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Abstract. The data set of the direct reactions induced by the radioactive nuclei **He can be used as bench-
marks to test the validity of the microscopic structure theories. The reactions were analyzed and compared
to microscopic calculations including various structure inputs. The interpretation for the structure of He
isotopes is compared to the ones proposed via other probes. The consistency of the various data sets and
of the reaction analysis using structure models is discussed. The root mean square radii of the matter
and neutron densities, and the multipole moments M, , and B(E2) values are extracted in our approach
and compared to the previous experiments and to the theories. From this comparison, we can discuss and
point out the microscopic inputs of the models (like correlations, continuum-coupling effects), which are
required to reach a consistent understanding for both the radii and the spectroscopy of the nuclei close to

the drip-line.

1 Exotic nuclei, questions and observables

In this section, we introduce the context of our study, we
recall the main questions presented by the exotic nuclei,
and we underline the important achievements obtained
these last years in the understanding of the nuclear observ-
ables. The progress made in the spectroscopic measure-
ments and in the calculation frameworks, as well as the
renewal of nuclear physics concepts applied to finite nuclei
give rise to theories with new insights into the evolution of
the nuclear shell structure throughout the nuclear chart.
In particular, the weakly bound helium isotopes represent
test case examples on which complete information can be
extracted on the structure and spectroscopy via direct re-
actions. The comparisons between the experimental re-
sults and the most advanced theoretical works will both
underline the success of the present theories and give in-
sight onto the further requirements, to reach a complete
understanding of the whole set of observables collected on
these isotopes. The perspectives offered by this study will
be explained in the light of the expected evolution of the
theory concepts, including ab initio interactions.

The nuclear models are evolving to increase their pre-
dictive power on the nuclear properties throughout the
nuclear chart, expanding the description from the sta-
ble to the weakly bound nuclei and to the unbound nu-
clear states. Since the first developments of the radioactive
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beam facilities in the 1980s, opening the path to the dis-
coveries of new isotopes and of the nuclear properties in
new regions, the exploration of the characteristics of the
very neutron-deficient or -rich nuclei has turned out to be
an asset to amplify the variation of the isospin-dependent
terms of the nuclear interaction and to probe the evo-
lution of the nuclear properties along extended isotopic
chains.

By going from the valley of stability to more and more
neutron-deficient, or more and more neutron-rich isotopes
we reach nuclei less and less bound —up to the limit
of binding with respect to the nuclear interaction. The
boundary limits of existence on the nuclear chart are the
proton and neutron drip-lines defined by the last bound
neutron-deficient and neutron-rich nuclei, respectively. In
2013, experimentally, the limit of the proton drip-line is
determined up to Z = 91 (protactinium), while for the
neutron drip-line it is only up to Z = 8, with the last
bound oxygen isotope at N = 16, that is 2*O. Theoreti-
cally, there is at present no unique determination of the
location of the drip-lines. The discrepancies between the
calculations result both from the lack of knowledge of the
form of the nuclear interaction at play between the nu-
cleons inside the nuclear edifice, and to the complexity
of the many-body treatment of the nucleus, seen as a set
of nucleons ruled by quantum mechanics and interacting
by the exchange of virtual particles, like the meson first
introduced by Yukawa to explain the nuclear binding [1].
The nuclei at the limit of the nuclear binding, with large
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ratio N/Z compared to their stable isotopes, may have
new structures and properties qualified as “exotic”:

— At large neutron numbers, sizes may be different from
what is expected from the short range of the nuclear
force and correlations play an important role,

— The decay to cluster states is favoured;

— Proton and neutron fluids may behave differently in
terms of excitation, density distributions;

— Phenomena related to the halo or neutron-skin struc-
tures of the light nuclei can be shown. For instance,
the one-neutron halo in 'Be, or the 2 neutron-halo
found in %He [2,3], and in ' Li [4-6] correspond to the
probability to find one or 2 valence neutrons at large
distances (few fm) from the core nucleus A — 2; this is
large compared to the short-range of the nuclear inter-
action (~ 1.2fm).

— In contrast with the shell closures and magic num-
bers well established in the valley of stability, which
were the foundations on which the shell model was
built [7], the usual shell structures associated to the
standard magic numbers N = 2, 8, 20, 28, 50 and 82
may not be observed anymore; new local shell struc-
tures associated to new magic number may emerge like
at N = 16 [8,9], for which the role played by the spin-
isopin term of the nuclear force was discussed.

These exotic nuclei are changing the normal rules of our
text books of nuclear physics. During these last 30 years,
the interpretations of the data collected using radioac-
tive beams have given rise to a renewed vision of the
shell model picture and more generally of the correlations
at play in the nuclear edifices. The various properties of
the “exotic” nuclear structures, encountered in the region
of the light neutron-rich nuclei —like haloes or neutron-
skins, the change of standard shell ordering— were at-
tributed to the interplay between mean field and correla-
tions, cluster and shell structure. In 1968, Tkeda suggested
that clusters fragments constituted by « particles could
be found in the light stable nuclei for high enough excita-
tion energies [10], in the vicinity of the fragment emission
thresholds. For instance, one of the most studied cluster
state, both experimentally and theoretically, was the three
a cluster state of 12C located at energy 7.27MeV [11].
The “Ikeda-diagram” he built [10] was established on the
mass excess of the nuclei. In the light weakly bound nu-
clei, due to the weaker excitation energies a new diagram
was proposed, with cluster states predicted for stable and
radioactive nuclei, following the new scheme of the Von
Oertzen-Tkeda’s rule [12,13]. These approaches based on
the alpha-cluster correlations [14] gave a comprehensive
view of the behaviour of the cluster structures explored
in the exotic nuclei [11], as a function of the decreasing
binding energy when approaching the drip-lines.
However, to calculate the evolution of the binding and
excitation energies towards the drip-line, and to under-
stand the structure of the exotic nuclei, the original nu-
clear theory concepts have been deeply reexamined. This
has led to the developments of more complete theories
able to explain the various aspects (spectroscopy, correla-
tions) of the unusual structures discovered in the exotic
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nuclei: amongst the most challenging effects which are re-
quired to reach a deeper understanding of the phenomena,
we can underline i) the three-nucleon forces (3N F's) and
ii) the continuum effects as striking recent exemples of
the successful implementation of fundamental terms and
treatments in the nuclear models, respectively, giving rise
to a substantial increase of our understanding of the mi-
croscopic description of the nuclear structure.

The 3N F's were originally discussed in ref. [15] as com-
ing from a virtual excitation process implying 3 nucleons,
seen as composite particles. We can highlight the following
cases showing the impact of the 3N F to explain the ob-
servables collected on the exotic nuclei, and in particular
the structure evolution towards to the drip-lines:

— to account for the location of the experimental drip-
line in the oxygen isotopes, it was shown that the con-
tribution of the 3N forces was needed; the 3N F's de-
rived from chiral Effective Field Theory (EFT) have
been recently implemented within ab initio shell model
calculations [16], Coupled-cluster theory [17], calcula-
tions with extended valence space [18];

— phenomenologically, the importance of the 3N F's was
shown previously within the calculations using the nu-
clear interaction deduced from the free NN scatter-
ing [19-21]; it was shown that the 3N F contributions
were needed to reproduce the binding energies and the
spectroscopy of the light nuclei;

— the impact of the 3N F' is also considered as a key to
explain the evolution of the shell structure and of the
magic numbers [16,18]; it was also shown to be strongly
influenced by the 3NF' contributions within ab initio
many-body calculations [22] using the 2N and 3N in-
teractions obtained from the chiral EFT framework;

— in the spectra of the light nuclei (like °B and 3C) it
was shown that the spin-orbit splitting and the spin
sequence of the low-lying states could be understood
within the ab initio No core Shell Model approach us-
ing the chiral NN and 3N interactions [23].

For the exotic nuclei with low particle threshold (S, or
Sp =~ 0), the probability to have excitations to the contin-
uum states is large compared to the case of the stable nu-
clei (e.g., Sy, or S, ~ 8MeV); the spectroscopy, the struc-
ture and the reaction observables may be deeply modified
by these continuum-coupling (CC) effects. To treat ex-
plicitly the coupling to continuum, resonant and scattering
states [24] in the calculations of the low-lying spectroscopy
of the exotic nuclei, several theories have been developed
like the Gamow Shell Model (GSM) [25-27].

1.1 Questions

The location of the experimental drip-lines and the obser-
vation of the exotic structure are stringent tests for the
theories. The related questions are: how to explain micro-
scopically the evolution of the binding energies and of the
shell gaps as the neutron number evolves? How to describe
microscopically the properties of nuclei close to the drip-
line? The exotic nuclei have weak binding energies pro-
ducing diffuse nuclear structures and nuclear states close
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to the continuum. How to determine precisely the binding
energies and to deduce the limit of existence? Moreover, in
the case of the lightest nuclei (A < 12), the small number
of nucleons offers the numerical possibility to make exten-
sive tests of the theories in ab initio frameworks, using
microscopic interactions and many-body methods. In this
spirit, it can be said that the light exotic nuclei represent
a laboratory for the exploration of the nuclear forces, in
the case of the neutron-rich nuclear matter at low density.

Amongst the species of the nuclear chart, the isotopic
chain of the helium nuclei offers benchmark data to test
the nuclear theories and to check their abilities to re-
produce the weak-binding energies and the corresponding
structure properties. He and ®He can be considered as
very unique test nuclei for our understanding of the nu-
clear interactions:

— they are extreme cases of the nuclear binding and
isospin (N/Z = 2 and 3); and their properties may
give insight on the nuclear interactions at play in the
low-density neutron-rich nuclear matter;

— they differ by 2 neutrons however their matter rms
radii are similar, which constitutes a stringent test for
the understanding of the role of the pairing correlations
in the neutron-rich systems;

— the various aspects of the nuclear modelling can be
tested in these few-body systems, like the interplay
between correlations, cluster and shell-model;

— they have no bound excited state and low-lying res-
onances. Due to the low threshold energies, the reso-
nant and scattering states are close to the ground state,
the treatment of the continuum effects is an additional
challenging task for the nuclear theories;

— the various structure and spectroscopic aspects can be
probed through the reactions induced by the radioac-
tive beams of %®He in various energy regime allowing
us to probe several domains of the wave functions.

There is a complex subtle interplay between correlation ef-
fects producing the sequence of %8He slightly bound, with
%7He being unbound: how to give an overall description
of the ground and excited state properties of these nuclei;
how to be able to calculate the direct reactions induced
by %8He beams?

To answer to these questions, we will include in our
analysis and discussions the whole nuclear data set col-
lected from direct reactions of the ©®He nuclei on proton.
We will consider the new data sets, provided not only for
the excited states but also for the angular distributions of
the elastic scattering and transfer on proton target. The
experimental studies for 8 He were extended to reveal new
aspects of the spectroscopy and of the wave functions of
these nuclei. The improvement of the quality of the data
in terms of granularity, of the extension of the angular
range, and of the resolution have given new information
on these nuclei. Moreover, the data set were completed
and other energy regimes were accessible for the (p,p’)
studies and the one and 2n-transfer reactions. We now
have an impressive complete data set in terms of angles,
energies and variety for direct reactions on the proton tar-
get. We can both check the consistency of the data set and
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the validity of the nuclear models used for the interpreta-
tion, and explore the structure of -8He within microscopic
reaction and potential frameworks, We can compare the
density inputs provided by the microscopic structure the-
ories, confront the interpretation. Finally we will deter-
mine the characteristics of the structure and spectroscopy
of the He nuclei, and discuss the main microscopic inputs
needed for a good description within the nuclear mod-
els. The questions raised by these nuclei are presented in
sect. 1.1, and the observables considered for the test cases
are given in sects. 2-2.4. In this article, the structure of the
neutron-rich %®He nuclei will be discussed and taken as a
benchmark for the nuclear structure and reaction models,
the observables will be compared, via a reaction model, to
the theoretical calculations presented in sect. 3. We will
select the microscopic nuclear structure models which in-
clude as much as possible the effects identified as crucial
for the understanding of the drip-line exotic nuclei, like
three-body forces and continuum-coupling effects. Exper-
imentally, one of the simplest process to investigate the
nuclear properties of the low-lying spectroscopy (for states
at excitation energies typically below 10 MeV) is to mea-
sure direct reaction observables on a proton target using
radioactive beams, this will be presented in sect. 4. This
guarantees that the reaction data set is collected using 1) a
well-defined probe and structureless target, in our scale of
incident energies up to 100 A - MeV and 2) that the mech-
anism corresponds to direct nuclear reactions on proton
for which a microscopic framework can be developed for
the interpretation and can provide a full understanding
both of the structure and of the reaction probabilities, as
we show in sect. 4. The new structure properties can be in-
vestigated by proton elastic and inelastic scattering data,
provided we take into account the effects due to coupling
to continuum and to the main contributions of reaction
channels in the reaction framework [28].

