Structure of light exotic nuclei “*He and »''C from (p,p’) reactions.
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The structure of the light unstable nuclei > C and ®®*He is investigated by means of
(p,p’) reactions. The experiments were performed at GANIL using the MUST detector,
an array of Si and SiLi telescopes. The (p,p’) are analyzed within the framework of the
microscopic JLM potential, allowing to test the densities predicted by structure models.
Preliminary data from the ®He(p,p’) reaction performed at the SPIRAL facility at 15.6
MeV /nucleon are discussed.

1. STRUCTURE OF UNSTABLE LIGHT NUCLEI

The main feature encountered by overviewing the nuclear chart in the light-mass region
is the competition between mean field and correlations producing new "exotic” structures
like neutron haloes found in ®He, ''Li [1,2] or alpha-clustering shapes [3]. For instance, the
proton distribution of all the carbon isotopes are calculated to be oblate deformed in the
Antisymmetrized Molecular Dynamics (AMD) framework [4], and the neutron deficient
isotopes ?C and 1°C are found with a well deformed prolate shape while triaxiality is
predicted for the following odd isotope ' C. In the light-mass region the stability is related
to a complex interplay between mean field and correlation effects. A typical example is
given by the He isotopes : ©®He are slightly bound, "He being unbound. Calculating their
binding energy ab initio is a difficult task. Recent attempts were done with improved 3-
body forces leading to a significant improvement over earlier descriptions [5]. No core
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shell model calculations were also developed in the last few years and applied to light
p-shell nuclei. They give relatively good results for the spectroscopy of the neutron-rich
nuclei [6]. In particular, ®He offers the possibility to study the effective Nucleon-Nucleon
interaction in a portion of very-neutron rich and low-density nuclear matter (N/Z=3) ; the
four-neutron separation energy is of 3.1 MeV only, and the ®*He nucleus, although having
more neutrons than “He, has almost the same size, with a matter root mean square (rms)
of 2.5 + 0.1 fm, as deduced from the few-body analysis of the elastic scattering [7] or
reaction cross sections [8]. We are dealing with a weakly bound nucleus with no bound
excited states and low-lying resonances [9]. Within the five-body COSMA model [10],
®He is described as an inert alpha core with four valence neutrons occupying a full Ops /s
subshell and constituting a neutron skin.

In order to investigate the structure of ' C and ®*He we have measured (p,p’) scattering.
Our aim is to obtain information on the spatial repartition of the nucleons of exotic nuclei,
namely the densities, ground state and transition densities to excited states. We use the
densities predicted by the microscopic models (either cluster or mean field models) to
calculate the (p,p’) angular cross sections and compare them to the experimental data.
The analysis of the reaction will provide constraints on the models predicting cluster
structures. The analysis of the > C(p,p’) results can be found in Ref. [11].

1.1. (p,p’) probe
The nucleon-nucleus potential used in this study is the microscopic, complex and

parameter-free JLM potential [12], parameterized for incident energies up to 160 MeV. It
depends only on the incident energy F and on the neutron and proton densities of the
nucleus. In general, it is written using Ay and Ay the normalization factors for the real
and imaginary parts. For A > 20, Ay and Aw can be slightly modified (less than 10%)
to fit the nucleus-nucleon data, but they are close to 1 for all A > 20 stable nuclei. It
was shown that usually in the case of light nuclei (A < 20) Ay = 0.8 [13]. We adopt
it as the standard normalization of JLM for light nuclei. This potential allows a good
reproduction of large sets of nucleon-nucleus data [13-15]. The inelastic (p,p’) angular
cross sections are obtained through Distorted Wave Born approximation (DWBA) calcu-
lations including the JLM potential. The entrance, transition and exit channel potentials
are defined with the ground state and transition density. The normalization of the real
and imaginary parts is fixed with the values obtained in the analysis of the elastic scatter-
ing. The calculated inelastic (p,p’) cross sections are sensitive to the M,, and M, factors,
which are the radial moments of the transition densities : M, ,, = fdrrl“,o;fn with [ the
multipolarity of the transition. The M, factor for a J; to J; transition is directly related
to the corresponding B(El) transition strengh value obtained by Coulomb excitation ex-
periments. We adopt here the following convention for the relationship between |M,|

and B(E2) : B(F2) = i

e
(2J; +1)
proton including the potential JLM were proven to be reliable to extract the fundamental
quantities such as M, /M, without ambiguity for the stable nuclei [14] as well as for the
exotic nuclei [15,16]. A careful analysis of the elastic scattering is required in the case of
weakly-bound nuclei in order to have a correct treatment of the coupling effects, as will
be explained in the following section.

|M,|*. The models of elastic and inelastic scattering on



1.2. Coupling effects

We have shown [17] that the angular distributions of ®He on proton are better repro-
duced with a reduction of the real part of the JLM optical potential. The origin of this
effect was discussed in Ref. [18] : in general, to calculate the interaction potential for
elastic scattering, one should include all possible virtual couplings between the ground
state and higher excited states. These processes remove flux from the elastic channel.
This effect is negligible for stable nuclei, but becomes significant for weakly-bound nuclei.
In particular for exotic isotopes with lower particle thresholds the coupling between the
ground state and the continuum are expected to increase. The interaction term arising
from couplings to inelastic channels is called the dynamical polarization potential (DPP).
It is complex, non-local and energy-dependent. Its exact calculation requires the precise
knowledge of the spectroscopy of the nucleus and of the transition strenghs to bound and
continuum excited states. It is then difficult to evaluate and is not taken into account in
the usual optical model approaches. It was explained in Ref. [19] that a complex surface
potential, with a repulsive real part, is expected to simulate the surface effects generated
by the DPP and this corresponds to the reduction of the real part. This effect is observed
in the analysis with the JLM potential [17] of the ®He + p scattering measured at 71 [20],
38.3 [17] and 25 [21,22] MeV /nucleon. By reducing the real part of the JLM potential we
have reproduced successfully the whole set of data.

