor for the (i)
configuration of Sys = 0,47+ 0,04 and for the (ii) configuration of S;4= 0,50 = 0,20 [2].

2 [ Transfert Break-up reactions
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FIGURE 2 : Comparaison of S(2s) with previous experiments. See references in [2].

A good agreement is obtained for the S, spectroscopic factor with previous
experiment (see Fig. 2) although the TDSE model does not take into account
interferences between the two types of configurations.

PROBING ALPHA CLUSTERIZATION IN NUCLEI

Several nucleons can be towed in the nuclear break-up process and particularly
alpha particles. In the case of symmetric matter, the formation of alpha clusters in the
ground state of the N=Z nuclei should increase the cross-section of alpha emission
from the nuclear break-up.



The experiment was performed at GANIL with the reaction *’Ca+*Ca at 50
MeV/A. The projectile was identified with the SPEG spectrometer and the emitted
alpha with the INDRA array. The missing mass spectrum of *°Ar shows several
excited states. For each of them the angular distribution of the emitted alphas can be
extracted experimentally. Then, it can be compared to the TDSE calculation for the
wave function of an alpha particle and an adjusted potential to reproduce *°Ca
rotational bands. This schematic calculation reproduces surprisingly well the width of
the experimental curves.
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FIGURE 3 : (Left) Missing mass spectra for *Ar for an alpha particle detected forward (top) and
backward (bottom). (Right top) Experimental angular distributions associated to each excited
state in *°Ar. (Right bottom) Expected angular distribution from the TDSE calculations [3].

A spectroscopic factor of 1.2% was extracted for the alpha clusterization in the
ground state of *°Ca. This is in agreement with shell model calculations [4] but not
with the measurement of Umeda et al [5].

PROBING PAIRING CORRELATIONS IN LIGHT NUCLEI

In the case of very light nuclei close to driplines, pairing plays an important role
and particularly for borromean nuclei where the binding is insured by pairing. As
nuclear break-up is sensitive to the wave function of the nucleons and also to spatial
configuration, it can be a powerful tool to investigate pairing.

In the case of *He, two configurations are expected from the three-body model: (i) a
di-neutron configuration where the two neutrons lie close to each other and (i1) a cigar
configuration where the neutrons are on opposite side with respect to the alpha core. In
the first case (i) nuclear break-up should lead to the emission of the two neutrons



together at large angle whereas in case (i1) one neutron will be towed and the second
one be emitted in the direction of the beam as “He is not bound. The distribution of
relative angle between the two emitted neutron should then give the information on the
spatial correlation between the neutrons in the halo.
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FIGURE 4 : Correlation function obtained from the experimental data. When it is close to 1, no
correlation is seen and any deviation is a signature of correlation. A strong correlation is seen for
small angles corresponding to di-neutron configuration.

The break-up of °He on ***Pb was studied at GANIL using the Neutron Wall and
the EDEN neutron detectors coupled to an annular Silicon stripped detector.
Correlation functions were extracted experimentally (see Ref.[7] for more details). In
order to compare the experimental results a new theoretical model has been developed.
This reaction model TDDM' is a beyond mean-field model including pairing
correlations [6]. It confirms that nuclear break-up is sensitive to the different
configurations in ®He and seems to show that most part of the experimental
distribution is reproduced by the di-neutron configuration.

CONCLUSION

Several studies with nuclear break-up show that it is a powerful tool to investigate
nuclear clusterization. This mechanism requires post-accelerated beams such as the
EURISOL ones. In the next coming years, efforts will be devoted to the study of
cluterization into the B chain where AMD calculations predict strong clusterization.
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Direct Reactions with Exotic Nuclei
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1- Nuclear structure from direct reactions

In nuclear reactions, some processes leave the final nucleus in a state that retains
recollections of the initial wave function. These reactions, for which few degrees of
freedom were modified, are called direct [1]. This gives to direct reactions, in addition
to their selectivity, the strong advantage to allow a quantitative investigation of the
ground-state properties of atomic nuclei.

Different direct reaction mechanisms are used depending on the incident energy. Often
encountered are nucleon transfer reactions at low incident energy, generally in a
regime between 5 and 50 MeV/nucleon, and knockout reactions at relativistic
energies, typically above 150 MeV/nucleon to minimize indirect contributions to the
direct cross section.

The electron-induced stripping reaction (e,e’p) is considered to be the reference
stripping measurement from stable nuclei. As an electromagnetic probe, (e,e’p) is
considered to be well understood when restricted to large momentum transfer. In this
case, small corrections have to be taken into account for final state interaction with the
proton in the exit channel [2]. Charge density and intrinsic momentum distributions of
protons in stable nuclei have been well studied this way. The neutron component of
nuclei requires a nuclear probe. Transfer and (p,2p) reactions have been benchmarked
with (e,e’p) and found to be consistent for stable nuclei when treated as direct
mechanisms and analyzed within a DWBA framework [3].

Information extracted from the analysis of direct reaction cross sections has driven our
understanding of the nuclear shell structure and their usefulness is unanimously
recognized. The spectroscopic strength obtained from pickup and stripping reactions
are indeed necessary to quantify the amount of correlations in a given nucleus and
offer the possibility to address, when extracted from cross sections within a given
theoretical framework, the question of uncorrelated single-particle energies Eg;, [4]

E, =2 SF, E +2 SF’E,

Where SF'® are the so-called spectroscopic factors extracted from the pickup
(stripping) cross sections. The non-observable nature of spectroscopic factors and
single-particle energies restricts their use to being model dependent. However they are
still necessary and allow for a depiction of nuclear structure [5,6].



From the early 90s, direct reactions have been widely used as a selective probe for the
structure of unstable nuclei. The spectroscopy of radioactive ions can only be reached
in inverse kinematics and laboratories such as GANIL, REX-ISOLDE at CERN,
RIKEN and the NSCL, have successfully devoted a significant part of their research
programs to in-beam spectroscopy in inverse kinematics.

2- Spectroscopic strength from one-nucleon stripping

The distribution of spectroscopic strength in nuclei can be extracted from direct-
reaction cross section measurements, assuming a modeling of the reaction mechanism.

Recently, a compilation of one-nucleon removal at intermediate energies from sd-shell
exotic nuclei showed that the measured cross sections for knocking out a valence
nucleon in a very asymmetric nucleus (such as a neutron in **Ar, **Ar and **Si) are
about four times smaller than predictions from state-of-the-art calculations [7]. On the
other hand, at low energy, a study of the (p,d) neutron transfer on the proton-rich **Ar
and on the neutron-rich **Ar provides experimental spectroscopic factors in agreement
with large-basis shell model calculations to within 20% [8]. These findings which are
in agreement with a previous systematic study of transfer reactions [9] are inconsistent
with the trend observed in knockout. Therefore, it is suggested that these two probes
lead systematically to different spectroscopic factors. The origin of this difference has
to be understood.

A recent study of the nucleon removal from 'O and '°C (AS = |Ss-Sp| close to 20
MeV) at intermediate energies lower than 100 MeV nucleon has shown that the
applicability of the sudden approximation and the eikonal theory for nucleon removal
depends on both the incident beam energy and the binding energy of the removed
nucleon [10]. The applicability of the eikonal formalism to the previously deeply-
bound nucleon removal was questioned. Indeed, one may question the rdle of
dissipation in deeply-bound nucleon removal [11].

The corresponding transfer stripping reactions (d,z) and (d,’He) from the same '*O
nucleus at 18 MeV/nucleon performed at GANIL [12] and analyzed within the
framework of coupled reaction channel formalism with a set of optical potentials,
matter radii and spectroscopic factors did not show any systematic reduction for
deeply-bond nucleon stripping at variance with [7]. This is in agreement with the first
analysis of [8].

A more systematic study of deeply-bound nucleon removal reactions from weakly
bound nuclei will definitely help understanding the limits of current direct reaction
models.

3- Long-range correlations via two nucleon stripping



Two-body correlations are also a key aspect of nuclear structure. It can be probed via
direct reactions. Momentum and spatial correlations in the nucleus have been
investigated at all incident energies with different reaction mechanisms in the past.
The two neutron transfer has been widely used in both direct and indirect kinematics
and is known to be sensitive to configuration transitions, such as shape transitions [13]
or pairing in light [14,15] or heavy nuclei [16].

Two-nucleon knockout has been more recently introduced to probe correlations
[17,18] and a dedicated formalism has been developed showing a strong sensitivity to
two-body correlations of the intermediate-energy inclusive knockout [19]. At variance
with transfer, the two-nucleon knockout probes only the spatial correlations. The fast
two-neutron stripping and two-neutron transfer may then be seen as complementary
probes for two-body correlations.

Still at intermediate energies, the incomplete transfer or towing mode [20] has been
also used to investigate correlations in two neutron halos [21].

At relativistic incident energies, exclusive quasi free scattering with large momentum
transfer can be seen as a perfect probe and should be investigated further.

In the case of proton-neutron T=0 correlations, deuteron transfer can be seen an
efficient tool [22]. Some work have been performed in that direction along the N=2
line [23] but these studies are still marginal due to difficult interpretation of the
absolute cross sections in terms of proton-neutron correlations.

In all these approaches, the effect of final state interactions on the observables is
central and should be further investigated. To address this question, a careful
benchmarking program of all relevant technics on the same physics case and, if
possible, at different incident energies seems unavoidable.

4- New detection systems dedicated to direct reactions with
radioactive beams

The construction of new facilities or upgrade of existing machines dedicated to
radioactive-ion beam studies parallels the development of a new instrumentation with
increased sensitivity to probe the spectroscopy of the most exotic nuclei. This increase
in sensitivity can be obtained via a higher luminosity, a larger energy range of
detection and a better energy resolution, alternatively an efficient combination of
several probes, such as gamma and particle spectroscopy. In most cases, each of these
developments is adapted to the accelerators and hence to given incident energy
regime, typically low energies for transfer reactions (GANIL, REX-ISOLDE,
FRIB,...) or relativistic energies for quasi-free scattering like experiments (RIKEN,
FAIR,...).

At low incident energy, the European community has strongly pursued two directions
in view of SPIRAL2: the ACTAR Time Projection Chamber [24] as a follow up of the
MAY A detector [25] first developed at GANIL and the GASPARD Si-based telescope
array [26] compact enough to fit inside a photon-detection array such as PARIS [27]



or AGATA [28] partly issued from the MUST2-array developments [29]. These
instrumentations were primarily developed to be used at SPIRAL2 and HIE-ISOLDE
for transfer and inelastic scattering experiments. These new devices are complemented
by the development of the very thin pure hydrogen target CHyMENE [30].

In the US, a complementary approach is being followed and focused on the use of
magnetic field. The leading projects focusing on transfer and inelastic scattering
studies are AT-TPC [31], a TPC located inside a solenoid, and HELIOS [32], a novel
setup using Si detectors inside a solenoid that allows an unreached energy resolution
when very thin targets are used. A cautious analysis of the reason(s) why Europe is not
pursuing such a direction should be undertaken.

At relativistic energies, several large-acceptance spectrometers and associated
detection have been or are being developed for direct reactions at new and future
facilities: SAMURALI [33] at RIBF, R3B [34] at FAIR. New generation scintillator
arrays with high granularity, currently under study, should bring in a not so distant
future a higher efficiency and enhanced resolution.

In-beam gamma spectroscopy should gain at least an order of magnitude, depending
on the setup considered, with the use of the H, target — vertex tracker MINOS [35].

It is believed that direct reactions with hydrogen will provide in the future, benchmark
data for the understanding of nuclear dynamics at both low energy and relativistic
energy. Indeed, in view of more reliable results from reaction analysis, one may
advocate that hydrogen induced reactions, when applicable to a specific study, should
be favored to heavy targets whose structure can only add more complexity in the
system [36].

On the theory side, a more consistent treatment of nuclear structure and the reaction
mechanism is required. Such consistent calculations at an ab initio level are today
performed for light systems at very low incident energy. Such brute force approach is
considered inadequate for transfer or knockout.

5- Summary and outlook

Direct reactions have provided the physics community at large a sizeable part of the
information required to reach our present understanding of the nuclear shell structure.
Shell evolution with isospin and in-medium correlations can be effectively
investigated via transfer and fast nucleon removal. It is considered here that direct
reactions will be a corner-store of studies performed at upcoming new-generation
radioactive beam facilities.

The study of highly exotic nuclei with very low binding energy requires a careful
selection of approaches, a handful of which were initially developed for stable nuclei.
Further, even though not seen as very appealing for structure studies, a proper
benchmark for reaction models seems unavoidable to estimate the theoretical



uncertainties. Redundancy of a measurement at two different incident energies and the
systematical use of two different experimental techniques are possible directions to
follow. In that sense, a LINAC-based machine with a rather easy change of incident
energy should be a definite asset.

The European community is developing several innovative detectors dedicated to
direct reactions. They have distinct advantages, some improve the detection thresholds
and allow the measurement of low-energy recoil reactions while others increase the
compactness of the system and allow the combination of gamma and particle detection
with high efficiency.

The near future should not be held within what is already under development.
Colliders with exotic beams should offer new probes for nuclear structure. (e,e’p)
reactions with exotic nuclei or nucleon annihilation from the interaction with
antiprotons could be seen as a possible and exciting future possibilities where both
new nuclear reaction models with innovative technical developments will allow a
deeper understanding of nuclear mechanisms and structure.
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TROJAN HORSE METHOD: BASIC THEORY

The Trojan Horse Method (THM) has been used to measure nuclear reaction cross
sections, between charged particles at sub-Coulomb energies, related to fundamental
astrophysical problems at ultra low energies as an alternative to extrapolation
techniques in particularly complex cases or when such measurement are even beyond
the experimental feasibility [1-3]. This method has been presented in many previous
cases both for non-resonant and resonant cross sections. Recently, it has also been
applied to the measurement of cross sections of neutron induced reactions [4,5]. Here
we will give a short description of the method and report on its application to the
measurement of cross sections of reactions involving radioactive nuclei.