In sects. 5 and 6, we present the reaction studies done
to investigate the structure of ®He, and the consistency
of the analysis is examined by checking the origin of the
coupling effects due to reaction channels other than (p, p’),
like the (p,d) and (p,t) transfer reactions. We confront the
direct reaction data with the recent microscopic structure
calculations, which do not limit a priori the degrees of
freedom and the many-body correlations of the nucleons
forming the nucleus.

1.2 Borromean structures of the helium nuclei

5He and 8He are very weakly bound nuclei, with one-
neutron separation energy S,, well below the mean 8 MeV
nucleon separation energy value of the stable nuclei;
the 2n separation energies So, are 973keV [29-32] and
2.1MeV [31-33], respectively. A picture for %®He was
emerging from the interaction o; and reaction og cross
sections measurements done in the 80-90s [2,4]. The He-
lium chain is particularly interesting with the sequence
of odd unbound and even weakly bound isotopes, %8He.
These two isotopes are said to be “Borromean”, as a ref-
erence to the emblem of the Borromeo family with three
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rings, interlocked in such a way that, if one is removed,
the other two are not linked anymore. This property is
also found in other drip-line light nuclei such as ''Li,
14Be. Starting from the tightly bound stable alpha par-
ticle, adding one neutron, there is the unbound °He, with
one more, it produces the 5He “Borromean” nucleus with
a half-life of T}/, = 807ms [29,31,32], none of its binary
subsystem (n+n or a+n) is bound but the 3-body corre-
lations a4+ n + n produce a weakly bound structure; then
"He is not bound, With one neutron more, another Bor-
romean structure is produced by the nuclear correlations:
8He (T2 = 119ms) [30,33], which has the largest ratio
N/Z = 3 amongst the known nuclei. It is the last bound
He isotope, however it is more bound than He.

From the interpretation of the o; data [2] within the
Glauber model [34], it was found that the matter root
mean square (rms) radii for ©®He were equal to 2.48(3)
and 2.52(3) fm [35], respectively, in contrast with the stan-
dard evolution law: r,A'/3 (with 7, ranging from 1.1 to
1.2, fixed in mass regions of the nuclear table), observed in
the stable nuclei. These large spatial extensions found also
in 91 Li and 21Be nuclei [35] were seen as indications of
a more dilute nuclear matter than in the case of the stable
isotopes. The matter rms radii found for the light nuclei
were reevaluated afterwards [36], and even found larger
using comparison with renewed reaction calculations or
using other probes, as will be discussed in sect. 3.2. This
large enhancement of the matter rms radii with increasing
mass number was interpreted as due to the spatial exten-
sion of the neutron densities: the formation of a neutron
“halo” with respect to the nuclear core is a process ruled
by quantum mechanics and it can be easily interpreted as
a phenomenon directly produced by the weak binding en-
ergies of the valence neutrons, allowing the wave functions
to extend far from the core potential [37,38]: in the case
of %He, the “halo” nucleus can be described as an « core
with two neutrons, having a high probability of being far
apart from the core.

The definitions and conditions of occurrence for halo
and neutron-skin were discussed theoretically in refs. [39,
40], with criteria on the radii and on the binding poten-
tials. Neutron-halos are associated to states for which the
wave function of the nucleus can be decomposed with one
or a few neutrons decoupled from the other remaining par-
ticles forming the core; the large spatial extension corre-
sponds to a large probability (> 50%), for these particles,
to be outside the binding potential [39]. It was shown [40]
that the halo formation was associated to very low values
of the total excitation energy with small binding energy
of the halo state. As can be seen in fig. 1, for radii above
3 fm, the %8He densities, compared to the *He one, present
two kinds of nuclear extension: for “He the halo density
extends at large radii, this tail corresponds to the signifi-
cant probability of finding one or two neutrons outside the
core. In 8He, the neutron-skin density extension involves
4 neutrons and the density is larger than the ®He one for
radii up to 5.4 fm but rapidly decreases for » > 5.4 fm. The
neutron-skin thickness is defined as: AR = r,, — r, with
T, Tp, the neutron and proton density rms radii, respec-
tively. For the lightest nuclei, stable or close to stability

Eur. Phys. J. A (2015) 51: 91

F *He exp. e
107 R E
...5,% ®He: 3-body
i A ®He: COSMA
1 0’2? ".‘_- 5-body 3
£ i
Q107 .
E L
' % ..
10%p,, He f Tl
Epm iHe """" .- ]
75» pm He s . . ]
L T e A

Fig. 1. Comparison of the matter densities of the *®®He iso-
topes. The *He density is the experimental one (deduced from
electron scattering) and the ®®He densities are obtained from
the few-body calculations discussed in the text.

this value remains < 0.1 fm; for stable medium-mass or
heavy nuclei, the value is found between 0.1 and 0.3 fm.
For instance, in 20%Pb (N-Z = 44) the value deduced
from comparison between theory and experiment is found
around 0.16 fm [41]!. The neutron-halo or skin in ®®He
corresponds to AR > 0.7fm [48] (more than 10% of the
value of their rms matter radius 7,,).

The small separation energies and the large matter rms
radii of the ®He have triggered the development of the
few-body models with He systems built upon an “a” inert
core, actually a core formed by 2 protons and 2 neutrons,
with similar quantum numbers [v(2s)?1(2s)?] as the *He
particle. In these models, ®8He are found to develop large
spatial extensions of their neutron distributions with 2
and 4 neutrons respectively, surrounding the “a” core, and
producing a halo in the case of “He [38,42]. These pictures
were successful to explain a category of phenomena like
break-up reactions and the observed parallel momenta [3].
For ®He, amongst the various sets of 3-body calculations
presented in ref. [36], if we select the one corresponding
to the So, energy closer to the experimental value (den-
sity denoted as “fc6” below), the matter rms radius is
of 2.53fm. Within the 5-body «a + 4n COSMA (Cluster
Orbital Shell Model A) model [43], 4 valence neutrons oc-
cupying a full 1pz/, subshell is assumed for 8He and the

! The value is 0.16+£0.042 fm, obtained from the study of the
antianalogue Giant Dipole resonance (AGDR) deduced exper-
imentally from the inelastic scattering. It was compared to the
value obtained via the experiment of Parity Violation in Elec-
tron Scattering (PREX), where r, was deduced through the
measurement of the parity-violating asymmetry in the elastic
scattering of polarized electrons from 2°®Pb. For stable nu-
clei, it is possible to use this method to deduce the r, value.
The PREX and AGDR results are consistent within error bars,
see [41], and references therein.



Eur. Phys. J. A (2015) 51: 91

4-neutron separation energy Sy, is adjusted to the ex-
perimental value (3.1 MeV). This pure (1ps /2)4 configura-
tion produces the neutron-skin; the corresponding matter
density has a rms radius of 2.52fm. For comparison, the
matter rms radius value for the stable nucleus >C, having
twice the number of nucleons of He, was deduced from the
charge rms radius of 2.471(6) fm [44,45]: r,,, ~ 2.3 fm [46].
The matter density for “He is deduced assuming a Gaus-
sian function density, with the proton density obtained
from the charge density extracted from the electron scat-
tering distributions [44,45]. These charge/matter densities
are considered as experimental densities, the rms radii for
the charge distributions is of 1.676(8) fm and of 1.46fm
for the matter density [47]. In fig. 1, the matter densi-
ties for 4#%8He are presented: the experimental one for
the alpha particle; the model distributions for %8He, ob-
tained from the calculations assuming the structures of
the 3 (2n-halo) or 5-body (neutron-skin of the COSMA
model), respectively, based on the “alpha” core.

The pictures given initially for the halo and neutron-
skin nuclei were mainly established on the assumptions
of an inert core and with simplified correlations. How-
ever, the validity of the core assumption was discussed in
ref. [48], using combined measurement of cross sections
for the *%8He nuclei and for the 2 and 4 neutron removal
cross sections from %8He: they were shown to give good
insight onto the neutron-skin in %8He, applying the re-
lationship between o_s, and oy; for 8He, it was shown
that ®He could not be considered as the core nucleus. The
Glauber theory for loosely bound nuclei was developed in
the theory work done in ref. [49] for ''Li and it was also
applied to ®®He in ref. [50].

At present, with the new dataset collected with better
experimental conditions (resolutions, angular range and
statistics), the initial few-body structure models are of-
tenly found too limited to explain the characteristics re-
lated to the low-lying spectroscopy and to the many-body
correlations. Another scenarios for the production of the
halo or neutron-skin structures in ©®He are now proposed
within various microscopic frameworks, involving also it
ab initio interactions, this will be explained in sect. 8.1.
New extended data to probe the He structure are also
available to test the validity of the nuclear models and to
understand the neutron correlations in the exotic nuclei.

2 Observables and probes

If we wish to have an “identity card” of the nucleus of
interest, we have to consider the data available to obtain
the bulk nuclear properties:

— The lifetime from Doppler time of flight techniques
for bound states; the half-life, obtained via beta-decay
measurements.

— The binding energies and its one- and two-neutron
separation energies, obtained from the mass measure-
ments done by time-of-flight techniques, using ion
traps, storage rings or, for nuclear masses far from
stability, with cyclotrons or high-resolution spectrom-
eters [51].
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— The nuclear sizes like charge and matter radii, which
can be obtained from laser measurements and pro-
ton elastic scattering or reaction cross sections, respec-
tively.

— The nucleon configurations, deduced from the studies
of wave function (wf) overlaps between the A nucleus
and the neighbor (A — 1 and A + 1) isotopes or iso-
tones; these configurations can be studied using the
one-nucleon transfer reactions from the nucleus of in-
terest or populating states in this nucleus, so as to
deduce if possible the spin and parity of these states.

Via the combination of various reaction data, our aim is to
obtain the characteristics (like the density profile, the mo-
ments of the distributions) of the spatial repartition of the
nucleons of the nuclei, namely the densities, ground state
(gs) and transition densities to the first excited states. The
goal is to compare them to the structure models. We first
define these quantities, and give an overview the various
interaction fields which can be used to probe the nuclear
densities. This leads us to select and discuss the direct re-
actions on proton target. In this section, we will indicate
how we carry out the structure studies, by measuring the
direct reactions on proton target in inverse kinematics. To
discriminate between the various models, we rely on the
following observables: the energy excitation spectra of the
nuclei produced in the exit reaction channels, compared
to the spectroscopy of low-lying states proposed by the
theories, and the corresponding angular differential cross
sections, compared to the reaction calculations done using
the microscopic densities.

2.1 Wave functions, nuclear densities and inelastic
form factors

With ¥, the gs wf, the radial gs density is given as:
p(r) = (Wys|d (7 — 7 )|Wys). In general, the proton or neu-
tron transition density between a state Ik to I’k’, noted
as piy e (Nr = Z or N, respectively, for 7 = p or n), is
defined with:

N,

P (F) = (WH(O1 D 67 = 7)) W (O))-

i=1

(1)

. » . Ao
The radial component of the transition density, p;,(l,) (™)
can be expressed as

N,

T TA — * AN
Piean = 3 (K AlIk)p] ) (7)Y, (7).
A,p=1,1

(2)

The matrix element of the multipole operator with mul-
tipolarity X is [52,53): MM =T [ p;’(l)‘,) (r)r*+2dr. If we
note p%;(7) the transition density from the states i to f,
with the initial and final wfs of the nucleus, ¥; and ¥y
respectively, we can write it as p; = (Wf|6(77—77 )|%;), and
it may be expressed as an integral form using radial coor-
dinates, with 7 the position of the nucleon with respect to
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the center of mass of the nucleus:

p?;(F):A/qS}(F, T3y ee s ¥ A )G (Fy 72,y ra )drg ... dra.

(3)
The gs or transition densities (with 7 = p or n) from the
0T gs to the first 27 state can be given in terms of the
operators

N(Z) )
Prix=0)(7") = <0+|725(7?— 77 ) Yoo (73 )[07F), (4)
=1
N(Z) .
oot L. R
Prinssy (F) = <2+|725(7“ — 73 )Yao(7)[07). (5)
=1

The 27 — 27 reorientation transition term is defined by
replacing in eq. (5) the 0% state by 2+. The matrix ele-
ments can be related to the radial transition densities of
protons and neutrons. If the proton and neutron transi-
tion densities from states i to f are written in terms of
radial functions p;’:p(r), respectively, the transition ma-
trix elements M,, and M), can also be defined as the radial
moments of these densities:

M,, = / o ()2 dr, (6)

where [ is the multipolarity of the transition.