2. EXPERIMENTAL SET-UP

We measured elastic and inelastic scattering of ®®He isotopes on a proton target.
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Figure 1. Fxperimental set-up in the reaction chamber.

For (p,p’) reactions, the experimental apparatus MUST [23], an array of eight three-
stage telescopes (a set of Si-strips, SiLi and Csl telescopes) specifically designed to detect
recoiling light charged particles, is used to measure angular distributions for elastic and
inelastic scattering of radioactive beams on proton target. We have measured recently
at Ganil elastic and inelastic scattering of ®He(p,p’) using an ®*He beam produced by the
SPIRAL facility at 15.6 MeV /nucleon with an intensity of 13000 part/s. The experimental
set-up is described in Fig.1 in the case of the ®*He(p,p’) reaction. The profile of the incident
beam was given by two beam tracking detectors, the multi-wire chambers CATS [24].

Energy, time of flight (between MUST and CATS) and position of the light charged



particle are measured in the MUST detector, allowing for an identification of the light
particles and for a full reconstruction of the (p,p’) kinematics. In coincidence with the
8He heavy ejectile, it gives the elastic scattering, or with ®He or *He coming from the 2%
unbound state of ®He, it provides the determination of the inelastic scattering.

3. INELASTIC SCATTERING “*He(p,p’)

3.1. Investigation of the °He structure
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Figure 2. Ezperimental and calculated cross sections for SHe(p,p’) at 24.5 and 40.9
MeV/nucleon. See details in the text.

Using MUST, (p,p’) scattering data to the first excited state of “He at 1.8 MeV were
measured with a 40.9 MeV /nucleon *He beam produced by fragmentation of a primary
12 projectile at 75 MeV /nucleon on the target of the SISST device at Ganil [25]. The
experimental results obtained at 40.9 [25] and 24 MeV /nucleon [22] can be compared with
the calculated cross sections obtained using the JLM potential. Here we test the ground
state (gs) and transition densities predicted in the 10 fw no-core shell model [6,26]. The
gs density has a large matter rms radius of 2.5 fm, corresponding to the halo picture
of this nucleus. The interaction potential tested on the elastic scattering is used in the
calculation of the (p,p’) scattering. The transition densities correspond to a B(E2) value
of 1.06 2. fm?, and to the ratio |M,|/|M,| = 7.53 . In Fig. 2, the dashed and solid curves
are calculations using the standard JLM and JLM with the reduced real part (Ay = 0.8),
according to our prescription (see 1.2), respectively.



3.2. Preliminary data for ®*He

The preliminary spectra obtained for the reaction of ®*He on the 44 mg/cm? thick
polypropylene target are presented in Fig. 3. The figure on the left gives the recon-
structed kinematics for the light protons and deutons and the figure on the right is the
corresponding excitation spectrum for the (p,p’) reaction. The energy of the proton or
deuton detected in the MUST array is plotted as a function of the angle in the lab. frame.
With the MUST wall located at 50° from the beam axis, the reactions are measured from
30° to 70° lab. The solid lines seen on the left plot are the calculated kinematical lines for
®He(p,d)"He and ®He(p,p’)(2%, 3.6 MeV). The spectrum results from the data collected
in all the MUST detectors.
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Figure 3. Reconstructed kinematics for the inelastic scattering of ®*He on protons and
(p,p’) excitation spectrum. See details in the text.

For the moment we have only preliminary data with the excitation spectrum showing
the 21 excited state at 3.6 MeV and few bumps. Analysis is still in progress. The observed
relative yields in the kinematical spectrum, for the elastic and the inelastic scattering
to the 2%, and for the (p,d) reaction are consistent with the observed magnitudes for
the (p,p’) and (p,d) cross sections measured previously at Riken, at 72 [9] and 35 [27]
MeV /nucleon, respectively. The (p,d) reaction is enhanced in comparison with the (p,p’)
to the 2% state, which appears to be very weakly excited.

We will extract the experimental cross sections for (p,p’) and (p,d) reactions and com-
pare them to the theoretical distributions including densities for ®He predicted either by
few-body calculations, or calculated with no-core shell model, or with models based on
realistic nucleon-nucleon interactions. This comparison will allow to validate or not the
correlations between valence neutrons and alpha-core proposed by these models.

4. CONCLUSIONS

®®He(p,p’) scattering data were measured using the MUST detectors. The aim of these
experiments is to obtain structure information for these radioactive nuclei and to compare
data to calculations performed with shell and few-body models predicting the ground state
and transition densities. The “He(p,p’) analysis was performed with the JLM potential.
The potential in the entrance channel of this reaction was tuned on the elastic scattering.
The coupling effects induced by the weak binding of the unstable nucleus ®He on the



interaction potential were taken into account by reducing the real part of the potential.
The ®He(p,p’) results obtained at 40.9 MeV /nucleon, together with the 25 MeV /nucleon
data have allowed to test and validate the transition densities predicted by the 10hw
shell model calculations. Ab initio no core shell model calculations have been performed
recently [28] ; their predicted densities for ®®*He will be tested by calculating the (p,p’)
scattering in the JLM approach and comparing them to the data. The aim is to explain
the structure and the excitations of the Helium isotopes in order to better understand the
correlations between core and neutrons.
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