The THM allows to extract the bare nucleus astrophysical S b(E)-factor without
any contribution due to coulomb effects such as the cross section suppression [6] and
the electron screening enhancement [7,8], that affect direct measurements at very low
energies.

Fig.1 Diagram representing the quasi-free process A (B,C D)S. The upper vertex describes the
virtual break-up of the THM-nucleus A into the clusters x (participant) and S (spectator).



The quasi-free A (B,C D)S reaction can be described by a Feynman diagram (Fig.
1). The diagram represents the dominant process (pole approximation), while other
graphs (triangle graphs) indicating re-scattering between the reaction products, are
neglected [9,10]. This diagram describes basically a transfer reaction to the
continuum where the THM-nucleus A breaks up into a nucleus "x" (“participant”
cluster) that is transferred to B originating the B(x,C)D virtual reaction while the
nucleus "S"” acts as a spectator (“spectator” cluster) in the process. The nucleus “4”
should have a strong “x + §” cluster structure.

In this method the quasi-free (QF) contribution to the cross section of the three-
body reaction A + B > C + D + S [11,12], measured at energies well above the
Coulomb barrier, is selected to extract a charged particle two-body reaction cross
section x + B > C + D at astrophysical energies.

In the impulse approximation (IA) the three body reaction cross section is
proportional to the cross section of the binary reaction [13]. Following the Plane Wave
Impulse Approximation (PWIA), simpler approximation, the three body reaction can
be factorized into two terms corresponding to the vertices of Fig. 1 and it is given by:

dSO d()' )HOES

-~  «(KF 2 2=
1040 gk, Hps) (d.Q

x+B--C+D

where:

i-1s the half-off-energy-shell differential cross section for the binary reaction
B(x,C)D at the center of mass energy “E” given in post-collision prescription (“PCP”)
by Ecn = Ecp - Qv+s>c+p Where Oppn c)p 1s the O-value for the B(x,C)D reaction and
is the Ecp relative energy of particles C and D in the exit channel .

ii- (KF) 1s a kinematical factor containing the final state phase-space factor and it is a
function of the incident particle B, of the two detected particles C and D and of the
spectator S [14],

iii- @(ps)’ is the Fourier transform of the radial wave function for the y(r) inter-cluster
motion usually described in terms of Hulthén functions depending on the “x-S”
system properties.

In a coplanar geometry, to completely determine the kinematical properties of the
"S" spectator-particle, in particular its momentum distribution, three out of four
kinematical variables of the outgoing particles, the energies Ec and Ep and the
emission angles 6¢c and Op of the two particles C and D, must be measured. The
resulting two-dimensional energy spectrum (Ec-Ep) obtained from such a
measurement is usually reduced to a one-dimensional spectrum by projecting the
coincidence yield onto one of the energy axes Ec or Ep (see [15,16]. Beam energies
have been carefully chosen:

i- to optimize the kinematical conditions for the presence of quasi-free mechanism
under the assumptions of the [A;

ii- to overcome the Coulomb barrier (E(a.5))""® in the entry channel.

Thus, particle “4” is brought inside the nuclear interaction zone to induce the
relevant reaction B(x,C)D. The QF kinematical conditions must be chosen in such a
way that relative energy Ey p can span the astrophysical region of interest below the
Coulomb barrier (Ex.p) C.B.



This is possible because the initial projectile velocity is compensated for by the
binding energy of particle “x” inside “4” ([15,16] and references therein). Thus, the
center of mass energy E., can be very low. The applicability of the pole
approximation is limited to small pys region within the prescription given by Shapiro
[10]: 0< ps <ks with ps being the hoff energy shell momentum of the cluster “x”
when it interacts with the particle “B”, and “ks” defined by the relation

kg =+/2u (B  where s is the reduced mass of the xS system.

“F(p,a )0 : A TEST CASE

The THM was applied for the first time to a "*F(p,a)"°O reaction induced by '*F
Radioactive Ion Beam (RIB) using the three body reaction *F(d,a'’O)n to infer
information on the process at relevant energy. The '®F beam was produced at the
CRIB separator of the Center for Nuclear Study (CNS) of the University of Tokyo at
RIKEN campus in Wako, Japan. The beam tracks were reconstructed, particle by
particle, using two PPACs. The secondary target was made of a thin CD2 foil. The
detector setup was based on a modular detectors array ASTRHO developed at the
INFN Laboratori Nazionali del Sud.

A large solid angle detector is used in order to recover, at least in part, the
possibility of accumulating a statistics high enough to study the processes of interest
at 38 keV in the 19F-p center of mass energy.

The data analysis of a THM experiment mainly consists in these steps:
identification of '"®F(d,a'’O)n reaction of interest, selection of the event corresponding
to the quasi-free reaction channel, extraction of the two body cross section of
astrophysical interest.
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FIGURE 2. The nuclear cross section spectrum in function of the p-'*F cm energy for the events that
pass the conditions described in the text. The arrow indicate the expected position 0f 19Ne level at
6.437 MeV.



The selection of events that come from the quasi-free channel in the "*F(d,a'°O)n
reaction was also performed and the rest of the analysis was done by imposing a cut
on the momentum of the spectator particle: only events where this momentum was
lower than 40 MeV/c were accepted.

Assuming the events selected according to the previous procedure are actually
coming from the quasi-free contribution to the reaction yield, then one can apply the
formula described above to obtain the cross section of interest for the '*F(p,a)"°O
process at astrophysical energies.

The result of this experiment is shown in Figure 2. The histogram represents the
preliminary results of nuclear cross section for '*F(p,a)'°0 measured by THM down
to zero energies.

This result gives us confidence that a new THM experiment with increased
statistics will be helpful in the study of the problem of '°F destruction in Novae.
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Abstract. The breakup of a one-neutron halo >C on a proton target is studied assuming that the
halo nucleus is well described by an inert #C(0T) core and a valence neutron with unity spectro-
scopic factor. '#C ground state transverse momentum distributions for the p(!3C,'*C) n p reaction
at 54 MeV/u are calculated using the few-body Faddeev/Alt-Grassberger-Sandhas (Faddeev/AGS)
reaction framework. The sensitivity of the calculated observables on the core-valence neutron in-
teraction and in particular the introduction of an imaginary component is analysed. The effect of
higher order multiple scattering distortion effects is also investigated.

Keywords: Direct Reactions
PACS: 24.50.+g, 25.60.Gc,27.20.+n

INTRODUCTION

Breakup reaction studies are a usefull tool to extract spectrocopic information about
Halo nuclei, by comparing the calculated cross sections with the experimental data. This
relies on a tight control on the reaction theory and on the structure input information.

From the reaction point of view, an accurate estimation of distortion effects on the
incident and exit channels has to be considered in the low energy regime. We shall be
addressing this point in the present manuscript.

From the structure point of view an important and unexplored issue so far is to know
to what extent the absence of the full structure knowledge and some unknown compo-
nents of the projectile and its energy spectrum might affect the reaction observables. In
general, the valence neutron-core interaction is chosen to be local, L-dependent and the
parameters of the interaction adjusted such that it reproduces the known experimental
energy spectrum (ground state, excited and resonant states). The interaction for all other
states might contain a small imaginary component to take into account possible dissi-
pation effects. In this manuscript we also analyse the dependence of the observables on
the valence neutron-core interaction. We shall make use of the few-body Faddeev/Alt-
Grassberg-Sandhas (Faddeev/AGS) reaction framework [1, 2] , but introducing as in [3]
an imaginary component in some of the partial waves of the valence-core interaction.
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FIGURE 1. '#C ground state transverse momentum P, distributions in the p(!>C,'*C) n p reaction at
54 MeV/u. The curves correspond to the single scattering approximation (dashed line) and to the full
Faddeev calculation (solid line).

THE REACTION FRAMEWORK

According to The Faddeev/AGS reaction framework [1, 2], one needs to evaluate the
operators U Be whose on-shell matrix elements are the transition amplitudes. These
operators are obtained by solving the three-body AGS integral equations

UP* = §5,Gy! + Y 86,1,GoU ™™ (1)
Y

with o, B,y=(1,2,3), (B = 0 in the final breakup state) and where we use the odd-man-
out notation for the three interacting particles (1,2,3). In this Equation g, = 1 — &g
and the pair transition operator is

where Gy is the free resolvent Gy = (E +i0 — Ho)_l, and E is the total energy of the
three-particle system in the center of mass (c.m.) frame. The breakup observables are
calculated from the on-shell matrix elements of the AGS operators. The solution of the
Faddeev/AGS equations can be found by iteration. The first term of the series is known
as the single scattering.

RESULTS

In Fig. 1 we show the calculated '“C ground state transverse and longitudinal momentum
distributions. The solid line represents the calculated observable using the Faddeev/AGS
equations. The transverse momentum distribution is symmetrical while the longitudinal
momentum distribution exhibits a pronounced asymmetry with an increased width in-
tensity at low core momenta. The single scattering approximation (dashed line) overesti-
mates significantly the full calculation indicating that higher order destructive distortion
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FIGURE 2. '#C ground state transverse momentum P, (a) and longitudinal momentum P (b) distribu-

tions in the p('3C,!#C) n p reaction at 54 MeV/u. The curves correspond to different n-'#C interactions as
described in the text.

effects are very important at this energy. In addition, the longitudinal momentum distri-
bution in the single scattering approximation is less asymmmetrical indicating that the
longitudinal momentum distribution at low core momenta probe higher order distortion
effects.

In Fig. 2 we show the calculated '“C ground state transverse and longitudinal mo-
mentum distributions using the Faddeev/AGS equations. The solid, dashed-dotted and
dashed lines correspond to the PST, PI1 and PI2 n-Core interactions as described in [3]:
(1) PST a standard real interaction taken from [4] (ii) PI1 where the interaction for the
S-, P- and D-waves are kept the same as in the PST interaction and where the even and
odd partial waves (with L > 2) are modified to include an imaginary component with
strength equal to 25% of the real part. (ii1) PI2 identical to PI1 but where the P-wave is
also modified to include an imaginary component. As shown in the figure, the changes of
the calculated momentum distributions due to the modification of the n-Core interaction
are not very significant.

SUMMARY AND CONCLUSIONS

We have calculated the breakup of a one-neutron halo nucleus '°C on a proton target at
54 MeV/u incident energy using the few-body Faddeev/AGS reaction framework. The
sensitivity of the calculated '*C ground state transverse and longitudinal momentum
distributions on the core-valence neutron interaction and on higher order multiple scat-
tering distortion effects is analysed. We have shown that the longitudinal momentum
distribution exhibits a pronounced asymmetry with an increased width intensity at low
core momenta due to higher order multiple scattering distortion effects. In addition, we
have also shown that the single scattering approximation overestimates significantly the
full calculation indicating that higher order destructive distortion effects are very impor-
tant at this energy. Finally, we have shown that changes of the calculated momentum

P I PR I I
00 4250 4300 4350 4400 4450 4500 4550 4600



distributions due to the modification of the n-Core interaction are not very significant.
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Abstract. Recent calculations within the CDCC and eikonal methods are presented. We briefly

describe the methods, and apply them to the ''Be+%Zn elastic scattering and to the ''Li breakup
208

on “"°Pb.

INTRODUCTION

Reaction theories play a fundamental role in the study of exotic nuclei [1]. These nuclei
present unusual properties, such as a large rms radius, or low breakup thresholds. At low
energies (i.e. close to the Coulomb barrier), the Continuum Discretized Coupled Chan-
nel (CDCC) method represents an accurate tool for the treatment of elastic scattering
and breakup reactions [2, 3]. It was originally developed to describe deuteron-induced
reactions. Owing to the low breakup energy of the deuteron, it was shown that the in-
clusion of breakup thresholds are one of the main characteristics of exotic nuclei. This
makes the CDCC method well suited to the description of reactions involving exotic
nuclei, such as ''Be or °He.

Athigh energies, the Glauber model [4], using the eikonal approximation [5], provides
an accurate description of various processes: elastic scattering, inclusive reactions, or
breakup. The first calculations were based on the adiabatic approximation, where the
projectile is assumed to remain in its ground state. Recent developments, using the
Dynamical eikonal approximation [6] or the CDCC-eikonal method [7] allow to go
beyond the adiabatic approximation, and to include excited states of the projectile. The
relative simplicity of the eikonal approximation makes possible two-body and three-
body breakup calculations, with a correct treatment of scattering boundary conditions
(8, 9].

THEORETICAL FRAMEWORK

Introduction

Let us consider a system made of a target (assumed to be in its ground state) and
of a projectile described by a cluster structure. This structure involves N constituents
(in practice N = 2 or 3) with coordinates r;. If R is the target-projectile coordinate, the



Hamiltonian of the system is written as

N
H:H0<ri>+TR+Z‘/ti(ri7R>7 (1)
i=1

where Hy(r;) is associated with the projectile, Ty is the projectile target kinetic energy,
and V;; are two optical potentials describing the interaction between the target and the
constituents of the projectile.