2.2 Coulomb and nuclear excitations

The transition densities for neutrons and protons are de-
fined independently of the probe used to excite the nu-
cleus, so are the transition matrix elements M,, ,,. But the
contributions of the protons and of the neutrons to the
excitation of the nucleus do depend on the probe, and the
transition matrix element M is defined as a linear combi-
nation of M,, and M,:

M = b, M, + by M,,

with b, et b, the interaction intensities between the parti-
cle probe and the neutrons or the protons of the nucleus.
In the case of an excitation via electron scattering, b, = 0
and b, = 1. For a Coulomb excitation, the part of nuclear
excitation is weak but a priori it cannot be neglected,
and it should be taken into account in a complete analy-
sis. Since the NN effective interaction is dominated by the
isoscalar channel 357, the proton scattering mainly probes
the neutron density (and the M,, value); similarly the neu-
tron scattering probes the proton density. Microscopic cal-
culations would give directly the compared strengths of
the proton/neutron excitations depending on the energy
and density-dependent interaction potentials. From this
analysis discussed in sect. 4.2, the set of (M, M,,) values
can be tested. Table 1 presents the b, /b, ratio for vari-
ous particle probes [54]. With this table, our only purpose
is to present the sensitivity of the probes, on the basis
of the usual phenomenological models. We can see that
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Table 1. Ratio of the intensities of neutron and proton inter-
actions for various interaction fields [54].

Particles Energy (MeV) by /bp
Electromagnetic 0
protons 10-50 MeV 3
protons 1GeV 0.95
neutrons 10-50 MeV 1/3
e all 1

t 160-200 MeV 1/3
w 160-200 MeV 3

the neutron inelastic scattering is more sensitive to the
B(E2) value than the proton scattering. This property is
an indication that the proton inelastic scattering provides
M,, values, while it is difficult to obtain reliable B(FE2)
values. In the framework of a model with collective vibra-
tions in a nuclear homogeneous fluid, the p and n transi-
tion densities are considered as similar (isoscalar mode):
pir(r) = (Z/A)f7(r), and plr(r) = (N/A)F () In this
case, the M,, and M, factors are related by the equation:
M, /M, = N/Z. The M, factor for a J; to J; transition
is directly related to the corresponding B(E\) transition
strengh value. B(E\) is an observable, which can be ob-
tained by an electromagnetic experiment, Coulomb excita-
tion, lifetime measurement. In the case of a stable nucleus,
it can be deduced using the electron scattering. We adopt
here the following convention for the relationship between
|Mp| and B(E\):

1

B(EMNJ; — Jf) = ——
(BA, ) “Cnt

|MP(T2)|27 (7)

with J; and J; the spins of the initial and final states, re-
spectively. Similarly a transition strength related to neu-
tron matrix element M, can be defined. It quantifies the
neutron contribution to the excitation, which may be dom-
inated by the nuclear interaction for instance in the case
of the (p,p’) reactions for incident energies between 10
and 50 MeV. The transition matrix elements M,,, M, can
be obtained by combining the measurements of an elec-
tromagnetic excitation with the ones using an hadronic
probe.

2.3 Reaction probes

Stable nuclei can form targets: in the twentieth century,
their nuclear structure has been obtained through electron
and hadron scattering experiments [55]. The charge dis-
tributions were obtained from the very well known elec-
tromagnetic interaction process through the elastic and
inelastic scattering of electrons. The proton gs and tran-
sition densities (distributions of the centers of mass of the
protons inside the nucleus) were deduced from the mea-
sured (e,e’) cross sections by unfolding the finite size of
the charge distribution of the proton, (r?) p ~ 0.76 fm? [56]
(=~ 0.88 fm? [57] from recent reevaluation) from the charge
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distribution of the nucleus. The incident energy of the
electron beam determines the radial range which can be
probed inside the nucleus. The matter density distribu-
tions were deduced [58] by using the following hadronic
probes:

— The proton. In the energy regime less than few hun-
dreds of MeV the proton may be considered structure-
less for the (p,p’) scattering analysis.

— The no-spin « particle. For reaction studies we have
to take care of its composite nuclear structure.

— The pion, which interacts strongly with the nuclear
matter.

From the combination of various probes and energies, a
complete mapping of the radial charge [45] and of the
matter density distributions of the stable and long-lived
nuclei was obtained in terms of global parameterizations
or analytical series given in tables. To probe the neutron
densities, we select the direct reactions of the nucleus with
a proton: it represents a good tool, since, as indicated in
table 1, the observed sensitivity to the neutron densities
is increased due to the interaction strength of nearly 3,
in the energy domain preferably between 10 and 50 MeV.
The proton elastic scattering data can be compared to
a reaction framework using various assumptions on the
neutron densities, to probe the nuclear structure. Var-
ious nuclear model calculations can provide the proton
and neutron density distributions to be used to generate
microscopic proton-nucleus density-dependent interaction
potentials. These various potentials are included for re-
action calculations of the elastic scattering. In principle,
from the comparison to the elastic data, it is possible to
discriminate between the various densities, at least with a
sensitivity corresponding to a variation of +0.1fm of the
matter rms radii for the tested densities. The proton scat-
tering was extensively used to obtain the neutron densities
of the stable nuclei. The analysis were done by measuring
the angular distributions with a large angular domain and
by varying the momentum transfer of the proton projec-
tile, from which it is possible to investigate various spatial
ranges of the wave functions. With high statistics, if a
large transfer momentum is covered, it is possible to ex-
tract accurately from (p,p’) data the radial structure of
the nucleus, as was done in the case of O in ref. [59].

2.4 (p, p’) observable for exotic nuclei and sensitivity
to the nuclear structure

Far from the valley of stability, the species are short-lived
radioactive nuclei and cannot form targets so we need
to rely on the simplest probe, protons, used as target in
inverse kinematics experiments. Experimentally the dif-
ficulty is to work with radioactive beams having lower
and lower intensities as moving towards the driplines. For
most of the cases, the elastic data set are obtained for
a reduced range of energies (since the incident energies
are related to the production modes of the exotic nuclei,
in-flight fragmentation or isotopic separation on line) cho-
sen so as to maximize the intensities. As a consequence,
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the data set for one exotic nucleus corresponds to a small
range of momentum transfer and this limits the regions of
the wf that may be investigated. Moreover, for radioac-
tive beams, generally, the poor statistics do not allow to
give precisely the gs and transition densities as a function
of the radial coordinate.

Nevertheless, the (p,p’) data are a good tool to con-
strain the structure models proposed for the exotic nuclei:
the angular cross sections can be calculated using the mi-
croscopic inputs of the gs and transition densities; from
the comparison with the data, it is possible to know if the
description of the densities is valid and if a change may be
needed, for instance, in the modelling of the shell struc-
ture. Different scenarios can be investigated, for instance
the role of the deformation in the shell ordering, or various
core polarization mechanisms, depending on the neutron
and proton interactions with the core, the role of the 3-
body forces and tensor interactions in the modification of
the shell effects, the coupling from gs to excited states, the
continuum coupling description, with possible coupling to
the resonant, non-resonant, scattering states. During the
last twenty years, Coulomb excitation (Coulex) and elas-
tic and inelastic (p,p’) scattering were carried out using
the radioactive beams, to have insight on the proton and
neutron excitations and to study the evolution of the pro-
ton and neutron transition probabilities with the isospin
degree of freedom.

It is important to note that the reaction data anal-
ysis provides a test of the densities but not a direct in-
formation. With radioactive beams, through the (p,p’)
data we have to test both the assumptions on the proton
and the neutron densities. We rely on the assumptions
made in the nuclear reaction models for the interaction
between the probe and the nucleus and we are sensitive
only to a part of the radial densities. Other probes may
provide complementary observables: for instance, we will
discuss in sect. 3.3 the proton rms radius estimated within
a 0.02 fm sensitivity from the isotopic shifts measured in
the laser spectroscopy recently applied to ®®He isotopes
and reported in refs. [60,61]. The proton rms radii are
used to select the microscopic theories; however, the stud-
ies with the proton hadronic probe are also required to
bring constraint on the matter densities; in sect. 4.6, we
will discuss the sensitivity of the (p,p) scattering to the
rms radii and to the nuclear density profile. In the case
of the exotic nuclei, we also have to question the reaction
framework usually applied for interpretation of the data.
We specially need to care about the new reaction effects
which may arise from the low threshold energies of the
radioactive species: during their interaction with a tar-
get, the ground state system can easily couple to excited
or continuum states, and these coupling should be consid-
ered a priori in the reaction formalism, but the theoretical
difficulty is to treat accurately the possible reaction and
excitation couplings. To overcome this problem, the phe-
nomenological approach consists in reproducing the elas-
tic data to obtain the entrance channel potential. To go
beyond phenomenology for these calculations, and to be
able to extract unambiguously information on the struc-
ture, we would need to consider a more complete reaction
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Table 2. Ground-state characteristics with the previous
AME2003 [30] and new AME2012 [31, 32] evaluations of the
binding energies and the first 2% energies for He [29] and
8He [33,63].

A Mass Egp Sh Son 2t E,,
excess width I
MeV MeV MeV MeV  MeV
SHe [30] —17.595 29.269 1.86 0.972 1.87
[31,32] —17.592  29.269 1.71  0.975 0.113(20)
8He [30] —31.598 31.408 2.57 2.140 3.57 (12)
[31,32] —31.609 31.396 2.53 2.13 0.6(2)

formalism involving the description of inelastic and trans-
fer reactions. These questions are explained in sect. 6.4 in
the case of the 8He(p,p) and direct reactions studied at
low incident energy, 15.7 A - MeV.

3 Observables versus structure models:
ground state properties of the He nuclei

In the next subsections, we will give an overview of the gs
characteristics of the He isotopes known experimentally
and compare them to the structure model calculations.

3.1 Binding energies of He: Experiment versus theory
3.1.1 Mass evaluation

The experimental values of the binding and excitation en-
ergies are presented in refs. [29, 33]. Recent direct mass
measurements for “He and ®He were reported in ref. [62]
and the corresponding value for the binding energy of ®He
was found at 40 compared to the previous evaluations [30].
These values and the particle thresholds from the recent
“Atomic Mass Evaluation” AME2012 [31,32] are given in
table 2.

The first excited state 27 is at 1.87 MeV for ®He [29]
and ~ 3.6 MeV for 8He [33,63]. The other excited states
found for ®®He will be discussed in sect. 7.2.

3.1.2 Structure models for light nuclei

First, we recall the context of the nuclear structure mod-
els developed during these last 30 years for the structure
studies of the light neutron-rich nuclei, before discussing
the interpretations proposed by the most recent theories.
The exotic nuclei were investigated by a large variety of
models, to explore the interplay between many-body cor-
relations, mean-field and cluster effects, and the initial
goals were to have insight onto the nuclear interactions,
and in fine to be able to constrain the nuclear interac-
tions and the models by comparison to the nuclear ob-
servables. For instance, the evolution of the binding en-
ergies towards the drip-lines has constituted a stringent
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test for the models. In particular, within the Quantum
Monte Carlo (QMC) approaches starting from free NN
interactions, it was shown that the 3N interactions were
needed to have a correct description of the gs and first ex-
cited states of the light nuclei [21]. To have a description
of both structure and spectroscopy of the exotic nuclei,
specific models were developed, taking advantage of the
small number of correlated nucleons in these nuclear sys-
tems. The models developed for light nuclei (A < 12) can
be classified in categories depending on their assumptions,
on their microscopic inputs and on the practical methods
of the frameworks: the few-body, cluster with a priori on
the cluster structure decomposition of the nucleus will be
discussed in sect. 3.2; the other ones were developed with
no a priori on the structure. For the no a priori model, no
preliminary cluster decomposition is assumed and the cal-
culations are carried out using A-body basis states. Var-
ious models were developed, depending on the choice of
these basis states which are parity and angular momentum
projected Slater determinants of single-particle states:

— The Antisymmetrized Molecular Dynamics (AMD)
models, with the wf defined as a Slater determinant
of Gaussian-basis wave packet functions [64]. Recent
calculations for the study of dineutron correlations
in 68He were undertaken within the AMD frame-
work [65,66] and will be discussed in sect. 7.1.

— The Fermionic Molecular Dynamics (FMD) calcula-
tions [67,68], using effective interactions based on the
Argonne V18 interaction; within the Unitary Correla-
tion Operator Method (UCOM), the short-range corre-
lations (from central and tensor terms) can be treated
explicitly. This approach can provide the rms radii and
binding energies in good agreement with the exper-
iment, through calculations with multiconfigurations
and the dipole and quadrupole moments as generator
coordinates.

— The No-Core Shell Model (NCSM), in contrast with
the usual shell model, in this model there is no decom-
position between core and valence nucleons, all nucle-
ons are allowed to be active in the nuclear field, this
means also that no effective charge is needed to fix the
interaction between predefined subsets. Initially, the
NCSM calculations were applied to light p-shell nuclei
and gave relatively good results for the spectroscopy
of the neutron-rich nuclei [69] but the binding ener-
gies were generally underestimated within the ab initio
NCSM using 3NF [70]. To improve the description of
the spectroscopy and of the densities [71], new theo-
retical inputs were developed in this framework, they
will be discussed in the next sections.