The CDCC method

In CDCC calculations, the first step is to diagonalize H as
(Ho— Er)®]" = E]®]", 2)

where Er is the threshold energy, j is the spin of the projectile, and k the excitation

level. States with E ,ﬁ < 0 correspond to physical states, and positive eigenvalues simulate
breakup effects. The total wave function in partial wave J7&, associated with (1) is then
expanded as

M = Y IT (R) [@] @ Yi(Qr)] ™, 3)
JkL

where L is the projectile-target angular momentum (the spin of the target is neglected).
Inserting (3) in the Hamiltonian (1) provides the standard coupled-channel system

2 2
h {d L(L+1} J”+ZV” —(E- EJ> @

where ¢ stands for ¢ = (j,k,L), and where the relative energy E is defined from the
threshold E7. Potentials V/7(R) are obtained from matrix elements of the interaction
between basis functions. The scattering matrix is finally calculated by using the R-matrix
method [10, 11].

The eikonal approximation

In the eikonal approximation, the wave function is not expanded in partial waves. It
is factorized as ®(R,r;) = ¢’X2&(R,r;). This factorization is introduced in Eq. (1) with
the adiabatic approximation that consists in replacing Hy by the projectile ground-state
energy Ej [5]. We introduce the impact parameter by R = (b, Z). Then, defining P/0Mo%
as the ground-state wave function of the projectile, the eikonal wave function, valid at
high energies, is given by

. i [z N
Deix. (b,Z,r;) = PM0 (1)) GXP(—h—V/ dz' ZVn’(h‘,b,Z/)), (5)
—e i



where v is the relative velocity between the target and the projectile. From wave function
(5), elastic and breakup cross sections can be determined [12, 8, 9].

APPLICATIONS

11Be+%4Zn elastic scattering

The 'Be+%Zn elastic cross section has been recently measured [13] at E.,, = 24.5
MeV, i.e. near the Coulomb barrier. It shows significant differences with respect to
%:10Be+647n, which is interpreted as an evidence for a halo structure in ''Be [13, 14].
The cross section is determined in the CDCC formalism (see Ref. [15] for detail) and
is displayed in Fig. 1. For the 'Be+n system, we adopt Imax = 2 and introduce pseu-
dostates up to 30 MeV. These conditions provide a fair compromise between optimal
conditions and reasonable computing limits. As expected, the single-channel calcula-
tion overestimates the data in the range 6 = 20° —40°, but is below the data for 6 > 40°.
Introducing the 1/2 first excited state reduces the overestimation near 6 ~ 40°, but
does not improve the general shape of the cross section. Conversely the inclusion of
continuum states provides a fair agreement with experiment.
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FIGURE 1. CDCC calculations compared to the experimental data of Ref. [13]. !'Be(g.s.) and
11Be(g.s.,1/27) correspond to one-channel (the ground state only) and two-channel calculations (the
ground state and the first excited state) respectively.

1i+28Pb breakup

The 'Li+?%Pb breakup cross section is computed in the eikonal formalism (see
Ref. [9] for detail) and is displayed in Fig. 2, where we compare the calculation with
experiment [16]. In agreement with experiment, we find a peak near 0.5 MeV, which
corresponds to a 1~ three-body resonance. Including the 0 and 2" contributions in-
creases the total cross section beyond 1 MeV, in better agreement with the experimental
data. In the literature, calculations of breakup cross sections of halo nuclei often use



the equivalent photon method [17]. This approximation assumes a dipole breakup pro-
cess, and ignores other contributions. In contrast, the present eikonal description of the
breakup reaction is more accurate, since it allows a quantitative evaluation of other par-
tial wave contributions.

do/dE (b/MeV)

E (MeV)

FIGURE 2. Total breakup cross section (full line) and 1™ contribution (dashed line) convoluted with
the detector response. Experimental data are taken from Ref. [16].

CONCLUSION

We have presented recent applications of the CDCC and eikonal methods to reactions
involving exotic nuclei. Owing to the low binding energy, the projectile wave functions
must include many breakup channels to reach convergence. A challenge for future works
in this field is to make use of microscopic descriptions of the projectile [18].
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Abstract. As ab-initio calculations of atomic nuclei enter the A=40-100 mass range, a great
challenge is how to approach the vast majority of open-shell (degenerate) isotopes. We add realistic
three-nucleon interactions to the state of the art many-body Green’s function theory of closed-shells,
and find that physics of neutron driplines is reproduced with very good quality. Further, we introduce
the Gorkov formalism to extend ab-initio theory to semi-magic, fully open-shell, isotopes. Proof-
of-principle calculations for “*Ca and 7*Ni confirm that this approach is indeed feasible. Combining
these two advances (open-shells and three-nucleon interactions) requires longer, technical, work but
it is otherwise within reach.

Keywords: Green’s functions theory; ab-initio; nuclear structure; similarity renormalization group
PACS: 31.10.+z,31.15.Ar

Introduction. Microscopic first principle predictions of atomic nuclei are highly
desirable since they can unambiguously guide research of exotic isotopes. These could
also help in constraining extrapolations to higher mass regions [1] and to extreme proton-
neutron asymmetries [2], including regions close to the driplines where experimental
data is unlikely to become available in the foreseeable future.

Ab-initio methods such as coupled-cluster (CC) [3], in-medium similarity renormal-
ization group (IMSRG) [4] or Dyson self-consistent Green’s function [5, 6] (Dyson-
SCGF) have accessed medium-mass nuclei up to A~60 on the basis of realistic two-
nucleon (2N) interactions. However, it has become clear that three-nucleon forces
(3NFs) play a major role in determining crucial features of exotic isotopes, such as the
evolution of magic numbers and the position of driplines [7, 8, 9]. Realistic 2N and 3N
interactions based on chiral perturbation theory have recently been evolved to low cut-
offs, retaining both induced and pre-existing 3NFs [10, 11]. Proper implementations of
similar hamiltonians within the above many-body theories will be required to eventually
achieve quantitative predictions of medium-mass isotopes.

A second (and major) challenge to ab-initio theory is that current implementations of
the above methods are limited to doubly closed (sub-)shell nuclei and their immediate
neighbors [3, 6]. As one increases the nuclear mass, longer chains of truly open-shell
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FIGURE 1. Left: Example of a particle-vibration coupling diagram entering the FTDA/ADC(3) self
energy. Right: Binding energies of oxygen isotopes obtained from a SRG evolved NN+3N interactions
with cutoff 1=1.88 fm~!. Squares (dots) refer to induced-only (full) three-nucleon interactions and
are compared to experiment (diamonds). Binding energies of even-N isotopes are obtained through the
corrected Koltum sum rule (3). Odd-N energies are inferred from addition and separation energies, as
obtained from the poles of the propagator (1).

nuclei connecting isolated doubly closed-shell ones emerge and cannot be accessed with
existing approaches. Many-body techniques that could tackle genuine (at least) singly
open-shell systems would immediately extend the reach of ab-initio studies from a few
tens to several hundreds of mid-mass nuclei. A manageable way to fill this gap was
recently proposed in Refs. [12, 13] by extending SCGF to Gorkov formalism and will
be discussed in the following. This talk reports on recent progress on the above topics.

Three-nucleon interactions. We employ Green’s function (or propagator) theory,
where the object of interest is the single particle propagator [14],

(hlea i) (|| ¥5) (hlep ") eal ¥5)
w0~ (Ex - Ef)+in T o— (B —E)—in

where |PA+1), |‘P§3*1) are the eigenstates, and EA*!, E,ffl the eigenenergies of the
(A = 1)-nucleon system. Therefore, the poles of the propagator reflect nucleon addition
and separation energies. The propagator is calculated for finite closed-shell nuclei by first
solving spherical Hartree-Fock (HF) equations. The HF state is then used as a reference
state for the Faddeev Tamm-Dancoff (FTDA) method [a.k.a. ADC(3)] of Refs. [6]. The
FTDA method completely accounts for particle-vibration diagrams as shown in Fig. 1.

We employ the intrinsic hamiltonian H;,; = H — T, ,,,. = U +V +W, where the kinetic
energy of the center of mass has been subtracted and U, V and W are the one-, two-, and
three-nucleon components, respectively. Form this, we generate one- and two-nucleon
density dependent interactions with matrix elements,
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TABLE 1. Predicted matter radii (in fm) for 'O and **Ca form SRG evolved 2N-
only interactions and by including induced and full 3NF. Experiment are charge radii.

2NF only 2+3NF(ind.) 2+3NF(full) Experiment
160): 2.10 2.41 2.38 2.71840.210 [19]
“Ca: 248 2.93 2.94 3.520-£0.005 [20]
VN Y L i wag e (@) 2)
af,ys 27i Jer afu,ydvsvi

These definition extend the normal ordering approach of Ref. [11] by contracting with
fully correlated propagators, as opposed to a mean-field reference state. The matrix

elements uSNF) SM;; are then added to the existing 1IN and 2N forces with

the caveat that only interaction irreducible diagrams are retained to ensure the correct
symmetry factors in the diagrammatic expansion [15].

After obtaining the sp propagator g(@) the total binding energy can be calculated as
usual through the Koltun sum rule which—due the the presence of 3NF—acquires the
corrected form

1 1
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Eq. (3) is still an exact equation. However, it requires to evaluate the expectation value
of the 3NF part of the hamiltonian < W > which is calculated here to first order in W.

Calculations for closed sub-shell oxygen isotopes were performed for the chiral N°LO
2NF [16] and N2LO 3NF [17] with the cutoff of 400 MeV as introduced in Ref. [11].
These were evolved to a cutoff A = 1.88 fm~! using free-space similarity renormaliza-
tion group (SRG) [18]. We employed large model spaces of up to 12 harmonic oscillator
shells with frequency Z@w=20 MeV. Results for the induced 3NF are obtained from the
SRG evolution of the original 2NF only and are indicated by red squares in Fig. 1. These
are to be considered analogous to predictions of the sole N*LO 2NF and systematically
under bind the oxygen isotopes. Adding full 3NFs, that include in particular the two-
pion exchange Fujita-Miyazawa contribution, reproduces experimental binding energies
throughout the isotopic chain and the location of the neutron dripline. Table 1 shows that
although SRG evolved 2NFs alone underestimate the nuclear radii, results improve with
the inclusion of 3NFs.

and v

Gorkov formalism for open-shell isotopes. The Gorkov’s approach handles intrinsic
degeneracies of open shell systems by allowing the breaking of partlcle number sym-
metry. One considers the grand canonical hamiltonian Q;,; = H;,; — /.LpZ /,LnN and
constrains expectation values of proton and neutron number operators to the expected
values. This allows defining a superfluid state which already accounts for pairing corre-
lation and can be used as reference for Green’s function diagrammatic expansion. The
formalism for Gorkov self-consistent Green’s function (Gorkov-SCGF) theory up to sec-
ond order in the self-energy has been worked out in full in Ref. [12], for 2N interactions
only. First results are reported in [13].
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FIGURE 2. Results obtained from second-order Gorkov-SCGF Left: Binding energies of Ca isotopes
for a fixed model space of eight shells. Gorkov propagators are calculated for even-A (filled symbols)
while odd-A results (open symbols) are computed according to Ref. [21]. Closed-shell 40Ca and *8Ca
are compared to CC and Dyson-SCGF results. Right: Binding energy "*Ni as a function of the harmonic
oscillator spacing 7@ and for an increasing size N,,,, of the single-particle model space.The insert shows
a zoom on the most converged results.

The left panel in figure 2 displays the binding energies of calcium isotopes and com-
pares them to single-reference CC and Dyson-SCGF for closed-shell “°Ca and “8Ca,
using a G-matrix interaction at a fixed starting energy. Already at second-order in the
self-energy, Gorkov-SCGF can provide comparable accuracy to CC singles and doubles
(CCSD). Higher order corrections introduced by triples [A-CCSD(T)] are closely re-
produced by Dyson-SCGF in the FTDA/ADC(3) approximation. Since the extension of
Gorkov’s formalism to ADC(3) schemes is within computational reach, this gives con-
fidence that Gorkov-SCGF calculations can be improved to desired accuracy. The right
panel displays good convergence properties, with respect to the model space, for iso-
topes as heavy as 7*Ni, using 2N SRG interactions with cutoff A=2.0 fm~!. These find-
ings demonstrate the feasibility of first-principle calculations along full isotopic chains
based on Gorkov-SCGF theory.

We further consider *Ca with the SRG, 1=2.0 fm !, interaction and add a crude esti-
mate of 3NF by calculating the normal self-energy in a filling approximation. Full 3NFs
are found to shift the neutron Fermi energy to -8.69 MeV, fairly close to the experiment.
The neutron shell gap between the 0f;/, and 0d3 ), is reduced from 12.9MeV (2NF
only) to 7.2MeV (full 3NF). The gap between the centroids of their distributions [22]
1s 9.3 MeV, in agreement with data driven predictions of Ref. [23]. The calculated r.m.s.
matter radius of 2.94 fm (Tab. 1) also improves with respect to 2NF only.

These are extremely encouraging results and confirm recent investigations of
3NFs [10, 11, 9]. It must be kept in mind that a correct microscopical extension to the
Gorkov approach—to include missing 3NFs in both the anomalous and higher order
self-energies—is still missing. This requires substantial work to develop and implement
correctly the formalism and will be addressed in the coming future.
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Ab initio approach to the structure of light nuclei
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Abstract. Over the last decade we have seen significant progress in several key areas that allow for
a successful ab initio description 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.

Keywords: Theoretical nuclear physics
PACS: 21.30.-x,21.60.-n,21.10.-k,24.10.-i

INTRODUCTION

Scientific progress on three fronts finally allow us to make a serious attempt to system-
atically bridge the gap all the way from low-energy quantum chromodynamics (QCD)
to nuclear structure. The three steps are: (1) The development of realistic nuclear forces
using chiral effective field theory (EFT); (2) The development of computational many-
body methods; and (3) The adaptation of realistic nuclear potentials to finite model
spaces using unitary transformations. All three of these steps are based on breakthrough
developments during approximately the past decade. The latter two components have
been crucial for the progress in performing ab initio calculations for nuclear systems
with more than four nucleons. An overview of this progress is presented in the recent
review by Leidemann and Orlandini [1]. They also give a definition of ab initio methods:

« Consider an A-nucleon system described by a well defined microscopic Hamilto-
nian.