— Hartree-Fock models including specific correlations.
For instance, the wfs of 8He were calculated using
the same method applied in ref. [72,73] for the cases
of the neutron-halo nuclei ''Li and !'Be, starting from
a HF model, with the occupancy probability for the
valence neutrons calculated from the shell model. The
experimental value So, is a parameter of this model
and it is shown to influence directly the extension of
the neutron halo and of the neutron rms radius. The
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two-particle correlations were also calculated recently
for SHe [74,75] and ®He [76] by solving the few (re-
spectively 3, 5) body Hamiltonian in the Hartree-Fock-
Bogoliubov (HFB) approximation and using a density-
dependent contact interaction.

— Hyperspherical Harmonics (HH) method was applied
to H and He isotopes in the shell model approach and
compared to the experimental values [77]. Using very
simple NN interactions, a satisfactory agreement was
found between experiment and theory for the binding
energies.

Those models used initially effective NN interactions
but other microscopic interaction terms were included re-
cently, with the scope to improve the calculated binding
energies. Their results, compared to observables, will be
discussed in sects. 5 and 6. Another category of frame-
works called ab initio models take as inputs the nuclear in-
teractions obtained from the free NV scattering data, and
they include 3N terms adjusted on the nuclear binding en-
ergies of the light nuclei. We present these approaches in
the next sect. 3.1.3.

3.1.3 Quantum Monte Carlo and GFMC

Theoretical approaches called ab initio have been devel-
oped to describe the light nucleus from the NN free in-
teractions: nn (not directly known), pp and pn. The ab
initio assumption is to consider that the nucleus can be
described as composites of A-bodies bound by a “free”
NN force. A part of the terms used to build the NN in-
teraction are deduced from the scattering data of proton-
proton and neutron-proton obtained in various energy do-
mains. The Argonne Vig, built in 1995, results from a di-
rect adjustment on 4300 NN data in the Nijmegen-basis.
Initially, in this framework, it was possible to describe
only the very light nuclei due to the computer power re-
quested to make the full calculations. To understand and
to account for the observed spectroscopy of the light nu-
clei, it was shown that the inclusion of higher-order cor-
relations like 3-body forces was needed. For the A < 7
nuclei, QMC calculations were done [78,79], a Variational
Monte Carlo (VMC) method was applied with an hamil-
tonian including the 3-nucleon Urbana IX (UIX) potential
and the 2-nucleon Vig interaction. To obtain the nuclear
spectroscopy, the Green Function Monte Carlo method
(GFMC) was developed, combining the wf of the VMC
calculations to the propagation in the imaginary time di-
mension. Today, with the available computational power,
the time needed to obtain the configurations of the nuclei
limits the calculations up to nuclei of mass A = 10 [20];
recent adaptations of the NCSM using ab initio nuclear
interactions were done and calculations were pushed up to
13C. The experimental binding energies of the light nuclei,
particularly the helium isotopes, were underestimated by
the initial calculations [78,79]. To reproduce them, addi-
tional correlations were introduced in the model, in the
form of a new 3-body interaction [19]. The parameters
were expressed with pion-exchange terms and obtained
fitting the results of the GFMC calculations on the data
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set of 17 energies of bound and resonant states (resonances
with small width) for nuclei of masses between A = 3 and
8. The error of the fit was less than 2%. With these ad-
justed interaction terms the weak binding energies of the
light exotic nuclei were successfully reproduced. However,
once the parameters of the 2- and 3-body forces are ad-
justed, the question is to know whether the hamiltonian is
predictive for the spectroscopy of other new states found
for the nuclei in the mass range A < 10. In ref. [21] the
QMC calculations were done with the 2N Argonne (AV18)
and the 3N interactions (either UIX or IL2-Illinois), the
results provided by this technique will be compared to the
data set of the Helium isotopes in sect. 7.2.

In the case of QMC calculations [20] using 2N and
3N interactions, the excellent agreement obtained for the
spectroscopy of the light nuclei does not seem to give new
insight and predictive power for the binding energies out-
side from the regions of higher A. This is due to the fact
that the representations of the 3V F' terms were mainly de-
duced phenomenologically by considering a set of nuclear
data (including binding energies and first excited states of
the light nuclei).

The model ambiguities could be found not only in the
definition of the 3N terms but also in the uncertainties in
the expression given to the 2N interaction. Calculating the
binding energy ab initio remains a difficult task. Recent
attempts were done with improved 3-body forces leading
to a significant improvement over the earlier descriptions.
A true derivation of the nuclear interaction from the first
principles was lacking in the various model approaches
initially developed for the light exotic nuclei. At present
it appears that, with the recent developments of the chi-
ral EFT calculations [80], the light nuclei could actually
represent the benchmark for the microscopic calculations:
the chiral EFT interactions can be expressed in terms of
NN to the N3LO and 3N to the N2LO; all the parame-
ters can be constrained using only few-nucleon data. Com-
pared to the other structure models or the ab initio QMC,
the chiral EFT represents a model-independent approach
to nuclear interactions. Within chiral EFT calculations
the spectroscopy of 220 was studied in ref. [18], and it
was found that, by including the 3N F' contributions, the
spectrum is significantly improved in comparison with the
experiment. It has to be underlined that it is the com-
parison between experiments and theories, and the need
to explain the weak binding energies of Helium chain or
the anomaly of the O chain —with O weakly bound and
280 unbound— which has triggered crucial changes in the
microscopic models. For instance, as discussed previously,
the NCSM framework was initially developed for the light
nuclei of the p-shell [69]. In this model, the sensitivity to
the effective interactions can also be studied, and various
types of effective 2N interactions can be tested, or the 2N
and 3N interactions [81-83], derived from the ones pro-
posed within the ab initio framework. In table 3 we com-
pare experimental |Ep| to the calculated energies given
by the models discussed in sect. 3.1.2 and by: i) the QMC
method noted QMC04 using the AV18/IL2 hamiltonians,
or ii) the NCSM with several sets of interactions, one (that
we note below as “V3eff”) the combination of Argonne
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Table 3. Experimental [31-33,62] versus calculated binding
energies (in MeV) |Eg| of the #%%He gs, given by the mod-
els discussed in the text and noted below with specific la-
bels: QMCO04 for the GFMC calculations using the AV18/IL2
hamiltonians in [21]; and the NCSM calculations NCSM sesr
using Vaeg interaction (6hiw, 14 MeV for SHe; 4hw for *He,
13MeV) [70], NCSM.q and NCSM;,oy done with with CD
Bonn and TNI interactions [84], respectively.

Exp QMC04 NCSM NCSM NCSM

v3eff cd inoy
‘He 28296  28.37 - 26.16 29.10
SHe 29.269 29.28 28.19 26.9 29.38
SHe 31.396  31.72 22.87 26.0 30.30

NN AV8’ and TNI Tucson-Melbourne TM’99 [70,71], or
iii) NCSM with CD Bonn 2000 realistic NN interactions
or iv) the INOY including TNI force [84]. With the TNI
force INOY ®He is found bound, contrarily to the calcula-
tions done using the CD Bonn, but |Eg| (‘He) is overesti-
mated (with r% found too small). The NCSM is based on
a large-basis Hamiltonian diagonalization, but the exten-
sions of the wfs in the NSCM model are limited by the
size of the space allowed for the calculations.

However, the light nuclei close to the drip-lines have
low particle threshold energies and few bound states. Sev-
eral aspects cannot be merely explained by using the stan-
dard cluster, shell model or mean-field approaches even
with sophisticated interactions, or adjusted correlations.
The treatment of the continuum states has to be discussed.

3.1.4 Models including continuum treatment

To reach a more complete understanding of the nuclear
systems close to the dripline, and to describe the struc-
ture of the gs and of the resonances, other theoretical
approaches have to be considered, which combine com-
plex aspects mixing discrete, continuum and scattering
states. The need to incorporate on the same footing both
the discrete and the continuum states in the calculations
has triggered important renewal or developments in the
models treating explicitly the continuum coupling (CC')
of bound and scattering states [24]. These models calcu-
late the excited states in the complex plane, using various
techniques. In particular, to discuss the resonant excited
states of 8He, we focus on the following C'C' models:

— the Continuum Shell Model (CSM) [85], where two
(correlated) particles are treated in the continuum;

— the Gamow Shell Model (GSM) framework, described
in refs. [25-27] with many-body treatment of particles
in the continuum. Recently these calculations were ap-
plied to ®®He using effective interaction techniques [86]
and a finite-range modified Minnesota interaction [87];

— the Complex Orbital Shell Model (COSM) using the
Complex Scaling Method (denoted below CScM) ap-
plied to %7He [88,89] and to ®He [90];
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Table 4. Calculated energies (in MeV') for the gs and for the
first 27 state of ©®He given by the models discussed in the text
and noted below with specific labels: QMCO04 for the GFMC
calculations, GSM03, 05, 10 and 11 for Gamow Shell Model
calculations.

Model Ref. 5He 8He

San E.(27) San E.(21)
FB [42] 0.93 1.9 - -
HF corr [72] 0.93 191 234 -
HFB FB [74,76] 0.93  1.91 2.34 222
AMD-m56 [65] 1.1 1.40 20 39
FMD [67] 0.7 - 26 -
QMC04 [21] 0.910 1.98 244 4.72
CSM [85] 1.38  1.91 221 3.78
COSM [88] 0.974 1.8 - -
COSM-Cscm  [90] 0.790 2.1 2,15 —
TOSM MN  [91] 1.0 2.8 3.0 3.8
GSMO03 [26] 0.974 2.3 0.7 3.6
GSMO05 [86] 1.0 2.1 - -
GSM10 [27] 0.974 1797 - -
GSM11 [87] 0.97 1.82 21 -

— the Tensor Orbital Shell Model (TOSM) Method [91]
using UCOM (and AV8’ bare NN interaction) was ap-
plied to the spectroscopy of ®:678He; but it underbinds
6:8He by more than 5MeV; the TOSM applied using
the 2-body Minnesota (MN) interaction reproduces the
binding energy of *He and of He, and overbinds ®He;

— the NCSM was recently improved to treat explicitly
the C'C effects, by using the Resonating Group Model
(RGM) formalism. We denote below this model by
“NCSMc” [92].

Table 4 gives an overview of the binding energies and 2%
states calculated within the different frameworks discussed
above. The model calculations will be discussed in sect. 7.2
in comparison with the experimental spectra.

3.2 Matter rms radii from experiments and few-body
analysis

3.2.1 Interaction and reaction cross sections

The matter r,, were obtained via model-dependent anal-
ysis of the interaction cross sections, o; measured at high
incident energies by Tanihata et al. [2,4] (see table 5).

The interpretation was based upon the Glauber anal-
ysis. Employing the Glauber theory [34] in the optical
limit [48,93], Tanihata et al. obtained the matter rms from
the interaction cross sections measurements [2]: 1.57 (4)
2.48 (3) and 2.52 (3) fm for *%8He, respectively.

The proton elastic scattering of ®®He nuclei [94] at
high energy (700 A-MeV) was also analyzed within a
Glauber model; the rms radii deduced initially from this
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Table 5. Rms radii of the matter r,,, proton r, and neutron
ry, distributions estimated from reaction cross sections (o by
Tanihata et al. [2]) and rms from proton scattering at high
incident energy [94]; “FB” corresponds to the values obtained
within the reanalysis in refs. [96,97].

Nucleus o1, OR (p,p)

at 700 A - MeV

Tm (fm) T (fm)

‘He 1.57 £ 0.04 [93] 1.49 (3) [94]
SHe 2.33 4 0.04 [48] 2.30 + 0.07 [94]
SHe 2.48 £ 0.03 [93]
FB 2.52 + 0.06 [96] 2.540.1 [97]
®He 2.49 £ 0.04 [48] 2.45 4 0.07 [94]
SHe 2.52 4 0.03 [93]
FB 2.6 4 0.1 [97]

analysis are given in table 5. Parametrizations for the nu-
clear distributions were also tested in ref. [94], assuming
that the protons were located inside the core (N = 2,
Z = 2) of these nuclei. With the proton radius equal to
the core radius, they found the following rms radii val-
ues for the p, n distributions: r, = 1.88 (12), r,, = 2.48
(11) fm for SHe, 7, = 1.55 (15), r,, = 2.67 (5) fm for He.
In the case of the stable *He nucleus, a reference value
(from EM probe) can be considered: the r,, radius was
obtained from the evaluations of (e,e) scattering data with
a value of 1.46 (5) fm [44,47]; it is underestimated by the
radii extracted from reaction models, as given in table 5.
This shows that the systematical errors due to the reac-
tion models are larger than indicated in the Glauber model
works, and mostly of the order of 0.1 fm.