« Ab initio methods are those that solve the relevant quantum mechanical many-body
equations without uncontrolled approximations.

« Controlled approximations, e.g. number of channels, are allowed as they can be
increasingly improved to the point that convergence is reached for the observable.

 Converged results are considered precise ab initio results.

The comparison of precise ab initio results with experimental results then allows
an indisputable answer as to whether or not the chosen Hamiltonian appropriately
describes the nuclear dynamics. Any uncontrolled approximation in the calculation
would disqualify any such conclusions. Quite naturally, precise ab initio results obtained
with different ab initio methods, but with the same Hamiltonian as input, have to agree
and are often referred to as benchmark results. However, not fully converged results



with error estimates are also useful, and we expect much work towards uncertainty
quantification in the coming years.

NUCLEAR STRUCTURE FROM FIRST PRINCIPLES

The question of nuclear interactions has a long, and often obscure, history [2]. Unfortu-
nately, QCD, the underlying theory of the strong interaction, is highly non-perturbative
in the energy region characteristic of nuclear structure. This region is governed by nu-
cleonic (and sometimes mesonic) degrees of freedom. This requires an effective theory,
usually framed as chiral EFT, which is consistent with the symmetries of low-energy
QCD and the separation of scales relevant to the low-energy nuclear many-body prob-
lem. Linking different scales is far from easy. Interactions derived from these low-energy
theories carry also a dependence on an energy scale, defined in terms of an energy
cutoff A, that separates the Hilbert space of interest from its higher-energy comple-
ment. The cutoff is usually chosen so that it is possible to reproduce nucleon-nucleon
(NN) scattering phase shifts up to ~ 300 MeV laboratory kinetic energy, which requires
A ~ 500 — 700 MeV. For details, we refer the reader to the recent reviews [3, 4].
Currently used ab initio approaches to the nuclear many-body problem (A > 4) in-
clude: coupled-cluster methods [5], quantum Monte Carlo applications [6], perturbative
expansions [7], Green’s function methods [8], correlation operator methods [9, 10], ef-
fective interaction for hyperspherical harmonics [11, 12], in-medium similarity renor-
malization group [13], lattice simulations [14], and the no core shell model [15, 16].

Nuclear ground-state properties

Binding energies and excitation spectra of light nuclei are standard observables that
are computed in ab initio approaches. In addition, most of these calculations also pro-
vide wave functions of the various nuclear states. Therefore, it is in principle straight
forward to evaluate other observables, such as charge and matter radii, magnetic and
quadrupole moments, and electroweak transition strengths. Of particular interest are
recent experimental campaigns for charge radii, electromagnetic moments, and B(E2)
transition strengths. Such efforts allow to study chains of isotopes, from stable to dripline
(and beyond), and to follow the evolution of nuclear structure.

Stepping into the continuum

As we approach the driplines, the vicinity of the continuum will become increasingly
important. Couplings to the continuum environment will strongly influence nuclear
structure. We say that we’re dealing with open quantum systems.

In this final part of the contribtion I will mention ongoing efforts to incorporate the
continuum into ab initio nuclear-structure calculations. This development is timely since
the overarching scientific questions of modern nuclear structure are about very neutron-
rich or proton-rich nuclei whose properties are impacted by a coupling to the particle



continuum of scattering and decaying states. Many nuclei of interest lie very close to
particle emission thresholds, i.e., they are either short-lived or unstable. Such nuclei
cannot be described in a closed quantum-system formulation.

It is therefore crucial that new theoretical methods are developed that allow for
an accurate description of loosely bound and unbound nuclear states. The recently
developed complex-energy Gamow Shell Model (GSM) [17] has proven to be a reliable
tool in the description of nuclei, where continuum effects cannot be neglected. In the
GSM, a many-body basis is constructed from a single-particle Berggren ensemble [18,
19, 20], which treats bound, resonant, and scattering states on equal footing. Recently,
GSM calculations of loosely bound and unbound states in nuclei, starting from a realistic
interaction and a Gamow-Hartree-Fock basis were reported [21]. However, an ab initio
description of light, unstable nuclei within the GSM approach will require novel many-
body truncation schemes. In Ref. [22] the Berggren basis was employed for the first time
in coupled-cluster calculations of the helium isotopes, and there are promising attempts
to include the Berggren basis in an NCSM-like framework [23].

Other approaces, such as the resonating group method [24], are also being developed
for ab initio calculations and are already able to compute nuclear reaction observables.
A recent review on the first-principles description of nuclear systems along the drip lines
is given by Forssén et al. [25].

OUTLOOK

In this contribution, we have argued that modern many-body techniques are now ca-
pable of providing a reliable description of nuclear properties thanks to new conceptual
insights as well as algorithmic and computational advances. It is important to realize that
ab initio nuclear properties are dependent on the nuclear Hamiltonian used, and that the
study of the performance of these interactions in light nuclear systems is one of the goals
of nuclear ab initio methods. An important conclusion, which consistently emerges from
these theoretical analyses, is that three-nucleon forces are crucial for both global nuclear
properties and detailed nuclear structure, and that many-body correlations due to the
coupling to the particle continuum are essential as one approaches particle drip lines.

There are ongoing efforts to extend the range of applicability of ab initio methods.
In this context we have also seen a new generation of many-body methods; in particu-
lar those that can use realistic nuclear interactions from chiral EFT. Furthermore, much
work is concentrated on understanding the uncertainties of results obtained in various
many-body schemes, as well as the propagation of uncertainties from the nuclear inter-
action input [26]. We conclude that experimental data from radioactive beam facilities
will continue to play an important role in this endeavour.
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INTRODUCTION

Nuclear shell structure, especially with its evolution away from stability, is used to
explain experimental data and to justify proposed experiments with rare isotope
beams. It is also the foundation for the nuclear shell model, which has been developed
and employed for realistic calculations of nuclei up to 4 = 100 in the last decades.
The nuclear shell model,' as a particular implementation of configuration interaction
methods, utilizes a doubly-magic core as the particle vacuum, with the remaining
valence nucleons filling a limited number of single particle orbits outside the core. In
this way, a reduced Schrodinger equation is solved exactly in the limited valence
space for energies and wavefunctions, where the latter can be written simply and
manipulated easily with an appropriate choice of single particle basis. Observables
can also be calculated, assuming that the operator structure is known and that the
effective operators in the reduced model space can be determined. The shell model
has been used to reproduce and predict observables such as energies, decay half-lives,
electromagnetic transition strengths, etc., with good agreement to available
experimental data.

The accuracy of the configuration interaction method depends on the determination
of an effective interaction (and in principle effective operators), assuming an
appropriate core and model space and sufficient computing resources. The effective
interaction must incorporate effects from core excitations as well as from higher-
energy orbits excluded from the valence model space. In the most common
implementations of the nuclear shell model, empirical interactions, e.g. the USDB
interaction® fit to energy data throughout the sd shell, have been used because the
standard nuclear potentials are not amenable to the many-body perturbative techniques
necessary to derive effective interactions. Such fitting procedures eliminate the
connection to the underlying interactions and therefore limit the predictive power of
calculations in the reduced model space, especially those which extend beyond the
range of data used in the fit.

While decades of research have led to efficient shell model codes and reliable
phenomenological effective interactions in standard model spaces, many
improvements remain to be implemented, motivated by experimental interest away
from stability and advances in other fields of nuclear structure. Four improvements are
highlighted in this work which can be implemented in the coming decades.



IMPROVEMENTS IN SHELL MODEL TECHNIQUES

Derivation of Effective Interactions

The effective interaction generally determines the extent to which a shell model
calculation reproduces low-lying nuclear states, and therefore its determination is of
primary importance for shell model techniques. The practical need for accuracy with
comparison to experiment has led to the parameterization of effective interactions (in
whole or in part). While such a procedure will reproduce available experimental data
optimally, it lacks predictive power away from known data, for instance towards the
neutron dripline. Efforts to produce effective interactions in a more microscopic way
have already begun, but should continue to develop in the coming decades.

The essential aspects of a more microscopic procedure for shell model calculations
are:

(i) to begin with a microscopic nucleon-nucleon (NN) potential (e.g., N3LO’)

(i1) to "soften" the potential, i.e. to decouple high-momentum modes from low-
momentum behavior, by means of renormalization group (RG) methods

(ii1) to perform many-body perturbation theory (MBPT) on the low-momentum
interaction in order to produce an effective interaction in the reduced model space, in
terms of single particle energies (SPE) and two-body matrix elements (TBME)

(iv) to calculate nuclear properties of interest with shell model codes in the reduced
model space with the effective interaction and effective operators determined in a
consistent way

Currently, there exist applications following this procedure,*>® which have various
limitations. For one example, MBPT has not been formally developed for model
spaces which span multiple oscillator shells, requiring ad hoc approximations to
produce effective interactions. However, an extension of MBPT to multiple oscillator
shells is underway.” Furthermore, effective interactions derived in this way reproduce
neither empirical SPE nor the behavior of nuclei far from the core of the model space.
Both issues can be improved with an accurate treatment of three-body forces.

Three-Body Forces

In fact, two types of many-body forces can be important in the derivation of an
effective interaction in the reduced model space: (i) those existing naturally in the 4-
body system, which can be derived in a manner consistent with the NN potential (e.g.,
from chiral effective field theory in the case of the N3LO interaction) and (ii) those
induced by the RG methods. Holt et al.>” have shown that the inclusion of the former
lead both to an improved description of SPE and to a reproduction of exotic oxygen
isotopes from a repulsive contribution to TBME. Care must be taken, as Roth et al.'
have recently shown that the latter contribution of many-body forces might not obey
the standardly assumed hierarchy, i.e. NN > NNN > NNNN ... In standard applications,
the explicit three-body contribution of the three-body forces, when written in normal-
ordered form, are at least an order of magnitude smaller than the effective one-body



and effective two-body terms.!' As a result, the standard form of effective interactions
(in terms of SPE and TBME) can still be utilized, along with standard shell model
codes, in order to produce calculations with three-body forces. Holt et al. have shown
that three-body forces, limited to the effective one-body and two-body components,
contribute to an evolution of shell structure away from stability. Experimental interest
in exotic nuclei currently require effective interactions which reproduce the behavior
away from stability, and therefore the inclusion of three-body forces is an essential
aspect of future research with shell model techniques, especially for effective
interactions derived in a more microscopic manner from two-body interactions, as
outlined in the prior subsection.

Evolution of Shell Structure

Single-nucleon shell structure is believed to correspond to a certain degree of
reality in nuclear structure, in the sense that low-energy observables are expected to
reflect its main features near the Fermi surface. However, quantities that are measured
experimentally, e.g. the excitation energy and collective properties of the first 2" state
in even-even nuclei, do not directly correspond to one particular single particle shell
structure. Through theoretical methods, shell structure is accessed via effective single-
particle energies (ESPEs), as described by Baranger.'” As recently shown by Duguet
and Hagen,"? ESPEs are basis-independent but not observable, depending significantly
on the resolution scale characterizing the Hamiltonian. A detailed definition of ESPEs
and their properties, as well as further results and conclusions, can be found in a
forthcoming publication.'*

The concept of single-nucleon shell structure provides a simplified picture of
nuclear systems and a valuable tool to analyze the behavior of complicated many-body
observables in terms of simpler theoretical ingredients. However, the practical
reconstruction of ESPEs is contaminated by theoretical uncertainties, due in part to
incomplete spectroscopic data, and therefore an evaluation of uncertainties is
necessary for meaningful discussion. The omission of states characterized by small
spectroscopic strength and/or large excitation energies leads to a significant error in
the reconstruction of ESPEs, even in doubly magic nuclei. The shell model presents
an appropriate way to determine completely correlated ESPEs from many-body
nuclear systems, and has been utilized to evaluate errors on the reconstruction of
ESPEs. Because the results are not yet finalized, they will primarily be presented
elsewhere.'* To emphasize briefly the conclusions of the article, the standard
approximations to assess the evolution of shell structure in nuclear physics result in
errors on the order of 500 keV. Consistent methods must be employed and must focus
on the relative behavior of ESPEs, with an evaluation of uncertainties, in order to have
relevance in the discussion of shell structure.

Coupling to the Continuum
The shell model utilizes a discrete single particle basis which describes bound

states, but cannot be used to represent the continuous states above the lowest-energy
decay threshold. Especially for exotic nuclei, where the thresholds often occur at low



excitation energy, the treatment of resonant states is important even in an effective
theory treating low-energy states. Multiple procedures have been developed in order
to explicitly include coupling to the continuum, and to provide additionally a
straightforward treatment of reaction processes.'”'® Presently, standard shell model
techniques are often used to calculate states above the threshold. With empirical
interactions, relatively good agreement is often found for unbound states because
continuum effects can be implicitly included by the interaction through the fit to data.
The coupling to the continuum is often neglected as a result, even though the standard
shell model does not treat it correctly; however, it will be more important in the case
of microscopic interactions which are not constrained by nearby data, and especially
for nuclei far from stability near the limits of experimental capabilities.