In sect. 8.1.1, an overview of the rms radii obtained
by various technics will be discussed and compared to
our findings. In general, the reliability of the extraction
and both the mean values and systematic error bars have
to be put into question within the Glauber approaches.
The ambiguities in the interpretation of the cross sections
and of the (p,p) scattering at 700 A - MeV rely on the
assumptions made for the reaction mechanisms and for
the density distributions: the analysis within the Glauber
theory is done in the optical limit; the error bars quoted
in these studies are of the order of +0.04 fm, but these
approaches tend to underestimate the systematical error
bars due to the model limitations. The main systemati-
cal uncertainty is not included in the final values given
in the tables: it is due to the assumptions that the pro-
jectile has no cluster structure and that the trajectories
can be considered as straight lines. It was mandatory to
reinvestigate the whole set of data (cross sections, angular
distribution on proton target) using approaches combin-
ing both a microscopic description of the densities, and a
more refined optical model to investigate the cluster struc-
ture of the neutron-rich He nuclei. A reinterpretation of
the data sets was proposed in refs. [95,96]: an improved
Glauber S-matrix approach was developed to take into
account the few-body structure of the nuclei having ex-
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tended nuclear densities. Through this few-body analysis,
the values of the 5®He rms matter radii were re-extracted
from the o interaction and o reaction cross sections [96].
The observables of the elastic proton scattering of ©3He at
700 A - MeV were also reinvestigated within this modified
cluster Glauber theory [97]. From these reanalysis, the fi-
nal values of 2.5 & 0.1 fm were found for the r,, radii of
6.8He. For the next discussions on the comparison between
structure models and observations made on He isotopes,
we have to take into account two main consequences of
this reinterpretation of the o; results and of the elastic
observables at high incident energies:

— In the case of the more neutron-rich nuclei, the cluster
structure has to be taken into account. The rms val-
ues 7, for these weakly bound nuclei can be extracted
using the Glauber approximation, but this has to be
reformulated within the Glauber few-body approach
analysis, otherwise the rms values may be underesti-
mated by more than 0.2fm (see rms 8He 2.2 instead
of 2.5).

— the r,, values are given with a sensitivity of £0.1fm,
corresponding to the systematical error bars due to the
model approach. It means that, in general, the realis-
tic error bars which should be considered for the rms
radii extracted from high energy proton elastic scat-
tering or oy values are of the order of £0.1 fm rather
than the lower values quoted in the original articles
giving the experimental o; as well as the tables for the
“experimental” values of the r,, radii.

The result for the matter rms radii of 8He shows that,
although having 2 more neutrons than %He, ®He has al-
most the same size. To have an insight on the neutron
extension itself and on the correlations at play, we will
discuss below other observables adding constraints on the
rp and 7, values.

3.2.2 Few-body or cluster models

Several microscopic models adapted to the observation of
the specific structure characteristics related to the clus-
tering phenomena observed in the light nuclei [11] were
built. Amongst the ones developed to describe the specific
structure of the He isotopes, assuming cluster states, we
can mention:

— few-body models using a-n and nn interactions dis-
cussed previously in sect. 3.2;

— the Resonating Group Model (RGM) [98] using an ef-
fective NN potential (fitted to the most important
NN phase shifts), it gives an overall good description
of the properties of the ground and 2 excited states
for 6:8He;

— the 3-body cluster models for SHe [99] and ®He (with
6He-like core) [100]; for ®He, the ®He core excitations
are included in the model with the wf defined using
the Generator Coordinate Method (GCM).

The matter rms value obtained from the wf calculated
by the models are correlated with the neutron separation
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Table 6. Rms radii for p, n and matter density distributions
of He within various frameworks, discussed in the text. The
notations for the models are similar to the ones of table 4. FB
fcb6 is given by the 3-body model; the NCSMy sesr, cp and oy
values are the calculations done within the NCSM framework
with the Vseq (6 or 10hiw, 13 MeV [70,71]), CD Bonn and INOY
interactions, respectively.

Density Ref. Tp Tn T Ar o,

model fm fm fm fm fm

FB fc6 [36] 1.94 279 253 085 1.49
HFcorr [72] 1.91 234 222 043 1.50
AMD-mb56 [65] 1.90 249 231 059 1.64
NCSMy sefr [70,71] 176 236 2.18 0.60 1.45
NCSMep  [84] 1.80 267 241 078 145
NCSMmnoy  [84] 1.76 255 229 079 1.37
FMD [67] 1.92 257 242 0.65 1.45
COSM [90] 1.90 249 237 0.59 1.46
TOSM 91] - - 227 -~ 1.52
GSM11 [87] 1.89 260 238 0.71 1.46

energies. More generally, depending on the assumptions
made on the microscopic parameters, and on the choice
of the core-valence neutrons and nn correlations, a whole
set of wfs is generated within the few-body model cal-
culations, and it corresponds to different values for the
observables (S,,, 7). In some of the few-body or cluster
models, when one of the neutron separation energies (.S,
or Son or Suy,) is a free parameter, it can be tuned to the
experimental value. This is the case in the 5-body « + 4n
COSMA model discussed in sect. 1.2. To discuss the re-
alistic values of the rms radii for the matter densities of
6:8He, we may select the ones produced with the So, and
Syn values closer to the experimental ones, that is 978 keV
and 3.1 MeV, respectively. In the 3-body « + 2n cluster
model using phenomenological NN interactions, the size
of the neutron halo is directly correlated to the 2-neutron
separation energy. For instance in the set of wfs gener-
ated by the 3-body model, for Ss, varying from 1.6 MeV
to 700keV, the r,, radii are found to vary between 2.2 up
to 2.7fm [36]. If we consider the density fc6, correspond-
ing to the So, = 930keV value, closer to experiment, the
corresponding 7, radius is found at 2.53 fm.

3.2.3 About the sensitivity of the data to the rms radii and
to the cluster structure

The rms radii of the densities calculated with the various
models discussed before are presented in table 6, with the
rm for He, r& given in comparison. The many-body cor-
relations considered within the microscopic structure ap-
proaches produce various sets of proton and neutron den-
sities, when we compare these sets, significant difference
(more than 0.2fm) can be observed for the rms r, and 7,
radii although the corresponding matter r,, radii do not
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differ by less than 0.1fm. The experimental determina-
tion of the 7, 7, values may help to discriminate between
the theoretical inputs related to the interactions and pair-
ing. An important effect has to be underlined: within the
mean-field model, an anti-pairing halo was demonstrated
in ref. [101]: for weakly bound systems the size of the w f
(seen through rms radii) does not expand as the Say, is de-
creasing. It means that, for the +%8He isotopes, not only
the sequence of the binding energies is crucial to assess the
validity of the interactions used in the models, but also the
rms radii are needed to check if the theories have a “real-
istic” treatment of the nuclear correlations and pairing.

The question is now to discriminate between the var-
ious structure models proposed for %®He and to select
the probes and reactions which could give us a sensitivity
on the proton and neutron rms radii difference. As dis-
cussed in sect. 2.4, the (p,p’) observables should provide
the sensitivity to the neutron density distributions and
it should be possible to test the validity of the nuclear
models by comparing their calculated neutron r, radius
with the value deduced from the (p,p’) analysis with an
accuracy better than 0.3fm. First, in sect. 3.3, we will
examine the 7, radii deduced from the measurement of
the charge rms radii. In the next steps: i) The gs and
transition densities given for ®®He within the ab initio
NCSM [83] will be used to generate the JLM microscopic
density-dependent potentials and transition form factors
as described in sect. 2.1. ii) Using these potentials, the
(p,p’) cross sections will be calculated within the optical
model approach and compared to the data in sect. 4. iii)
Various sets of nuclear densities will also be tested, and
the microscopic structure consistent with the data will be
discussed; the range of the rms matter radii and of the
inferred neutron rms radii will be given.

3.3 Charge rms from laser spectroscopy

In nuclear structure theories, the spatial distributions of
protons and neutrons are calculated treating both as point
particles. From the rms charge radius ({r?,)/?) (denoted
also below as r¢,), the point-proton radius ((r2,)'/2) can
be extracted by the relation recently discussed in ref. [102]
including also the terms coming from the spin-orbit (SO)
correction:

where

— (r%) and (r%;) are the mean-square charge radii of the
proton and neutron, with (r%) = 0.769 (12) fm? and
(r3,) = —0.1161 (22) fm? as given in the 2006 evalua-
tion of ref. [56]2, (r%) = 0.877 (7) fm? as given in 2010
in ref. [57];

2 See, for instance, ref. [103], for possible explanations about
the negative value of (r%); in a simplified approach, it may
reflect the internal distribution in terms of charged quarks,
with u quark pushed to the center, dd quarks to the edge.
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Table 7. Charge rms radii evaluated from e-scattering or laser
spectroscopy for %8He isotopes, as discussed in the text, and
the corresponding proton rms radii, two evaluations are given
using the values Rp = 0.877(7) fm from ref. [57] or Rp =
0.84184(67) fm from ref. [105], and also considering the new
mass evaluation for the isotopes.

Nucleus Tep, (fm) rp (fm) rp (fm)
PDG 2010 [57] 2010 [105]
‘He 1.673 (1) [106]
1.676 (8) [44]  1.46 (5) [44]
1.681 (4) [107] 1.511
SHe 2.054 (14) [60] 2.30 £ 0.07
2.068 (11) [61]
New mass 2.060 (8) [62]  1.938 (23) 1.953 (22)
®He 1.93 (3) [61]
New mass 1.959 (16) [62] 1.885 (48) 1.901 (48)

— r4, known as the Darwin-Foldy (DF) term, is the
relativistic recoil correction or a nuclear finite-size shift
contribution equal to [3/(4M7)] = 0.033 fm? [104];

— and r2, is expressed as a charge-density correction due
to the nuclear SO interaction.

The value of the mean square radius of the proton was also
given with higher accuracy as: (r%) = 0.84184 (67) fm?
[105]. Note that the 72, value is obtained in ref. [102] at
—0.08 fm? for ®He and at —0.17 fm? for ®He but the calcu-
lations are done for the extreme cases, assuming, respec-
tively, a pure p-wave and full p3/, configuration —this
assumption will be discussed in sect. 7.1. The nuclear
charge radii of the 68He nuclei were extracted from the
isotope shifts [60,61], measured with respect to *He, the
values were obtained using precision atomic theory calcu-
lations, neglecting the 72, term, and taking into account
the DF term. The *He charge radius was measured to be
1.673(1) fm in ref. [106] (from the spectroscopy of muonic
“He atoms) and 1.681(4) fm from precise reevaluation of
the data sets of electron scattering experiments [107]. In
ref. [61], the rms charge radii for ©®*He are extracted using,
for the *He charge radius, the value of 1.676(8) fm from
ref. [44]. For ®He, the value: 7., = 2.054 + 0.014 fm was
first given in ref. [60]. For 8He, the value r.;, = 1.93(3) fm
was extracted in ref. [61]. In the experiment reported in
ref. [61], both ®®He beams were produced at GANIL with
the SPIRAL facility; the rms charge radius for *He was
remeasured giving the new value: 2.068(11) fm, found in
good agreement with the previous one measured at Ar-
gonne [60].

Using the new mass values obtained for %He, the au-
thors of ref. [62] have re-evaluated the 7., radii extracted
from the isotopic shifts to 2.060(8) and 1.959(16) fm. Tak-
ing into account the SO correction as well as the DF term,
they have deduced the rp, radii. The 7, radii of >®He
were also deduced in ref. [62] with this new evaluations
of (r), as shown in table 7. The significant contributions
are from <r1237 ~ - For the precise discussion of the charge
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radii, it is interesting to note that the shell configurations
for 9¥He have to be determined to calculate the 72, term
precisely. This value is influenced by the neutron config-
urations which can be deduced from the direct reactions.
However, if we discuss the rms radius value of the matter,
neutron and proton densities to the level of a 0.1 fm accu-
racy due to the theoretical undetermination of the matter
rms related to the neutron correlations the formula (8) can
be approximated to: (r2,) = (r2,) — (rp) — (N/Z)(ry).

When the microscopic theories give the point nucleon
radius rP° or rb? calculated from the nucleon wfs, the
point nucleon distributions have to be folded with the nu-
cleon matter distribution (for which (r?) ~ 0.8 fm?). Here-
after, we always consider the 7, or 7, values, not the point
distribution radii for the comparison to the experimental
values of the r,, r,, radii.

4 Direct reactions on proton: experimental
tools and reaction models for the analysis of
proton elastic and inelastic scattering

Detailed spectroscopic information can be deduced from
complementary studies of direct reactions:

— elastic and inelastic (p, p’) scattering to probe w fs and
neutron excitations;

— one-nucleon transfers (p,d), (d,p) (F ~ 10-30 4-MeV)
on proton or deuteron targets to probe the single-
particle shell structure and overlap w f's;

— (p,t) reactions (E ~ 10-100 A - MeV) to obtain infor-
mation on pairing correlations as well as on 01 excited
states.

We start describing the experimental tools developed for
the measurements of these direct reactions on light tar-
gets. In sect. 4.3 we present the reaction model combin-
ing microscopic optical potentials and coupled channels;
it provides a first direct approach for the investigation
of the microscopic parameters of the nuclear structure at
low energy. We will confront the interpretation of the new
extended data set obtained at low energy, ~ 15 A - MeV,
with the ones available in the literature at higher energies.