CONCLUSION

Shell model techniques are often used for accurate descriptions of light- and
medium-mass nuclei. Many improvements in recent years have focused on
computational advances or on utilizing recently measured data to update empirical
interactions. The future of shell model techniques depends on merging computational
progress with more microscopic components. Namely, effective interactions should
be derived from microscopic potentials, including three-body forces at least at the one-
and two-body level. Coupling to the continuum should be included for near- and
above-threshold states, and evaluations of shell structure should be determined in a
consistent way with the prescription of Baranger. Such progress should be prioritized
and should be adopted in an integrated fashion, which requires a willingness to
collaborate among the practitioners of shell model methods.
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Abstract. The electric dipole response in the neutron A8 is investigated within a new equation
of motion approach proposed recently which generates & lzdisnultiphonon states, built of
guasiparticle Tamm-Dancoff phonons. Attention is focugedhe low-lying excitations associated
to the pygmy resonance.

Keywords: Electric dipole response, pygmy resonart€®, microscopic multiphonon basis, equa-
tion of motion
PACS: 21.60.Ev,23.20.Js,24.30.Cz

The electric dipole mode has attracted recently a renevietesst. Attention has been
focused on the excitations occurring in nuclei with neutexcess at the low-energy
tail of the dipole giant resonance (GDR). These excitatiowsirerpreted as a man-
ifestation of a collective mode termed pygmy dipole resaeafPDR) generated by a
translational oscillation of the neutron excess againsta dbre. A list of experimental
and theoretical papers may be found in Refs. [1, 2].

In the energy range of the PDR, other low-lying vibrationalde® may come into
play and contribute to the dipole strength. This issue cacléefied only by going
beyond the mean-field level. In fact, the PDR was studied ipainshell model (SM)
[3] or in extensions of the quasiparticle random phase amation (QRPA), like
the quasiparticle phonon model (QPM) [2], QRPA plus phonoupting [4] and the
relativistic time blocking approximation (RTBA) [5].

We propose here a study of the dipole response based on atioeqgaBmotion
phonon method (EMPM) developed few years ago [6, 7], reastntly in a more
consistent scheme [8]. The method consists in deriving afseguations of motion
which can be solved iteratively to generate a basis of nmhdimpn states, built of
phonons created in particle-holpi) Tamm-Dancoff approximation (TDA). It applies
to a Hamiltonian of general form and does not rely on any agpration except for the
truncation of the multiphonon space.

1 Present address : Ecole Normale Superieur (ENS) de Cachaay. 8lu Président Wilson, Cachan -
France



In its ph scheme, it was applied with success to studyEheresponse in the heavy
208pp [9]. Here, aypversion suited to open shell nuclei is derived and emplogestiidy
the E1 response in the neutron riéAO by solving the eigenvalue problem in a space
which covers up to three-phonon states. This large scateiledlbn will enable us to
investigate the spreading of the GDR and to explore the jomglexcitations, associated
to the PDR, which were observed in Coulomb excitation expertsnfl1, 12, 13] and
investigated theoretically in SM [3] and in QRPA plus phoramupling [4].

BRIEF OUTLINE OF THE METHOD

As illustrated in Ref. [8], the main goal of the EMPM is to gemtera basis afi-phonon
states

|n;B>:ZCfa{O}x]n—1,a>}B, (1)
Aa

WhereOX is a quasiparticle TDA phonon operator acting ofina- 1)-phonon state
|n—1 a >, assumed to be known.
The key for generating such a basis is provided by the equeatibmotion

<n,B| {[H,O}]x In—1,a >}B: <EB—EO,) <n,B| {O}x In—1,a >}B.
(2)

The procedure followed in Ref. [8], we obtain the generaliegggnvalue equation
AP(Na,Na)Ch, =5 ¥ 2P(Ma,Na')CL . 3)

/\/a/ )\/a/

where the Hamiltonian has the composite fofth= 7 2, & is the metric matrix and

P (Aa,A"y) = (Ex +Ea)OrGay+ S W(BA ad;yA) 135 2y (4)
o

HereE, andE, are the energies of the TDA phonon of multipolartyand of the
(n— 1)-phonon state with quantum numbers W is a Racah coefficient, and” a
phonon-phonon interaction potential. The close formalanawith TDA was pointed
out [8].

All quantities appearing in the eigenvalue equations arergby recursive formulas,
which allow to solve Eg. (3) iteratively. The redundant etatire eliminated by the
procedure outlined in [6, 7], based on the Cholesky decortipnsnethod.

A set of orthonormal multiphonon statéf) >, (A >,...|n,a > ...} is generated.
The Hamiltonian is diagonal in eaatrphonon block. The terms coupling different
blocks are also given by recursive formulas. The Hamiltomzatrix so constructed
is easily brought to diagonal form yielding the totality agenstates allowed by the
dimensions of the multiphonon space. These eigenfunceoedinear combinations
of {|0 >,|A >,...|n,a > ...} phonon states. Thus, the multipole operator promotes
forward and backward transitions among components diffeloly one phonon, as well
as transitions among states with the same number of phonons.
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NUMERICAL APPLICATION: E1 RESPONSE IN 2°0.

We used a Brueckn&-matrix [14] derived from the CD-Bonn nucleon-nucleon poten-
tial [15] and a Nilsson Hamiltonian with the same parametsesd fort60 [8].

The TDA phonons were generated in a space which includes tietsdg major
shell. Among them, we selected the positive (negative)tygrihonons of energies
E, <25 MeV (E, < 30 MeV) to generate the two- and three-phonon basis states. O
the whole, the space includes up to 3p-3h configurations efggn- 12hw MeV. It is
therefore substantially larger than the space adoptedhelaraodel calculation [3].

We adopted a method exploiting the Gramm-Schmidt orthogaaten procedure to
produced a basis of TDA phonons free of spurious admixturédsded by the center
of mass motion and by the particle number violating Bogolubansformation. The
computed cross section is shown in Figure 1. One may obskevettong impact of
the two-phonon states on the cross section. Indeed, in gong TDA (left panel) to
the space which includes also the two-phonon states (midlpaheE1 strength gets
dramatically quenched and fragmented in the GDR region.tfitee phonons have a
more modest impact (right panel).

Another feature is the appearance of a small hump at lowggrmice the two- and
three-phonon states are included. The calculation allbesamalysis of its fine structure.
It yields, in fact, the same number of peaks observed in theraxents [11, 12, 13]. The
strengths they carry, however, are one order of magnituddlanthan the measured
ones.

Extending the comparative analysis further up in energyfine that the strength
collected by all the states up to 15 MeV accounts for 10% of the classical energy
weighted sum rule in agreement with experiments [11, 16is lto be pointed out,
however, that neither the experimental or the theoretipacsa exhibit a clear cut
separation from the GDR peaks. Only a continuous sequenueatt is obtained.

The analysis of the phonon composition may help to explaoh s strong frag-
mentation. The states of this low-energy region are congpo$®ne-phonon coexist-
ing with two-phonon components. The latter couple octumoléipole excitations to
guadrupole or hexadecapole surface vibrational modeg. tballowest I state has a
large one-phonon component. Also the state describindptreegeak has a TDA phonon
with an appreciable weight. This is composed of the valemegrongp configuration
(0ds,0f7/2)v in opposition of phase with the core excited neut{@ds,,0ps/,)v and
proton (1s;,,0p; /)y configurations. It describes a genuine oscillation of thetis
skin against the core.



This mode, however, is excited with a relatively small styanIndeed, the main role
is played by thegp neutron configurations with large weight while the many pnot
states contribute with small amplitudes. Moreover, the ensdlamped by the coupling
and the coexistence with multiphonon excitations.

The one-phonon states contributing to the GDR are consigteomposed of core
excited neutron and proton components in opposition of g@hBlsey describe genuine
GDR excitations. On the other hand, they are strongly caufdanultiphonon excita-
tions which induce a severe damping.

In summary, the two-phonon components play a crucial roléragmenting and
shaping the GDR and are determinant in pushing a residwalgttr down in the low-
energy sector in agreement with experiments. Only one opéaés may be associated
to the PDR.

The detailed and exhaustive description of Bieresponse was made possible by the
availability of the explicit multiphonon structure disgkd by the EMPM wavefunctions
describing the singl&1 levels. This represents an important advance with respéoe
other approaches which extend the RPA.
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Spectroscopy of nuclei near and beyond the
neutron drip line by direct reactions at
new-generation Rl beam facilities

T. Nakamura
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Abstract. The new-generation Rl-beam facility, RIBF (Rl Beam Factory) at RIKEN, where high
intense intermediate/high energy Rl beams have become available, offers expanded opportunities
to study structures near the drip lines. The direct reactions, and among others breakup reactions at
such incident energies, play crucial roles to explore the neutron-drip line region. Some of the earlier
experimental results at RIBF using the inclusive Coulomb/nuclear breakup on neutron-rich isotopes
nearN=20 andN=28 are presented. We have recently launched a new spectrometer, SAMURAI, at
RIBF, where kinematically complete measurements of breakup reactions of very neutron rich nuclei
can be performed. We present briefly about the new experiments performed at SAMURAI.

Keywords: RI-beam facility, Coulomb and nuclear breakup, Halo nuclei
PACS: 25.60.-t,25.60.Gc

RI BEAM FACTORY

The RI Beam Factory (RIBF) at RIKEN Nishina Center has started its operation in
2007 as the first-commissioned next generation Rl beam facility [1]. With the newly
constructed three ring cyclotrons, fRC (fixed frequency Ring Cycloen570 MeV),

IRC (Intermediate-stage Ring Cyclotrok= 980 MeV), and SRC (Superconducting
Ring Cyclotron K= 2500 MeV), the facility is now capable of accelerate a whole range
of heavy ions up t88U at 345 MeV/nucleon with high intensities. In 2012, the typical
intensity of*8C at 345 MeV/nucleon is 100-200 pnA, and thaf&iu 10-15 pnA.

The in-flight Rl beam separator BigRIPS has capability to produce Rl beams with
high intensities, in particular for nuclei far from the stability. The large acceptance
(momentum 6%, angles 80(KH100(V) mrad [2]) allows us to collect sufficient portion
of projectile- or in-flight fission fragments. The second stage of the BigRIPS can tag the
beam particle on event-by-event basis after being geometrically selected by the magnetic
rigidity combined with the energy loss difference. With this new facility, about 50 new
isotopes have already been observed [3, 4], and half-lives of some of the key neutron-rich
isotopes near the path of therocess has been newly determined [5].



BREAKUP REACTIONS AND EXOTIC NUCLEI

Coulomb and nuclear breakup at intermediate/high energies

One of the important experimental probes for nuclei far from the stability is breakup
reaction at intermediate/high energies. When we approach the neutron drip line, where
exotic structure such as halo appears, one important feature is the closeness of the
valence neutron to the continuum in energies. The breakup reactions thus play important
roles since the cross section is significantly large.

The breakup reaction shows very different characteristics, depending on the target [6,
7]. A heavy target such as Pb induces primarily Coulomb breakup, while a light target
such as C induces nuclear breakup.

The Coulomb breakup is used to extract #e response of the nucleus since it is
essentially the photo absorption process. The Coulomb breakup cross section is written
as,

do(El) 16m dB(E1
D L Neu(B0 SBEY )
whereNg1(Ex) denotes the number of the virtual photons for the electric dipole transi-
tion with energy ofE, [8]. The simplicity that the cross section can be factorized allows
us to extract th&1 strength distribution.

One of the important and unique features of halo nuclei is the strong enhancement of
the B(E1) spectrum just above the neutron decay threshold (Sbfexcitation). This
phenomenon is now well understood by the direct breakup mechanism, wheté the
response reflects the halo spatial properties [9, 10, 11, 12, 13, 6]. Hence, the Coulomb
breakup becomes one of useful tools to probe the halo wave function.

Nuclear breakup of an unstable nucleus with a light target at intermediate/high en-
ergies also offers a useful spectroscopic tool. The momentum distribution of the core
fragment after th removal can be used to extract the orbital angular momentum of the
removed neutron. When a measurement is combined with that gfrineemitted from
the core fragment, the core configuration of the projectile can also be extracted, in-
cluding the spectroscopic fact@?S. The combined analysis of Coulomb and nuclear
breakup further enhances this capability due to different sensitivities to the spatial dis-
tribution of the wave function around the surface of exotic nuclei.

Inclusive breakup experiments at ZDS at RIBF

The breakup reaction, when measured in complete kinematics, can be used to extract
theB(E1) energy spectrum in Coulomb breakup. However, when we explore the nuclei,
lying very far from the stability, because of its low beam intensity, the inclusive Coulomb
breakup can be useful as a first experimental approach. As such motivations, the in-
clusive breakup cross sectionsi@nd/or 21 removal cross sections) 6B, 192022¢C
293INe, and®33>3’Mg at 220-240 MeV/nucleon have been measured at ZDS (Zero De-
gree Spectrometer) at RIBF, at RIKEN [14, 15]. Ther&moval cross sections for Ne,

Mg, and Si isotopes are summarized in Fig. 1.
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FIGURE 1. 1nremoval cross sections é#3INe, 333537Mg, and3%41Sj on C (circles) and Pb (dia-
monds) at 220-240 MeV/nucleon. The Coulomb breakup cross sections on Pb (squares) are estimated by
subtracting the nuclear breakup contribution estimated from the ones with the carbon target. The data,
except for''Ne [14], are preliminary.

As shown, the cross section fétNe and3'Mg are significantly larger~ 0.5 b),
expected for the halo nucleus. As detailed in Ref. [14], the nuciéNs has been
identified as a new ri halo nucleus, evidenced by this enhanced Coulomb breakup
cross section. We are further investigating the structure of these nuclei by using the
combinatorial analysis of nuclear and Coulomb breakup.

Breakup reaction experiments at SAMURAI facility

The kinematically complete measurement of the breakup reaction, where all the
momenta of the outgoing particles in the forward direction are measured in coincidence,
allows us to obtain the invariant mass of the excited state, which can be translated into
the excitation energy event by event. For instance, in the Coulomb breakup one can
mapB(E1) as a function of the excitation energy by using Eq. B(E1) distribution
contains information of the ground state wave function, suckt%s (spectroscopic
factor),/ (orbital angular momentum), ar®l (separation energy) of the halo state. The
kinematically complete measurement is also a suitable tool to studytberrelation.

Such a method is called invariant-mass spectroscopy.

The SAMURAI (Superconductinghnalyser forMU lti-particles fromRAdio | sotope
Beams) has started its operation in 2012, in order to realize the invariant mass spec-
troscopy of Rl beam with high efficiency at RIBF. The layout of SAMURAI facility
is shown schematically in Fig. 2. SAMURAI comprises the superconducting magnet
with a maximum magnetic field of 3.1 Tes|B{ad=7.1 Tm), beam detectors, heavy
ion detectors including two large multi-wire drift chambers (FDC1 and FDC2), and the
neutron detector array NEBULANEutron-detection system fddreakup ofUnstable
nuclei withL argeAcceptance).
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FIGURE 2. The setup used for the day-one campaign experiments at the SAMURAI facility at RIBF,
RIKEN. The beam comes from the left to the target position which is surrounded by the DALI2 (Nal(TI)
y-ray array). The outgoing fragment is bent by the SAMURAI superconducting magnet, traced by the
drift chambers (FDC1,FDC2) before and after bending, and its charge and TOF is measured by the
hodoscope(HODF). The neutron goes through the gap of the magnet and is measured in NEBULA,
neutron detector array.

In May, 2012, we have successfully completed the day-one campaign experiment,
which includes the kinematically complete measurement of Coulomb breakup of two
neutron halo nuclei®B and?2C. The beam intensity dfB was about 100 pps, and that
of 22C was about 15 pps, about 3-4 orders of magnitude larger than those obtained in
the previous facility (RIPS). The intensities are significantly larger as such, compared to
other RI beam facilities in the world as well.

SUMMARY

The importance and usefulness of the breakup reactions at intermediate/high incident en-
ergies in the new-generation Rl beam facility has been demonstrated. Inclusive breakup
measurements at the new-generation Rl beam facility, RIBF at RIKEN, were presented,
where evidence for thenthalo structure if*Ne is shown. The new facility SAMURAI,

which is constructed partially for the invariant mass spectroscopy of very neutron-rich
nuclei, has commissioned in 2012. The first series of physics experiment, including the
kinematical complete measurement of the Coulomb breakifBadind?2C at about 240
MeV/nucleon have been successfully performed. This demonstrates the powerfulness of
the facility, so that we expect that such breakup reactions are applied for more exotic and
heavier nuclei along the drip lines in the near future. We also note that Coulomb breakup
is also useful for probing the pygmy dipole resonances (PDR), which is also sensitive to
the neutron-skin thickness and the symmetry energy of the equation of state, one of the
most sought-after subjects.
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Beta-decay In Light Dripline Nuclei
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A brief overview of beta-decay processes in light exotic nuclei is given. The two
main subjects are how beta-decay processes change in the light nuclei and how beta-
decays provide new structure information. Based on examples of recent results some

identified open questions are posed as challenges for the next generation facilities
such as EURISOL.

INTRODUCTION

Weak interactions play a role in nuclei mainly through beta-decays. They have
historically played an important role in unravelling the intricate structure of the
interaction and conversely beta-decay has served as a reliable probe of nuclear
structure for decades [1]. This contribution focuses on the continuing role of beta-
decays in light exotic nuclei, but it should be mentioned that nuclei still give access to
detailed studies of the weak interaction (in light nuclei several interesting nuclei, one
example is SHe, are very useful for these studies; see [2] and references therein and [3]
for the beta-beam development). The phenomenology of beta-decays changes away
from stability and allow wus to extract structure information that often is
complementary to (and very competitive to) that obtained via nuclear reactions. The
field has in recent years been reviewed in [4,5] and a further general review of spin-
isospin excitations also appeared recently [6]. I refer to these references for the
detailed formalism of beta-decay, including detailed definitions of beta-strength etc,
and will in the following focus on the physics concepts. As should become clear from
the examples given, beta-decay and reaction studies are complementary and will both
be important for future RIB physics.

BETA-DECAY AWAY FROM STABILITY

Beta-decay takes place within an “isobaric mass parabola” and Q-values therefore
increase towards the driplines so that significantly more nuclear structure can be
accessed in the decays. At the same time nucleon separation energies decrease so beta-
delayed particle emission will constitute an increasing proportion of the decays. The
Pn decays are only retarded by angular momentum barriers whereas charged particles
also feel the Coulomb barrier. Light nuclei are special in the sense that there is still no
severe retardation of charged particle emission in contrast to heavier nuclei where it is



a major limiting factor. There Pa is essentially always suppressed and Pp only
achieves a significant branching ratio 1-2 nucleons away from the dripline (for odd-Z).

Beta-delayed multi-particle emission will also be energetically allowed close to the
driplines, but is only a dominant decay mode for A=8,9 and for very neutron-rich
nuclei. It is of course also of interest in other nuclei since it proceeds via highly
excited states in the daughter nucleus and can give unique physics information:
particle emission can populate many more states than the ones allowed by beta-decay
spin-parity selection rules.

Studies of the mirror symmetry between corresponding " and B transitions seem
to be sensitive to nuclear structure rather than weak interaction effects. Significant
progress have been obtained during the last decades, but challenges remain as shown
by the A=9 multiplet where quite a large asymmetry in Bgr values remain unexplained
[7].

The isobaric analogue state (IAS) transitions play a key role (for nuclei close to
N=Z even a dominating role) for decays of proton-rich nuclei. There are still not many
detailed studies of isospin symmetry breaking and in particular very little information
on where the Fermi strength that does not go to the IAS, but to states with the same
isospin, ends up. Ernst Roeckl pointed out to me that y-decay is an important decay
channel for the IAS so that the intensity seen in proton decays can be noticeably
reduced compared to the sum rule value. This effect has to my knowledge not yet been
investigated systematically.

STRUCTURE INFORMATION FROM BETA-DECAY

As mentioned above Bp decays can for a sufficiently exotic initial nucleus populate
as many states as typical nuclear reactions and it can therefore provide information
e.g. on states relevant for astrophysical processes. One example is the *’P(p,y)>"S
reaction [8] where the relevant states are populated in the $2p and Ppy branches from
3'Ar decays. This type of study should be feasible for many decays at the proton
dripline.

Once beta-delayed particle emission becomes prominent problems arising from
continuum structures can be investigated in a complementary way to nuclear reactions.
One example is the broad levels occurring in very light nuclei where the very
existence has sometimes been put into question such as in *Be or '*C. States of several
MeV width have been proposed here and could in both cases be fed in beta decays, by
*B and "*N, respectively [9]. States that like these are hard to extract in a convincing
manner from a single data set need to be populated in different ways to be credible.

The beta decay of halo nuclei has been a fruitful source of challenges that have not
all been met. The Bd decays seem to be halo specific in that two-neutron halos decay
in an almost decoupled manner into final state deuterons. The analogous p decay of a
one-neutron halo state will be much less likely due to the smaller phase space and has
not yet been observed. The general beta strength distribution is at the moment known
with some precision for the halo nuclei ®He, ''Li and ''Be and roughly known for
"“Be, but it is still not possible to say whether the prediction of the Gamow-Teller



Giant Resonance becoming accessible in light very neutron-rich nuclei [10] is correct
or not.

The comparison of data on light nuclei to ab initio calculations have emerged
during the last decade as an important tool, several theoretical talks at this topical
meeting focus on this line of research. It may be useful to remind that meaningful
comparisons level by level can only take place at low excitation energy, at higher
excitation energy we reach the chaotic regime. This can be relevant also in decays in
light nuclei, a recent example is the decay of >’Al where essentially random behaviour
was observed at 8 MeV excitation energy [11]. At this point only average quantities
carry meaningful and testable information, as is well known from studies in heavier
nuclei. The obvious, and currently open, questions are where the transition from
regular behaviour to chaos takes place and, somewhat more *“optimistically", whether
we in beta decays may be able to see also the transition into the Ericsson fluctuation
regime in which levels start to overlap.

FUTURE PROGRESS

Let me end with a few comments on where EURISOL (and other future higher
intensity facilities) may contribute beyond what is currently possible. One should not
forget the possible role of specialized installations such as the suggested
ISOL@Myrrha that may play a complementary role.

Several types of experiments will with our present experimental techniques require
long beamtimes and/or significantly increased intensities of the radioactive beams.
This can be due to very small branching ratios of the interesting physics or due to
inherent low detection efficiency, e.g. neutron detection with accurate time-of-flight
(this applies even more if one attempts to do neutron coincidences) or gamma-
detection with crystal spectrometers.

We will of course benefit also from instrumentation improvements. Among the
many techniques that have been developed but not yet put into routine use I would like
to mention polarized beams, as employed at Triumf for measuring the ''Li decay [12],
and storage in traps, again pioneered by our weak interaction colleagues, that could
improve in particular detection of low-energy particles.
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INTRODUCTION

This paper capitalizes on the production of unbound nuclear systems in the
continuum. The advent of intense secondary beams allows producing systems across
the neutron and proton drip-lines where adding neutrons or protons, respectively, leads
to unbound systems. The synthesis of extremely neutron-rich systems [1] can be
achieved e.g. by adding neutrons or removing protons in transfer reactions at low
beam energies, or, for the case shown here by selectively removing neutrons or
protons from energetic secondary beams in inverse kinematics in order to cross the
neutron drip-line, as shown in figure 1. Other production mechanisms at high beam
energies include fragmentation reactions where several nuclei are removed from stable
beams or pion absorption experiments.
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FIGURE 1. Example reactions used to produce neutron-rich unbound systems by selectively removing
protons or neutrons from incident exotic nuclei at the neutron-dripline.



At the boundaries: Three body correlations

Looking at figure 1, one may recognize, that the neutron-rich bound nuclei at the
outskirt of the nuclear landscape are surrounded by unbound systems, whilst adding or
removing neutrons. This suggests, in turn, that the pairing correlation in the two
neutrons accounts for a strong clustering in these systems, which often leads to a
charged core plus to neutron cluster description. This picture has been suggested
already in the early years of this field for the description of ''Li [2] and can be verified
by the observed momentum correlation patterns that are subject of this paper.
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FIGURE 2. Direct comparison of spatial three body correlations depicted in density plots which show
the separation of the charge core to the centre-of-mass of the two halo neutrons (R.,,, R), versus the
distance between the two neutrons (R,,,r) in 4. The graph on the left-hand-side [3] is extracted from a
phenomenological wave function resulting from a fit to a collection of data sets, and, in particular, the
three body momentum correlations presented in this paper. The graph on the right-hand-side shows the
result of a theoretical calculation by K. Hagino et al [4].

Figure 2 shows two density plots, where one is deduced by o fit to all experimental
data [3], while the other is the result of a theoretical study [4] of the pairing interaction
for the halo neutrons of ''Li. Both descriptions are based on the assumption, that ''Li
can be described in a three body cluster picture. The opening angle between the two
neutrons has been extracted from Coulomb breakup data by T. Nakamura et al. and is
discussed elsewhere in these proceedings. One can compare the value here, which is
0,n=62° with their value of 0,,=48°, and find it in reasonable agreement. However,
this angle is a mean value and comprises two components: (i) a configuration where
both neutrons are coupled to a neutron pair with total spin S=0, where the opening
angle distribution peaks at about 30°, and (ii) a configuration with S=1, where the
opening angle distribution peaks at about 100°. Here the former can be interpreted as a
di-neutron pair which appears dominant in the ground-state wave-function.

In conclusion the ''Li ground-state seems to be quite well understood and could be
unambiguously reconstructed by the Coulomb excitation data which puts constraints
on the n-n distance by yielding the distance between charged core and centre-of-mass
of the two neutrons, and by the rich harvest from momentum correlation data [5]
which allows to constraint possible assumptions in several dimensions. This is also
supported by recent high precision data on masses [6,7] and nuclear moments [8,9].



Stepping across the drip-line

It is tempting [10] to presume a direct correspondence between ''Li and 'He if
their nuclear structure is assumed to be governed by valence neutron interactions.
Figure 3 shows the momentum correlations in e [11].
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FIGURE 3. Momentum correlations for '°He in Jacobi co-ordinates. The relative angle between
momenta (¥) and the fractional energy in the two-body sub-systems (€) is shown for two sets of co-
ordinates (a,b) and (c,d) where the subsystem is either formed by two neutrons relative to the core or by
°Li relative to the second neutron, respectively. The black lines are a fit to the data including the
experimental response. The red lines show the corresponding correlations in the seed nucleus ''Li,
where the blue histograms include the effect of the experimental apparatus.

The observed correlations show clear deviations of the ''Li ground-state from the
relative motion in the continuum of '’He. This points to the fact, which has also been
observed in '’Li while populating it in the proton removal from ""Be and neutron
removal from ''Li [12] at high beam energies, namely, that the final state interaction
governs completely the observed kinematical correlations.

The experiments presented in this paper have been carried out at GSI, Darmstadkt.
The beam velocity for all data shown in this paper is about 67% of the velocity of
light. One therefore applies the sudden approximation and does not expect a
considerable reconfiguration during the reaction process.