4.1 Experimental technique for the direct reactions on
proton target in inverse kinematics

Several experimental devices were developed these 10 last
years, to identify and measure the characteristics of the
recoiling light charged particles produced in the nuclear
direct reactions induced by radioactive beams on pro-
ton or deuteron targets, using mainly solid target foils
of (CHs),, polypropylene or C'Dy respectively, for inci-
dent beam energies between 10 and 100 A - MeV. Arrays
of telescope modules, composed of silicon-strip array of
large active area, followed by second and third stages for
E-DE PID, were specifically designed, with the related
specific electronics, to detect with high granularity and en-
ergy resolutions the light charged particles. Amongst the
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devices offering comparable range of applications and sim-
ilar conception, we can mention the ones used at GANIL:
MUST [108], MUST2 [109]® and TIARA [110], and, at
MSU: HIRA [111]. MUST and MUST2 correspond to two
generations of detector modules of three-stage telescopes
(a set of 300 um thick Double-Sided Si-strips Detector-
DSSD, followed by SiLi and Csl detectors) measurement
of direct reactions: the 8 DSSDs (6 x 6. cm? active area
each) MUST modules [108] and from 2007, the device of
MUST?2 modules [109] (each one of 10 x 10 cm? area), ex-
tended to 8 modules in 2013, to increase the performances
for the angular coverage, the particle identification detec-
tion (PID) and the granularity. It has to be underlined
that both HIRA and MUST2 have three square stages
with double sided Si detectors, but MUST2 has the larger
active area (10 by 10; HiRA is 6.25 x 6.25cm?) and the
higher granularity, with 128X by 128Y" Si-strips (32 by
32 for HiRA). Moreover, the MUST2 has an innovative
electronics, based on the ASICs (Application Specific In-
tegrated Card), which gives the time and energy measure-
ments for each strip, and the E-TOF PID for low-energy
particles. With all these characteristics, MUST2 appears
as a rather unique device to carry out a complete recon-
struction of the direct reaction kinematics.

In this review article, we focus on the results ob-
tained with the GANIL/SPIRAL beams of ®®He, using
the MUST, MUST2 arrays. These telescopes have thresh-
old energy of ~ 300-400keV. For a full reconstruction of
the reaction kinematics, the Si-strip devices are combined
with two beam tracking detectors located upstream of the
target, the multi-wire chambers CATS [112], (Chambres
trajectoires de Saclay), to detect event by event the posi-
tion of the incident beam particles. From the reconstruc-
tion of the trajectories on the target, the incident angles
and impact position of the beam on the target can be ob-
tained. The typical resolution (FWHM) for the position
reconstruction is of 0.6 mm, the reconstruction efficiency
of the 8He trajectory is obtained at 94%. the intrinsic reso-
lution of the detectors obtained from the alpha calibration
are between from 35 to 50keV (FWHM). The resolutions
in the excitation energy spectra AE* achieved during ex-
periments using CHy targets from 1.5 to 10 mg/cm? are
ranging between 400 to 700keV (FWHM). Energy, time
of flight (between Si-strips and CATS with a FWHM res-
olution of 1.2-1.4ns for Z = 2 particles) and position of
the light charged particle are measured in the Si-CsI array
detector, allowing for an identification of the light parti-
cles and for a full reconstruction of the (p,p’) kinematics,
which are the correlations between the total kinetic energy
of the proton and its scattering angles.

At the GANIL accelerator facility (Grand Accélérateur
National d’lons Lourds, Caen, France), the MUST and
MUST2 arrays were intensively used with the exotic
beams of He and 8He, to measure a whole set of direct
reactions on proton in the following experiments:

— (E293) experiment (MUST array) for the He(p, p’);
the He secondary beam was produced at 40.9 A - MeV

3 MUST?2 web site: http://must2.cea.fr.
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at an intensity of 1.8 10° pps by fragmentation of a pri-
mary 2C projectile at 75 A - MeV on the target of the
SISSI device; the experimental set-up, the analysis for
the extraction of the (p, p’) cross sections are described
in ref. [113].

— E347 (MUST) for the He(p, t) and the (p,p), using
the SHe secondary beam produced at 10° pps and at
25 A - MeV [114].

— E405S (MUST): the 8He(p, p’) scattering was mea-
sured using an 8He beam produced at 15.7 A - MeV by
the SPIRAL facility with an intensity of 1.3 10% pps.
From the proton kinematics obtained in coincidence
with the He isotopes, the excitation functions were ob-
tained. From the coincidence between protons and the
8He heavy ejectile, the elastic scattering yield can be
deduced, and with °He or “*He coming from the 2%
unbound state of 8He, it provides the determination of
the inelastic scattering yields. The spectroscopy of “He
was also measured from the (p,d) reaction [115], and
the (p,p) elastic and (p,d) transfer were analyzed in
the coupled reaction framework in ref. [116]. With the
same set-up, the (p,t) [117,118] reactions were mea-
sured as by-product data set but with a very limited
angular coverage.

— E5255 (MUST?2): to explore the spectroscopy of ®He
and to find new low-lying resonant states populated by
the 2n-transfer from the ®He beam, the 8He(p, t) re-
actions were measured at 15.4 A - MeV using the large
angular coverage MUST2. With this improved setup,
it was possible to detect all the light charged particles
(p,d,t) produced by the ®He + p reactions, in coinci-
dence with the #%He particles. The measurements and
the analysis are explained in the article [119].

The whole experimental set-up and the analysis done to
extract the energy excitation spectra and the cross sec-
tions for ®He(p,p’), *He(p,d) (p,t) at 15.7 A-MeV and
(p,t) at 15.4 A - MeV are fully described in the above ref-
erences. The set-ups with the MUST and MUST2 arrays,
for the E405S and E525S experiments, are presented in
fig. 2. For E405S, data were taken with a 8.25mg/cm?
thick (CHs),, target, and, to measure the (p,p’) at angles
below 40° . , a thinner one (1.48 mg/cm?) was used. For
E525S, the 4.48 mg/cm? thick (50 um) (CHaz), was em-
ployed for the dedicated (p,t) measurement. For the 8He
+ proton reactions at 15.7 A - MeV, the calculations of the
kinematics are presented in fig. 3. The black, red and blue
lines correspond to the (p,p), (p,d) and (p,t) reactions to
the states of ®7%He nuclei, respectively. The excited states
of 8He are unbound, they decay through particle emis-
sion: the 8He excited states may decay into 5He + 2n or
have a sequential decay into “He (unbound)+n then to
SHe + 2n; for states above the Sy, the decay may be into
a + 4n particles. In the case of the 8He(p,d) reactions to
the "He ground and excited states [115] the particles in
the exit channels correspond to ’He + 2n or « + 3n. For
8He(p,t) to the SHe ground or excited states, the parti-
cles produced in the exit channels are: “He+ 2n or o+ 4n.
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Fig. 2. Experimental set-up at GANIL with the MUST (top) and MUST?2 (bottom) telescopes used for the E405S and E525S
experiments described in the text. (Top) The MUST array was assembled in a wall configuration, located at 15cm from the
target. It was placed in two positions with the vertical axis rotated by angles of 50° and of 65°, with respect to the beam axis
in the laboratory frame. (Bottom) The MUST2 array was assembled in a square wall of 2 by 2 detectors. A fifth detector was
located at 40 cm behind the wall, with a plastic scintillator placed in front of this telescope to shelter it and to collect the beam
particles and the reaction ejectiles produced in the most forward direction around 0 degrees. Two CATS detectors were located
upstream of the target; the one closer to the target can be seen in the left (right) side of the top (bottom) figure, respectively.
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Fig. 3. Calculated kinematics for the direct reactions of ®He on
protons at 15.7 A - MeV: the (p,p), (p,d) and (p,t) channels to
the gs (plain line) and first excited (dotted line) states of ®He,
"He and ®He are shown with the black, red and blue curves,
respectively. The charged particles o or He produced by the
decay of the unbound states are indicated with the cloud of
points.

The excitation energy spectra for the ®78He nuclei are ob-
tained via missing mass method and the reconstruction of
the relativistic kinematics of the light charged particles,
triton, deuton and proton, respectively. The kinematics
are obtained through the measurements of the position,
momentum and total kinetic energies of the particles de-
tected in the Si-strip telescope array.

For a reaction of particles labelled 1 to 4, of inci-
dent beam (1) on target nucleus (2) producing ejectile
(3) and scattered light partner (4) —like the p, d, or t
particles— the excitation energy of “3” is expressed as:
Eexe = (M, —mg)c? with mgc? the gs mass of the ejectile
“3” (for instance He isotopes), and m, the recoil energy
deduced from: i) the kinematical characteristics (total en-
ergy F,, momentum py, of the light charged particle de-
tected in the Si-array, 0.1, its angle with the beam axis in
the laboratory frame and iii) the energies and momentum
of the beam “1” (E; = Ty + mic?, T1 = Theam Kinetic
energy, P1 = Pheam) following the relationship:

(mc?)? = (By +mac® — E4)* — pi — pi + 2p1pa COS((’laF)),
9

deduced from the relativistic invariant applied for parti-
cle 3 using the energy and momentum conservation laws
of the reaction. The dashed (black and red) lines corre-
sponds to the loci of the (p,p’) to the 2] excited state of
8He and (p,t)°He(2]).

In fig. 3 the calculated kinematics, correlation spectra
between E and 0,1, are presented for the particles p, d,
t produced by the main direct reactions of *He on pro-
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Fig. 4. Reconstructed kinematics for the direct reactions of
8He on protons at 15.7 A - MeV, (p,p’), (p,d) and (p,t) mea-
sured on the 1.5 mg/cm? thick (CHz),, target using the MUST
array in the experiment E405S. See details in the text.
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Fig. 5. Same as in fig. 4 for 8He at 15.4 A - MeV in the E525S
experiment, with the MUST?2 array and the 4.48 mg/cm? thick
(CHa),, target.

ton, the (p,p’), the (p,d) and (p,t), respectively. In figs. 4
and 5, the kinematical plots show the yields of the detected
particles p, d, t produced in the reactions induced by the
8He beam on proton during the E405S and E525S exper-
iments, at incident energies of 15.7 and at 15.4 A - MeV,
respectively. The extraction of the excitation energy spec-
tra for “He and of the differential cross sections (p,t) are
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explained in ref. [119]. With these data at hand, com-
plete in terms of the number of reaction channel involve
in the ®He + p process, and for the angular coverage, the
objectives are: i) to have a consistent extraction of the
structure inputs from all existing data on proton target;

ii) to obtain new spectroscopic data for the excited states
of 6-8He.

4.2 Optical model framework using phenomenological
potentials

The reaction formalisms were mainly developed for nuclei
close to the valley of stability. In general, the description
of direct nuclear reactions is established on optical mod-
els, using local potentials [28]. To take into account the
global properties of the nuclear interaction between pro-
jectile and target during the elastic and inelastic scatter-
ing, the potentials are built with the following character-
istics: attractive, uniform for small radii (interior of the
nucleus) and decreasing as radius increases from the cen-
ter to the surface of the nucleus. The potentials defined as
a combination of Woods-Saxon (W.S) functions are mostly
used and their parameters are adjusted on the geometri-
cal properties of the interacting nuclei and on the energy
of the system to describe the scattering quantitavely. The
surface and the SO potentials are expressed as second or-
der terms, expressed as derivative of WS potentials. We
note below f(r, R,a) the WS form factor function of the
r radial coordinate, with parameters Ry, radius, and af
the diffuseness is defined as

-1
f(raRf’af):[1+eXp(T_Rf>:| .
af

(10)

From R; we define the reduced radius r; as: Ry = ryAY/?
in the case of the nucleus-nucleon scattering. In the optical
model approach, the standard complex potential U(r) is
expressed as: U(r) =V (r)+iW (r)+Uso(r) + Ve (r), with
V', W the real and imaginary parts (volume and surface),
Vo, W, for the spin-orbit potential, and Ve the Coulomb
potential. The general forms for the real V', imaginary W
and SO parts are written as

V(r) ==V, f(r,Ry,a,) — (4avs)Vsif(r, Rs,as)

dr
(11)
W(r) = =Wy f(r, Ry, ) — (4aws)WS%f(r; Russ Gus)
(12)
USO(T) = _2(‘/80 + iWso) (;l) C%"fOﬁ’ Rsoa a/so)(l . O')
(13)

Global parameterizations were elaborated to describe the
nucleon-nucleus potentials and to calculate the elastic
scattering using as inputs the (A,Z) and the incident
energy F of the nucleus. The dependence (A, Z, E) of
the potential parameters were obtained by fitting a wide
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range of nuclear data with prescriptions on the R;, a;
and energy-dependence. For instance, we may consider
the phenomenological CH89 [120] potential, which was
shown to provide a good description of the nuclear data,
even when the calculations were extrapolated for an en-
ergy range and a nuclear domain outside from the initial
domain of validity, due to the data set used to build the
global potential (E, from 16 to 65 MeV and A from 40
to 209). CH89 gives good extrapolation of the nuclear po-
tential for exotic nuclei due to its parameterization taking
into account the asymmetry: e = (N — Z)/2. The poten-
tial is defined with V', W,,, Wg depending on E, Z and e,
no real surface term and no imaginary SO part (Vs = 0,
Weo = 0). Vi, is fixed to 5.9 MeV - fm?, the radii are func-
tion of A3 R, = R,s, and the diffuseness parameters
Ay, Gy and a,s are fixed to 0.69, ag, to 0.63 fm; for the

Coulomb potential, ac = 0.75 fm. The Coulomb potential
is written as: for r > Rg, Vo = Ze?/r and for r < Rg,

Ve(r) = QZsz [3— (RLC)2] [52]. For the proton-nucleus scat-
tering, in general Ro can be taken as equal to the uniform
charge radius deduced from measurements (electron scat-
tering in the case of the stable nuclei): R¢ = (§<r2>ch)1/2.