The spectra of "*Li and '’Li have been populated [13,14] from '*Be as seed nucleus
in one proton and Ipln removal reactions and correlation studies yielded the scattering
length for the "Li-n interaction (a;=-13.7(1.6) fm) and a resonance in BLi at 1.47(35)
MeV with a width of about 2 MeV. In the mean time additional experiments have
been carried out at the NSCL, East Lansing, with B as seed with stronger d-wave
components in the ground state wave functions where also additional d-states [15] in
"2Li have been claimed. Recently a new run with '“Be has been performed [16] with



similar, but not equal results. It would be therefore highly desirable to gain additional
information on the '*Be ground-state configuration, in order to be able to perform a
similar comparison as previously shown for the '°He case. The “Be properties have
been studied in several breakup experiments [5,17,18], again with “Be and '“B as seed
nuclei. The resulting relative energy spectra show striking similarity, and would point
to an interpretation similarly to the '’Li case, namely, that the spectrum is entirely
determined by the '*Be-n final state interaction. The interpretation of the data has been
studied also [19] based on theoretical considerations, by estimating the influence of
the reaction mechanism on the data. Nevertheless, no conclusive picture could be
obtained up to now. There is still controversy in the interpretation of the data. Partially
this is due to the fact that '*Be cannot be considered to be a ‘good core’ as it is easily
polarizable. '“Be exhibits rather a '’Be+n+n+n+n structure. The interpretation of the
data measured with gamma-coincidences [17] for the first time is unfortunately also
not conclusive as there is a long lived state in '*Be* which will decay outside the
reaction zone. In all cases where '“Be* is in the exit channel the relative energy
spectra will show components shifted down by the missing gamma energy from the
excited states. To decompose these states in terms of the initial angular momenta of
the neutrons in the seed nucleus a different approach for analyzing these spectra has
been followed. By studying the width of the recoil momentum distribution, which
reflects the initial momentum distribution of the knocked-out neutron, in dependence
on relative energy in "“Be, it is possible to decompose [20] the involved angular
momenta in the final state. The conclusions drawn in [17] are confirmed and new
information on the "“Be ground-state properties can be gathered.

This work is in parts the result of a collaborative effort of the R’B collaboration. The author wants to
thank all collaborators here. This work has been supported by the Helmholtz International Center for
FAIR within the framework of the LOEWE program, by the Helmholtz Alliance Program contract
number HA216/EMMI, by the GSI-TU Darmstadt Cooperation agreement, and by the BMBF, the
German ministry for science and education (06DA70471, 06DA90401, 06MT238).
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INTRODUCTION

Exotic beams, produced through the in-flight fragmentation method are available at
LNS with a usable intensity after the successful upgrading of the fragmentation beam
line [1]. Using the CHIMERA detector [2] implemented by a recent upgrade of Pulse
Shape method in silicon detector [3], we started various experimental campaigns with
different aims: a) study of transfer, pick-up, knock-out reactions induced by light
neutron rich nuclei, on proton and deuteron targets in order to search for a dependence
of such cross sections by the halo structures. b) Study of the isospin dependence of
reaction dynamics [4,5] around 30 A-MeV using exotic beams in the region of mass
30 produced by *°Ar fragmentation, and around *®Ni produced by "°Zn fragmentation.
In this short report we will concentrate on the first item showing a new method that we
developed in order to obtain angular distribution in binary reactions by using
kinematical constraints.

Experimental Setup and Data Analysis

The fragmentation beam was produced by using an **0"* primary beam delivered
by the INFN-LNS Superconducting Cyclotron at 55 A-MeV. The beam line magnetic
elements were set to maximize production of *'Be ions (Bp=2.78Tm). The beam was
identified particle by particle by using a tagging system consisting of a Double Side
Silicon Strip Detectors (DSSSD) and a large surface Micro-Channel Plate (MCP)
detector [18]. The MCP detector was placed approximately 13 m before the tagging
strip and was used as start of the time of flight (TOF) measurement of the beam



particles ( the stop being delivered by the DSSSD ). In fig 1 it is reported the quality of
the identification obtained by plotting the TOF as a function of the energy loss (AE)
measured in the DSSSD.
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FIGURE 1. ldentification scatter plot of the fragmentation beam. Arrows show the loci for the
different charges and N/Z ratio.

In the figure 1 it is possible to distinguish the "cocktail" of fragmentation beams
identified in the tagging strip. Thus the first step of the data analysis consists on the
selection of the beam under study with the use of appropriate cuts. Events were
further selected, searching for kinematical coincidences. Only events with charged
particles multiplicity equal to two were analyzed, strongly reducing contamination due
to carbon in the polyethylene target, and to reactions in the DSSSD. Other constraints
were taken into account by using conservation laws. Firstly, due to momentum
conservation the relative azimuthal angle A¢ between the two fragments must be 180°.
In fig. 2, we plot this angle as measured for the reactions, 3°Li+p—®°Li+p.
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FIGURE 2. Relative azimuthal angle A¢ measured for coincidence events in the reactions,
89y : 8,9y :
Li+p—""Li+p



We can recognize the binary events concentrated in the peak around 180°.

The following selection, based on energy conservation law, requires that the sum of
kinetic energies of the two detected particles is equal to the beam energy plus the Q-
value. In fig.3 we plot the total energy detected in coincidences between deuterons
and B ions in the reaction®*B+p.
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FIGURE 3. Total energy spectrum for the reaction *B+p—B+d

Notice in this plot a peak close to the value of 690 MeV, that roughly corresponds to
the total available energy. The second peak correspond to 1n-decay channel of ?B*.
Due to the relatively poor CsI(TI) energy resolution for heavy fragments, it is quite
difficult to discriminate the decay path towards to the ground state of a specific
nucleus. This cannot be in fact disentangled with respect to excited states at energy
lower than particle decay. However, in the reactions °Be+p—°Be+d and °Be+d —
°Be+t, only gBegs can be populated because the first excited level at 1.684 MeV is
unbound, decaying to the n+2a channel. Because in this case the final channel is well
defined, we can easily convert the deuteron/triton energy spectrum in the CM angular
distribution. This can be done by using kinematic relations, taking into account beam
intensity, target thickness, and detector efficiency.
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FIGURE 4. Angular distribution extracted for the reactions '°Be+p—°Bg+d, *°Be+d—"Bg+t.



In fig.4 the preliminary angular distribution for the p,d (full dots) and d,t reactions
(squares) are reported. The cross sections and the angular distributions for the two
reaction channels are quite similar. It seems that the difference in the final state can be
neglected and that the cross section is determined mainly by the characteristics of the
transferred neutron. The value of the size of the angular bins of each point was chosen
by the need to get a reasonable statistical error. We emphasize that this method to
extract the angular distribution allows to automatically correct for the position and
direction spread of fragmentation radioactive beams.

This method can be used in the measurement of the energy of the heavy fragment,
around Fermi energy, if nuclei with only unbound excited levels are investigated as in
the case of °Be. The method can be however extended also to the case of bound and
unbound excited levels especially if coincidence gamma ray measurements are
performed allowing for discrimination of the different contributions of the decay
process. In next experiments we will also profit of the new telescopes FARCOS [6] we
are going to realize, to detect the heavy reaction partner with high mass identification,
energy resolution and ¢ granularity. This will allow an improved identification of
excited states and also to study the decay characteristics of neutron decay in unbound
nuclei. This original method to measure the angular distribution could be applied in
the future Eurisol experiments.
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INTRODUCTION

The determination of resonances in '*Ne is an important issue to obtain the reaction
rates in processes relevant for the energy production and element generation in nuclear
astrophysics events. Breakout paths from the hot CNO cycle involve sequences of
alpha particle reactions that proceed through the '*Ne resonances, which are above the
a decay threshold.

The reaction '"F(p,y ) '*Ne is particularly important in late nucleosynthesis of massive
stars in the pre-supernovae phase, where the rp-process leads to the production of
nuclei up to Cadmium. Many reaction chains include this process that can go via
direct or resonance capture of the proton. A few experiments have been devoted to
determine the energy levels of '*Ne, but still some uncertainty prevails, requiring
further experimental studies , thus relevant in the contex of the EURISOL project.

Widths and spin assignments of some relevant levels for the astrophysical processes
have been estimated from the properties of the mirror nucleus '*O ' and data from
stable beam studies ?, or from indirect measurements >, provided the resonance
parameters for several states above 7 MeV of excitation energy.

The inverse of the reaction '"F(p,y )'*Ne, is just the emission of a proton from an
excited state of '*Ne. Therefore, proton emission can be a process to study these
reactions and grasp the underlying nuclear structure involved in the process.

One and two proton emission from '*Ne has been observed in an experiment
performed at LNS by Raciti and collaborators®. They observed 2p decay not only from
the 6.15 MeV 1, distinguishing di—proton (31%) and democratic (69%) mechanisms,
but also from the known 7.06 MeV, 7.91 MeV, and 8.5 MeV levels. These states are
above the threshold for sequential decay and could have spin and parity 1" or 2+.
However, there were other higher lying excited states around 8.5 MeV, 10.7 MeV,

12.5 MeV, and 13.7 MeV, for which there is a favorable energy window for sequential
decay, going after the emission of the first proton to excited states of ''F, instead of
the ground state, and decaying finally to the ground state of '°0 after the second
emission. In fact, the authors of Ref. 8 found that almost 30% of the decay goes to the



sequential channel. This is quite surprising, since simple barrier penetration
considerations would favour decay with the largest amount of energy being carried out
by the proton. Thus, one expects that the emission of the first proton would lead to the
ground state of 17F that is bound, and consequently the second proton would not be
emitted. Another surprising fact is that these states are quite narrow.

The authors of Ref. 9 also confirmed correlated two proton emission only from the
excited 6.15 MeV state in 18Ne, in good agreement with previous results.

From the discussion above, we can see that if on one side the assignment of spin levels
in 18Ne is quite relevant for the determination of astrophysical reaction rates, on the
other side, the interpretation of proton decay data can provide unambiguous support to
the identification of the nuclear energy levels.

Proton emission from the ground and excited states of exotic nuclei has been
measured extensively in the last two decades '°, and a good theoretical interpretation
of the decay process was achieved ''. Using realistic mean field models, it was
possible to predict the nuclear shape parameters and quantum numbers of the decaying
states '>. Fully self-consistent calculations, using more fundamental interactions based
on relativistic density functionals derived from meson exchange and point coupling
models, were also able to account for the experimental data of proton radioactivity
from spherical nuclei >

A correct interpretation of the data has to be supported by a solid nuclear structure
description of the parent and daughter nuclei. It is thus the purpose of this work to
discuss a microscopic shell-model calculations for sequential two-proton decay from
excited states in 18Ne, calculate the decay observables, and identify the levels which
are the best candidates for decay.

THE SPECTRUM OF ®Ne.

According to scattering theory, the half-life for decay from an initial state i to a final state f
by one particle emission is given by, T 1, = Aln2/T ”; , where the decay width can be
found from the relation'?,
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with m and k standing for the mass and wave number of the proton. The spectroscopic
factor §';; , corresponds to the probability that taking away a particle with angular
momentum j from an initial state 7, will lead to a final state /. The quantity a ; is the
asymptotic normalization of the proton single particle wave function in a state of spin
Jj. It can be obtained from the solution of the Schrodinger equation with outgoing wave
boundary conditions, with a realistic mean field potential .

The total width for decay is a sum of partial widths, for all possible channels with
quantum numbers allowed by parity and momentum conservation, and for all final
states, and is given by,
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and the branching ratios Br, are simply the ratio between the partial decay width to the
total width.

Besides the knowledge of the proton resonance, the spectroscopic factor is the most
important quantity which is needed to obtain the decay width, and is determined from
the matrix element of an annihilation operator between the initial and final states. In
order to be able to calculate it, a shell-model calculation has to be performed to get the
nuclear wave functions for a specific interaction.

We have chosen the interaction determined in Ref. 15. This interaction was developed
with the intent to describe intruder 174m negative parity states which appear at low
excitation energies of sd shell nuclei, besides the normal 0Z® positive parity states. A
p—sd—pf model space was used with a 4He core allowing one nucleon jump between
the major shells, and with parameters fitted to the experimental excitation energies.
The interaction gives results in good agreement with experimental data for all sd
nuclei.

TABLE 1. Calculated excited states in '*Ne with a total width smaller than 200 keV and a branching
ratio for decay to unbound states larger than 0.7. The spin and parity, and energy of the decaying level
are given in the first two columns, while the branching ratio and width are shown in the third and fourth
ones.

¥ EMeV) Br TIY, (keV)
10.239  0.87 162

wn

- 10.349 0.84 19
7 10.695  1.00 4

0 10.776  1.00 200
2 10.806  0.77 104
4 12.187 0.73 140
6 14734 0.77 168

Performing a standard shell model calculation with this interaction, we have
determined the energy spectra and wave functions of '®Ne and '’F, and the
corresponding spectroscopic factors. Solving the Schrodinger equation with the mean
field potential given in Ref. 16, the wave function of the proton resonance were found,
and making use of Eq.1, the decay widths for proton emission

were determined. Amongst more than a thousand states we have calculated for '*Ne,
we have selected only the ones which have a total width smaller than 200 keV, since
only states with narrow widths were observed experimentally. In order to identify the
events where the emission of a second proton is energetically possible, we have
calculated the branching ratio for decay to unbound proton states in ''F. The latter, is
obtained considering the ratio for a width given by Eq. 2, where the summation is



restricted to unbound states, and the total width. Selecting the states whose branching
ratio is larger than 0.7, we found that only a few negative parity states fulfill this
condition, and they lie at quite high energies.

The results are reported in Table 1, and confirm the experimental findings of Ref. 8.
Most probably, states with very high angular momentum have not been observed
experimentally, since in the work of Ref. 8, the excitation mechanism used to populate
the states was Coulomb excitation.