At an incident energy regime corresponding to direct
processes mainly at the surface, and for stable projectile-
target systems, the standard approach to describe the in-
elastic reactions is the Distorted Wave Born Approxima-
tion (DWBA) using deformed potentials, with the optical
potential written as: U(r) = Uy(r) + AU, where Uy is the
spherical potential for the elastic scattering and AU the
deformed one for the inelastic process.

In a macroscopic approach, the excitation of the nu-
cleus is considered as a deformation of its surface ex-
pressed as a variation of its radius R, function of the
spatial coordinates (6, ¢). Following this deformation, the
resulting potential can be expanded in series of Taylor
around the central equilibrium radius [58]. The validity
domain of this phenomenological model and the procedure
steps for the inelastic scattering calculations using the D P
are given in Satchler’s textbook [28]; the assumptions are
discussed in refs. [28,121]. The deformed potential (D P) is
usually written as the first-order Taylor expansion of the
potential used for the elastic channel U, which is either
microscopic or a phenomenological one. The deformed po-
tentials are defined as

dr

with §; = 0; * R; the deformation lengths for the potential
term 4.

The deformation lengths for the nuclear and Coulomb
potentials are usually expressed as: iy = B3 Ry = Sy Rw
and ¢ = BcRc. The deformed Coulomb potential is de-
fined introducing the deformation length ¢ Rc = d¢. The
deformation parameter J¢ is usually defined in a collec-
tive excitation model-dependent approach, it relies on the
assumption that the charge distribution is uniform inside
the radial volume R(0, ¢) and 0 beyond. The relationship
between the Coulomb excitation and the deformation can
be expressed as, for a multipolarity I, with 6; the proton

UidEf:ﬁi*Ri

(14)
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deformation length and R¢ the radial parameter:

3R1716P 2
B(El) = <27Tl> (Ze)?.

In general, the adopted value is Re = rgA'Y/? and ry ~
1.2-1.3fm (the larger value r,, 1.3 fm, is for light nuclei).
In ref. [121], it is shown that: “a more realistic approach
takes account of the rounded surface of the proton distri-
bution” and that R¢ has to be I-dependent, Only for [ = 2
“acceptable results” are obtained with the simple formula
for the [ = 2 transition from gs to 27 state, that is

(3RZ)
(4m)

In ref. [28], it is also underlined that the relationship be-
tween the deformation parameters of the densities and
of potentials is not straightforward; they are not similar
simply because, in the realistic case, the nucleus is not
a point-like particle, the interaction is density-dependent
and has a finite range. This approach is oftenly used to
make easily comparisons of the potential deformations be-
tween nuclei, and in particular to check the trend of the
macroscopic potential deformations along isotopic chains,
but these parameters do not correspond to the microscopic
deformations of the nuclear density itself. It means that
the most direct and unambiguous way to check the validity
of sets of nuclear transition densities with various assump-
tions on the proton and neutron density deformations is to
use a microscopic approach with a density-dependent po-
tential, thus, the data can be interpreted quantitatively to
infer the deformation parameters of the nucleus w f itself.
This microscopic folding approach F'A will be described
in sect. 4.3, it gives a transition potential by folding an
effective NN interaction over the target gs and the tran-
sition density of the excited nucleus. It is also explained in
ref. [121] that, in general, both methods, the FA and the
DP have different [ dependence, with “obvious differences
arising from finite-size effects (finite size of the probe nu-
cleus and finite range of the effective interaction). These
effects result in a strong [-dependence in the shape of the
folded transition potential even if the transition density
is independent of [, whereas the transition potential from
the DP model has a shape that is [-independent”.

B(E2,0" —21) = [ r (Ze)?B2.

4.3 Optical model framework using microscopic
potentials

Two main formalisms were developed to describe the re-
action observables with a microscopic potential model:

— The AN-body theories developed for the scattering
studies, for instance, by Watson [122], Kerman, Mec-
Manus et Thaler (KMT) [123], and the Glauber the-
ory [34].

— The G-matrix formalism [124-126], which was inten-
sively used for the scattering of a large range of nuclei.

Eur. Phys. J. A (2015) 51: 91

In the few-body reaction models [36,96], the calculations
are done using the assumption of an a priori cluster struc-
ture and reducing the possible degrees of freedom. The
cross sections (interaction, elastic, inelastic) are calculated
using the scattering amplitude decomposition on the var-
ious clusters of the nuclear system. In the case of halo
nuclei, these calculations usually consider an inert core
and valence nucleons. Few-body models were built to treat
more specifically the case of the light exotic nuclei [127],
for instance the 8He [97] and *!'Li proton scattering.

The validity of these approaches depends on the char-
acteristics of the system (like total kinetic energy, Sy, or
So, energies, relative mass between valence particles and
core) and due to the various assumptions corresponding to
an inert core and to frozen degrees of freedom (adiabatic
case), it is in general more adapted to a higher energy do-
main (typically above 100 A - MeV) and for loosely bound
nuclei. For the energy domain in which we are interested
in, ranging from 10 to 100 A - MeV, we prefer to adopt the
optical model approach, using a nucleus-proton interac-
tion deduced from the G-matrix calculations: the validity
of the Local Density Approximation (LDA) is assumed to
evaluate the optical potential for finite-size nuclei from
the nuclear matter calculations, whereas for other for-
malisms, the finite-range aspects are included from the be-
ginning of the calculations, to build the scattering model.
Within this G-matrix approach, it is possible to test var-
ious structure model assumptions and the radial densi-
ties provided by the nuclear theories, without any a prior:
on the composite structure of the nucleus. The nucleon-
nucleus potential used in this study is the microscopic,
complex and parameter-free JLM (Jeukenne, Lejeune and
Mahaux, from the authors’s names) potential [125,126]. It
is based upon infinite nuclear matter calculations and it is
built on the Reid hard-core Nucleon-Nucleon (N N) inter-
action, using the Brueckner-Hartree-Fock approximation.
An “improved” (with smoothing function) LDA is applied
to derive the potential in the case of a finite-range nucleus
of density p, with neutron p,, and proton p, densities; the
resulting potential can be written with local densities p(r).
The choice of the JLM potential was driven by two main
criteria: 1) it is complex, microscopic meaning that both
the real and imaginary parts of the potential are calcu-
lated, using the nuclear densities; and 2) because it was
shown since its birth in 1976, that it could give a good un-
derstanding of elastic and inelastic scattering for nucleon-
nucleus and successfully reproduce a large set of data in
terms of mass region and incident energies [128,129]. The
JLM potential was parameterized for incident nucleon en-
ergies up to 160 MeV. It depends only on the incident
energy E and on the neutron and proton densities of the
nucleus. In general, the normalization factors for the real
and imaginary parts, Ay and Ay, are introduced to adjust
the optical potential calculations to the data:

Usra(p, E)(r) = vV (p, E)(r) +idw W (p, E)(r), (15)

Ay and Ay are found close to 1 for all stable nuclei and,
for A > 20, it was shown that the JLM potential has to be
only slightly modified (less than 10%) to fit the nucleus-
nucleon data. It was also shown that usually in the case of
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light nuclei (A < 20), the data are better described adopt-
ing: Ay = 0.8 [128]; this was attributed to a correction
of the finite-range effect in the case of the light nuclei.
Below, the Ay = 1.0, Ay = 0.8 normalization is consid-
ered as the “standard” JLM for the light nuclei. 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 sect. 4.5.
In the general case of a collective description of the in-
elastic (p,p’) scattering, the transition potentials can be
expressed with the elastic potential U(p, E) as

U SU(p, E) ,,
Uitr;"el(ptr7E) - 5. = Lp?v

dr p (16)

As done in the case of the elastic potential, the LDA is
applied to transform the transition potential U;,(p!", E)
into Uifyf(r) = Ul (p!", E)(r) and it is folded with a Gaus-
sian form factor (usually with range ¢ = 1.2fm) to take
into account the finite-range properties of the interaction:

Utn(r) = ﬁ [ vt o). )
X exp {—(10;;,)2] dr’.

The U(r, E') and Ui{; (r, E) potentials can be generated us-
ing various sets of nuclear gs and transition densities. To
calculate the elastic and inelastic cross sections, the po-
tential form factors can be used in the DWBA framework,
for instance with the Tamura DWBA code [130] dedicated
to the form factors of the JLM potential. In general, the
Coupled-Channel (CC), coupled reaction channels (CRC)
frameworks can be useful and needed to understand the
interplay between various reaction channels, and the cross
sections are calculated using the reaction codes developed
to take into account the CC or CRC: the ECIS [131] or
the Fresco codes [132]. As explained in sect. 2.2 the calcu-
lated inelastic (p,p’) cross sections are sensitive to the M
factor, defined in eq. (7) as a combination of the M,, and
M, moments. The models of elastic and inelastic scat-
tering on proton, including the potential JLM through
DWBA calculations, were proven to be reliable to extract
the fundamental quantities such as M,, /M, without am-
biguity for the stable nuclei [129] as well as for the exotic
nuclei [133-135]. In sects. 5 and 6, the ®He(p, p’) calcu-
lations carried out using the DWBA or CRC frameworks
will be discussed.

4.4 °He gs densities within various structure models

To study the sensitivity of the proton elastic scattering
with the nuclear shapes of the matter distributions, vari-
ous density functions can be used to calculate the proton-
nucleus interaction potential and the elastic scattering.
For the calculations presented in sect. 4.6, we will con-
sider the following structure models:

— Densities from the HF corr model [72] discussed in
sect. 3. The halo effect with the spatial extension of the
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Fig. 6. Nuclear matter (top) and proton, neutron (bottom
panel) densities of °He within various frameworks: NCSM, HF
(with correlations) denoted as HF corr, few-body model (fc6).

neutron densities is taken into account in this model
via the So, adjusted at the experimental value.

— Densities from the 3-body model calculations, in the
version fc6 of ref. [36];

— Densities from the NCSM calculations, in the version
Vsett, 4hw (with fiw = 13MeV) [71].

We have selected the fc6 density which corresponds to an
energy of So, = 0.93 MeV, consistent with the experimen-
tal value. The rms radii are: r, = 1.94fm, r, = 2.78fm,
the corresponding rms values for the core extension and for
the valence neutrons are: 1.49 fm and 3.42fm. The mat-
ter rms radius is 2.53 fm, consistent with the value dis-
cussed in sect. 3.2 for the high-energy He + p data and
also with the value checked in the interpretation of the
SHe + '2C elastic scattering data [136]. The neutron, pro-
ton, and matter density distributions for these calculations
are compared in fig. 6.



Page 20 of 48

L "L W R L B
6 6 E

. p(He, He)p |
./A=25MeV oDUBNA 1
™ *GANIL |

~_~ =
E 10 W
= - QE
g1 L $T _sGANIL
%10"; F/A =383 MeV -\
= E ARTRIPE: |
.gm.z [E/A =71 MeV
SPILM e ]
10k L. sRIKEN -
— 0\ (X 100.

0 20 40 60 80 100 1 20 140

Oc.m. (deg)
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4.5 Coupling effects and Feshbach reaction theory

In an earlier work, we have shown [137] that the angular
distributions of ®He on proton are better reproduced with
a reduction of the real part of the JLM optical poten-
tial, corresponding to 20%. This is illustrated in fig. 7: the
worldwide set of SHe(p,p) elastic data, measured at pro-
ton energies from 25A to 73 A -MeV, is compared with
the calculations done using the JLM potential generated
with the fc6 halo-density. When the cross sections are
calculated with the standard (Ay = 1) entrance channel
potential, the data are overestimated. Reducing the JLM
real part with Ay, = 0.8, the calculations are in agreement
with the data, and this is observed for the whole range of
incident energies. The origin of this effect was discussed
in ref. [138]: in general, to calculate the interaction po-
tential for elastic scattering, one should include all pos-
sible virtual couplings between the gs and higher excited
states, or reaction couplings. These processes remove flux
from the elastic channel. This effect is negligible for stable
nuclei, but may become significant for weakly bound nu-
clei. In particular, for exotic isotopes with lower particle
thresholds, the coupling effects between the gs and the
continuum states are expected to increase. To understand
the effects observed in the elastic scattering in the case
of a weakly bound nucleus, it is useful to go back to the
general expression for the effective interaction potential
between a target nucleus denoted 7" and a projectile P.