CONCLUSIONS

In our analysis we found evidence for states of negative parity at quite high energies,
which are very narrow, and prefer to decay by one proton emission to the excited
states of the daughter '’F, rather than to the ground state, as observed in the
experimental studies of Raciti and collaborators ®. Since at these energies proton decay
is faster than y decay, the nucleus prefers to emit sequentially the second proton to
reach '°0, instead of a photon that would lead to bound states of ''F. With this
calculation, we have shown that through the interpretation of proton decay data one
accesses nuclear structure information relevant to nuclear astrophysics.

ACKNOWLEDGMENTS

This work was supported by the Fundagado para a Ciéncia e a Tecnologia (Portugal),
within Project CERN/FP/123606/2011.

REFERENCES

. M. Wiescher et al., Astrophys. J. 316, 162 (1987).

. K. 1. Hahn et al., Phys. Rev. C 54, 1999 (1996).

. B. Harss et al., Phys. Rev. C 65, 035803 (2002).

. J.J. He et al., Phys. Rev. C 80, 042801(R) (2009).

. K. A. Chipps et al., Phys. Rev. Lett. 102, 152502 (2009).
D.

.S,

. G.

C.

W. Bardayan et al., Phys. Rev. C 62, 055804 (2000).
Almaraz-Calderon et al., Phys. Rev. C 86, 025801 (2012).
Raciti et al, Phys. Rev. Lett. 100, 192503 (2008).

N I N N

Lin et al., AIP Conference Proceedings 1409, American Institute of Physics, Melville, NY,
, pp- 98.

J.
2011
10. A. A. Sonzogni, Nucl. Data Sheets 95, 1 (2002).
11. E. Maglione, L. S. Ferreira and R. J. Liotta, Phys. Rev. C 59. R589 (1999).
12. P. Arumugam, L.S. Ferreira and E. Maglione, Phys. Lett. B 680. 443-447 (2009).
13. L. S. Ferreira, E. Maglione and P. Ring, Phys. Lett. B 701, 508-511 (2011).
14. E. Maglione, L. S. Ferreira and R. J. Liotta, Phys. Rev. Lett. 81, 539-541 (1998).
M

15. M. Bouhelal et al., Nuc. Phys. A 864,113 (2011).
16. H. Esbensen and C. N. Davids, Phys. Rev. C 63, 014315 (2000).



Breakup Reactions measurements of Halo
Nuclei around QFS conditions !

D. Galaviz®, E. Cravo®, R. Crespo™, A. Deltuva®, A. Henriques®,
J. Machado®, P. Teubig®, and P. Velho®, for the R’B Collaboration

“Centro de Fisica Nuclear da Universidade de Lisboa, Av. Prof. Gama Pinto 2, 1649-003 Lisbon,
Portugal
[’Departamento de Fisica, Instituto Superior Técnico, Taguspark, Av. Prof. Cavaco Silva, Taguspark,
2780-990, Porto Salvo, Oeiras, Portugal

INTRODUCTION

Knockout reactions constitute a very sensitive tool to investigate the single-particle
or cluster structure of nuclei. Considering the particular case of one-neutron knockout
studies, the measurement of the momentum distributions [1 - 4] of the remaining core
has been and is used as a tool to determine the orbital angular momentum of the struck
particle.

We aim to analyse the breakup of one-neutron halo nuclei, >C and ''Be at Quasi-
Free Scattering (QFS) kinematical conditions performed at the experimental setup of
the R’B (Reactions with Relativistic Radioactive Beams) collaboration at the GSI
laboratory in Darmstadt, Germany. The theoretical interpretation of the results will be
done by applying the Faddeev/Alt-Grassberger-Sandhas (AGS) fewbody reaction
framework [7-9].

Recent calculations [5,6] suggested that at high incident energies at QFS conditions
and fully exclusive observables at some suitable and some suitable configurations the
ground state spectroscopic could be extracted with accuracy.

As a first step, the analysis of the core momentum distributions for the reactions
p(°C,"*C)n p and p(*'Be,'’Be)n p  will be made.
THE HALO NUCLEI °C AND "BE
Both °C and ''Be are well-established one-neutron halo nuclei that have been

studied over the past years using various experimental techniques. In the following we
present a summary on the current knowledge on the structure of these two halo nuclei.

' Work supported by the Portuguese FCT under the grant PTDC/FIS/103902/2008



The C is a one-neutron halo nucleus with a neutron separation energy of S, =
1.218 MeV. This nucleus has been experimentally investigated by means of transfer
reactions [10-12], nuclear breakup [13-15] and Coulomb Dissociation [16,17] studies.
Table 1 summarizes the spectroscopic factors for the dominant |"*C(0") ® 2s,,>
configuration extracted from the analysis of differebt experiments. Essential one
expects no contributions from exited states of the core '“C. This makes °C a very
suitable case to apply the Faddeev/AGS formalism to the interpretation of the breakup
reaction on a proton target.

TABLE 1. Ground state spectroscopic factors of '°C for the configuration |"*C(0") ® 2s;, >.
The table summarizes the results obtained from experiments using different reaction techniques.

Experimental Probe Reference Spectroscopic factor
|14C(0+) ® 25y >

Be®o,'0)*c F. Cappuzzello et al. [10] ~1.0
“c@dp)c J.R. Goss et al. [11] 0.88
G. Murillo et al. [12] 1.03
F. Flavigny et al. [13] 0.89

J.R. Terry et al. [14] 0.88 = 0.04

"Be("°C,"*C)X J. Tostevin et al. [15] 0.74 = 0.09

0.84 = 0.10

0.90 = 0.10

T. Nakamura et al. [16] 0.91 £0.06

0.72 = 0.05

Bpp(1C,MO)X U. D. Pramanik ez al. [17] 0.92 = 0.07

0.73 = 0.05

The nucleus ''Be is probably the most well-established one-neutron halo nucleus,
with a neutron separation energy of S, = 0.503 MeV. In this case, as shown in Table 2,
in addition to the dominant |'’Be(0") ® 2s,,, > contribution to the ground state, there is
also a contribution where the core is in his first excited state.

The predictive power of the fewbody Faddeev/AGS multiple scattering formalism
in understanding the experimental data from the resonant and non-resonant breakup of
"Be on a proton target [18] has been shown in [19]. Our goal is to apply the same few
body formalism to the measurement of the neutron breakup reaction of ''Be on a
proton target at QFS conditions. In this approach the Faddeev/AGS assumes the core
to be inert. The role of core excitation in the breakup observables would not be
addressed presently. However its role would need to be addressed in the future.



TABLE 2. Ground state spectroscopic factors of B¢ for the configuration |1°Be(0+) ® 2815 >.
The table summarizes the results obtained from experiments using different reaction techniques.

Experimental Probe Reference Spectroscopic factor
[""Be(0") ® 25y, >
D. Auton [20] 0.73  0.06
"Be(d,p)''Be B. Zwieglinski et al. [21] 0.77
K. T. Schmitt ez al. [22] 0.71 = 0.05
p(‘'Be,'"Be)d S. Fortier et al. [23] 0.66
0.79
J. Tostevin et al. [15] 0.95+£0.15
’Be(''Be,'’Be)X 0.90 = 0.14
T. Aumann et al. [24] 0.74
®Ti("'Be,'"Be)X V. Lima et al. [25] 0.46 + 0.15
"'pp(''Be,'’Be)X R. Palit et al. [26] 0.61 = 0.05
N. Fukuda et al. [27] 0.72 £ 0.04

EXPERIMENTAL CAMPAIGN AT THE LAND/R’B SETUP

During the summer 2010, the GSI experiment S393, “Neutron-rich Nuclei and
Beyond the Dripline in the Range Z=4 to Z=10 Studied in Kinematically Complete
Measurements of Direct Reactions at Relativistic Energies” was carried out by the
R’B collaboration at the LAND/R’B experimental setup. A schematic view of the
experimental setup is shown in Figure 1.

Target

Veto
PSP LAND

SV, ez

Y |
from FRS 'J‘I‘Q | | /

Crystall Ball ~_/

DTF TFW

FIGURE 1. Schematic view of the LAND/R3B experimental setup used during the experimental
campaign S393. The description of the detector acronyms is provided in the text. Highlighted is shown
the path of the particles involved in neutron-knockout reactions on a proton target studied in this
experiment at Quasi-Free Scattering conditions.

In this experiment, a primary particle beam of *’Ar was accelerated up to 600
MeV/u at the SIS synchrotron of the GSI laboratory. The ions were transported to the
fragmentation target of the FRS (FRagment Separator), where they interacted with a
Beryllium target of 4 g/cm® thickness. The light exotic and stable nuclei produced
were selected by the FRS and guided towards the LAND/R’B experimental setup.



Isotopes from elements between Lithium and Neon with 1.5 < A/Z < 3 were studied
by means of Coulomb Dissociation, nuclear breakup and nucleon knockout on
hydrogen at QFS conditions.

Various kinds of target materials (***Pb, '*C, CH,) were used during the
experiment, being the polypropylene target of particular interest for the study of
neutron knockout reactions on the halo nuclei °C and ''Be.

The R’B experimental setup allows the characterization of all particles involved in
the reaction process, making it possible the measurement of semi-inclusive neutron
knockout cross-sections.

STATUS OF THE ANALYSIS

The analysis of the data is ongoing. The calibration of all detection systems
involved in the analysis of (p,pn) reactions in inverse kinematics is in its final stage.
Preliminary estimates of the angular resolution achieved in the measurement of the
recoil heavy isotopes allow for a minimum momentum resolution of 26 MeV/c ('°C)
and 19 MeV/c (''Be), which should be sufficient to characterize the expected halolike
narrow core momentum distributions.
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Summary
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Let me at to start with thank the organizers for their work organizing this meeting
and for setting up such a stimulating programme.

Nuclear physics research has during the past three decades become more and more
directed towards the understanding of the intricate properties of nuclei in the drip-line
regions. A key ingredient in this endeavour is the continuous, painstaking and often
ingenuous development of techniques to identify, isolate and manipulate exotic
nuclear species. The availability of vast amounts of exotic nuclei, studied both in situ
and as energetic radioactive beams, has given a multitude of experimental information
building the base for a deeper understanding their properties. To allow this, novel
detector techniques and new, powerful analysis methods have been key ingredients. In
the same time period theory has experienced an unprecedented development hand in
hand with the experimental progress. The state-of-the art of the technical progress, the
experimental information and the most recent theoretical developments in this field of
nuclear physics was recently highlighted in a Nobel Symposium entitled "Physics with
Radioactive Beams" [1].

There has over these three decades in particular been a focus on the lightest
elements. In fact, all bound isotopes up to the element oxygen have been identified
and have been subject for a multitude of different experimental and theoretical
investigations. It is therefore very timely to organize this meeting about the present
status and future possibilities in the physics of light exotic nuclei.

As we all know the production of exotic nuclei has had a very rapid development,
from the time of the first experiments at ISOLDE at CERN. Today one may say that
the field is experiencing a new paradigm in its development. Funds for several
advanced general-purpose facilities worldwide are being built or are planned. The two
basic methods for production of exotic nuclei are (i) the In-Flight technique and (ii)
the ISOL method. For an extensive review see Ref. [2].

Meetings like this one has an important aspect in that they collect experts, both in
experimental techniques and in up-to-date theory, to discuss in an informal manner
questions like deviations between theory and present-day experiments, new
experiments needed to guide theory, new calculations needed to design appropriate
experiments. Such discussions may in the long term be of major importance for the
design of the future facility, as schematically illustrated in Figure 1.
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FIGURE 1. An illustration about how the interaction between state-of-the art theory and experiments
may form the basis for the design of the future radioactive-beam facilities.

We have today a general consensus that the future of our field of physics in Europe
should be based on two major facilities
* FAIR at the GSI Helmholtzcentrum fiir Schwerionenforschung GmbH in
Darmstadt, Germany, and
¢ EURISOL, where the location is not yet decided but where SIPRAL 2, HIE
ISOLDE and SPES are interesting first step facilities.

These proceedings contain detailed papers from the different talks given at the
meeting and I shall not in my written version repeat what I said in my talk. I note,
however, the progress from many different groups, which shows that we may enter the
new period of experimental possibilities with a lot of confidence. Experiments with
reactions using halo nuclei, clustering aspects, beta decay and unbound nuclei are
examples. Nuclear astrophysics with ISOL beams is maybe one of the key points in
the next decade and we heard an excellent description about the progress in this part of
our field. Theory, with the role of 3N-forces, the shell model in the next decade and ab
initio calculations directly relevant for the future EURIOL physics, is today a stronger
player than ever before in our filed. We have seen how the link between experiment
and theory for exotic nuclei has grown stronger over the years to the benefit to all of
us. There is also a new link that has been born out of the increased complexity of both
experiments and theory — the need for computer power. In fact, here we may today say
that our field is standing on three legs: experiments, theory and e-Science. This is an
important aspect of our field with clear links to the society.
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FIGURE 2. EURISOL as an umbrella organisation in the initial steps towards a dedicated facility.

As a final remark I would say that I am very optimistic about our field in general
and about EURISOL in particular. But, we face today an economic situation in Europe
that goes far beyond what we had envisaged some years ago. I think therefore that it
would be very unwise to start to try to raise funds for EURISOL as a new, dedicated
facility. Therefore my recommendation for the next years to come would be that we
make EURISOL an umbrella-type organization, where SPIRAL 2, HIE ISOLDE and
SPES together work for the best use of the resources available. We should try to avoid
the same type of equipment at all facilities so that the broadest possible programme
may be conducted. In this way we, together with FAIR, could keep our leading role in
the field of physics.
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