As proposed by Feshbach in his theory and fully ex-
plained in refs. [139,140], the elastic potential may be de-
veloped with two contributions,

1
VOO( ( . ) Va’07
> E—H ,
(0 )2(0,0) 1€/ aa
(17)

where the sum is taken on all the possible excited states of
the nuclei. The first term Vg describes only the projectile-

UE = VOO + lim
e—0
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Fig. 8. Scheme of the virtual coupling potential arising from
the transitions during the elastic process as formulated in the
Feshbach’s formula (eq. (17)) expressed for the effective inter-
action potential between projectile P and target 7T'.

target PT interaction, for the 2 nuclei remaining in their
g8 ¢po and ¢y, the gs densities are folded with the effec-
tive in-medium NN interaction vy py:

Voo = (po®i0 | UNN | @podro)-

The second term of the Ug potential of eq. (17) was de-
scribed as a dynamical polarization potential (DPP) in
ref. [138], but here, we prefer to call it the Virtual Cou-
pling Potential (VCP), since it may arise from many pro-
cesses such as transitions to bound, unbound or contin-
uum states, coupling to transfer reactions. It is complex,
non-local and energy-dependent. It is illustrated in fig. 8,
with the parts corresponding to the transition terms Vjq,
Voo and between aa’. The ability of the G-matrix mi-
croscopic potentials to reproduce the elastic scattering is
observed when the influence of the coupled reaction chan-
nels is small, which is in general the case for stable nuclei
for which the imaginary part of the potential is enough to
account for the influence of the higher-order effects gen-
erated by the second term of Ug. The phenomenological
imaginary part obtained for the global potentials mainly
originates from this term. In the case of the proton-nucleus
elastic scattering, Vo may be represented by the JLM po-
tential, and the imaginary part of this potential accounts
for a part of the VCP. But in general, the low-lying thresh-
old coupling to reaction channels induces a modification
of the entrance channel potential. In various approaches,
starting from a microscopic density-dependent potential,
if the elastic data cannot be reproduced, whatever the
density inputs, it means that the reaction coupling effects
have to be included, either phenomenologically (modifi-
cation of the entrance potential) or microscopically (ex-
plicit treatment of the reaction channels coupling). The
discrepancies observed between experimental elastic cross
sections and the microscopic calculations [28] and the need
to reduce the real entrance channel potential, as shown in
fig. 7, are some examples for the phenomena of reaction
couplings. They have to be taken into account in the re-
action framework before discussing the sensitivity to the
structure inputs. In the case of the exotic nuclei, the in-
fluence of the coupling effects may be larger. For instance,

(18)
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due to the low particle threshold energies, the reaction
channels (p,d) (p,t) may be playing a significant role in
the reaction analysis of the (p,p) scattering.

The full exact microscopic calculation of the VCP re-
mains an open question: looking at eq. (18), it would re-
quire the precise knowledge of the spectroscopy of the nu-
cleus and of the transition strenghs to bound and con-
tinuum excited states. It is then difficult to evaluate and
is not taken into account in the usual optical model ap-
proaches. It was explained in refs. [141,142] that a complex
surface potential, with a repulsive real part, is expected
to simulate the surface effects generated by the VCP and
this corresponds to the reduction of the real part. If we
focus on the direct reactions induced by ®He, the first in-
dication was given in the analysis of the elastic scattering
of %He on '2C using double-folding potentials [136], and
in the analysis [137], with the microscopic JLM potential
of the SHe + p scattering measured at 71 [143], 38.3 [137]
and 25 A - MeV [144,145]: by reducing the real part of the
JLM potential, we have reproduced successfully the whole
set of data. As discussed in previous works about the elas-
tic scattering of ©:11Be(p,p) [146,147], it may occur that
the coupling to specific (p,d) channels has a deep influ-
ence on the elastic scattering. In the phenomenological
approach, this is seen by a modification of the elastic po-
tential, for instance a significant (20% decrease) change of
the real depth. In the coupled reaction channel framework,
the elastic data can be reproduced by coupling explicitly
the main channels contributing to the loss of flux of the
elastic channel.

4.6 Sensitivity of the (p,p) distribution to the density

To show the sensitivity of the elastic scattering to the rms
radii or to the density profile of the structure inputs, we
have used several sets of densities to generate the JLM po-
tentials at 38.3 A - MeV. First, in fig. 9, using the standard
JLM for light nuclei (A\y = 1, Ay = 0.8), we compare the
calculated cross sections. We have considered either the
microscopic densities, HF' corr or 3-body model fc6 with
rm radius of 2.22 and 2.5 fm, respectively; or the standard
density distributions:

— a density without neutron halo extension, obtained
with the simplest form for proton and neutron den-
sities of light nuclei; it is chosen as a Gaussian distri-
bution function,

p(r) = po * exp[—(r/a)’], (19)
the pg factor is normalized on the nucleon A number,
and a is adjusted to have the same 7, radius as the
HF corr one;

— a “stable-like” density with homothetical proton and
neutron densities: p, = (N/Z)pp, the proton density
is the one of HF corr case; in this case, the r,, radius
is 1.9 fm. This type of density corresponds to the usual
one of the light stable nuclei, for which the proton and
neutron densities have similar shapes in the N/Z ratio;
as a consequence the 7, r,, and ry, radii are equal.
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Fig. 9. Cross sections of the elastic scattering ®He(p,p) at
38 A - MeV. comparison of the standard JLM (Av = 1, Aw =
0.8) calculations done with various models for the densities:
(top) HF corr and Gaussian (Gauss) one with the same 7.,
radius of 2.2 fm and a “stable-like” one with r,,, = 1.9 fm; (bot-
tom) fc6 and HF corr.

The Gaussian density used for the (p,p) calculations
shown in fig. 9 (top) has the same shape for p and n and a
rms radius of 2.22 fm. Proton and neutron densities of *He
can be modelled with a similar Gaussian shape resulting
in the total matter density (rms of 1.46fm) which was
shown in fig. 1 with the fc6 matter density. Since the core
nucleus is considered as similar to the alpha particle in the
FB model for fc6, the calculated proton density of fc6 is
found close to the one of *He. For comparison, the r,, value
of the fc6 density is 1.94 fm, the one of the Gaussian used
for the test calculations of the (p,p) distributions is 1.9 fm.

If we consider the proton scattering distributions cal-
culated at 38 4 - MeV (fig. 9) and discuss the effects due
to the shape of the density, rms radii:

— In fig. 9 (bottom), fc6 and HF corr both have ex-
tended neutron densities, similar proton densities and
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differ by their rms radii by less than 0.3 fm; the differ-
ence in the angular distributions can be seen for an-
gles above 609, but in this angular domain, several
coupled-reaction channel effects may also play a role,
and would result in larger modification of the cross sec-
tions than expected from the change of rms or shape
needed in the input densities to reproduce the data.
Moreover, for angles > 607 ,, , the data are in general
obtained with larger statistical error bars. The angular
region on which we can rely on for our discussion of
the structure effects is the one between 20 and 607 ,,, .

— Between the stable-like case (7, = 1.9 fm), and the HF
corr densities (r,, = 2.2fm), the difference is observed
for the r, radii, (and the r,, radii) differing by 0.3 fm.
Between the HF corr with halo and the Gaussian-type
density (no halo), the densities have the same r,, and
different shapes and r,, radii.

For the quantitative discussion, to compare the calcu-
lated cross sections to the data, we will first apply the
prescription related to the global effect of the VCP on
the cross sections, using the modified JLM (with the re-
duced real part, as discussed in the previous section). The
results of these calculations done using several model den-
sities are presented in fig. 10. To discriminate between the
density models —with similar r,,, within +0.1 fm and dif-
ferent shapes and neutron r,, radii— we can see, in fig. 10
(top panel), that it is needed to extend the measurement
for c.m. angles above 80° with small statistical error bars
(< 10%); but, in this range, for incident energies of few
10 A - MeV, the cross sections are less than 1 mb/sr, and
usually the statistical error bars of the available data are
larger (specially for exotic beams, with small intensities).
Several shapes and extension for the rms radii were as-
sumed (fig. 9) but the ones which correspond to a sat-
isfactory agreement (in terms of y? minimization), from
20 up to 60°, are the HF corr and fc6, excluding the
“stable” density with r,, = 1.9fm (fig. 9(top), fig. 10);
angles between 20 and 407, are better reproduced by
the densities with the larger rms, around 2.5 fm, with a
sensitivity of £0.1fm. In this region, a direct effect of the
rms change can be observed on the magnitude of the dis-
tributions. From the comparison of the various shape/rms
of the densities, the data are well reproduced using the
densities associated to the neutron tail and the rms value
between 2.5 4+ 0.1; using the Gaussian density with the
same r,, value as for fc6 (fig. 10), we observe discrep-
ancies between the calculated distributions and the data,
even for the angular range between 40 and 607, , this
density is built with a proton density having the same
large rms radius, and this is not consistent with the data.

In summary, from the measurement of the (p,p) data
for angles between 10 to 807 ,,, , we can obtain insight onto
the 7, value and check which model densities give the
most consistent agreement of the calculated distributions
with the data for the different angular ranges. Quantita-
tive agreement in terms of x? mean-square value between
theory and data can be searched for the region where the
statistics is large enough (typically between 20 and 602, ,
where the cross sections are measured with error bars less
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Fig. 10. Cross sections of the elastic scattering *He(p,p) at
38 A - MeV, comparison of the data with the calculations done
using the JLM potential (Ay = 0.8, Ay = 0.8) with two models
for the densities.

than 10%). Through the comparison of the proton elas-
tic data with the various calculations, depending on the
rm radii, it is possible to estimate the r,, radius with a
sensitivity of +0.1fm. Densities with the same rms ra-
dius but different shape (for instance considering either
a halo-type density with neutron extension, or a compact
Gaussian-like density) would be distinguished via compar-
ison to data provided the measurement be done at large
angles, above 80¢,, . In this region, the statistical error
bars are larger; however, it may be considered for quali-
tative discussion on the shape of the density.

We can conclude that, in the case of the elastic “He+p,
in the energy domain between 254 and 100 A - MeV, the
angular distributions are well reproduced with a micro-
scopic potential computed with a realistic (in terms of r,
radius) ®He density, provided that the “bare” elastic po-
tential be changed, with a reduction of the real part. In
sect. 6.4, we will see that, for the 8He + p data at lower
incident energies, 15 A - MeV, the cross sections are larger
than 1mb/sr, even for the c.m. angles between 60 and
120°. In this case, the sensitivity to the neutron-proton
difference can be checked. In sect. 5.3 it will also be shown
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that the combination of the (p,p) and (p,p’) data can give
us an insight onto the r,, and r, radii.

5 Investigation of the ®He structure

5.1 Structure models for the interpretation of the
(p,p’) data

The SHe(p, p’) scattering data to the 2 state at 1.8 MeV
were measured at 40.9 [113] and at 24.5 A - MeV [145]. In
a first approach, the ®He(p, p’) angular cross sections will
be calculated using the JLM potential to generate the en-
trance channel and transition form factor potentials with
microscopic gs and transition densities from the NCSM

(sect. 5.2). In a second step, to test the density profiles and
the M), ,, values consistent with the data, we will adopt a
set of phenomenological densities (sect. 5.3).

5.2 Analysis of ®*He(p, p’) using NCSM densities

The He gs and transition densities included in the JLM
potential are the ones deduced from the One Body Den-
sity Matrix Elements given by the large basis NCSM cal-
culations [69,148]. In figs. 11 and 12, we test the gs and
transition densities predicted in the 10 hw NCSM [71,81]
with the characteristics given in table 8.

The solid curves are calculations using the JLM po-
tential with the reduced real part (Ay = 0.8), according
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Table 8. Characteristics of the He gs and transition densities,
binding energy |Ep| and excited state E, calculated within the
NCSM framework with 4 or 10hw space [70,71].

NCSM  E, Tm Tp Tn Ar
(MeV)  (fm) (fm) (fm) (fm)

4hw 25.65 2.12 1.78 2.27 0.49

10hw 26.7 2.18 1.76 2.36 0.60

NCSM  E, B(E2) M, M, M, /M,
(MeV) €2 fm*  fm? fm?

4hw 2.69 0.507 —-0.712 —6.58 9.2

10hw 2.63 1.056 1.027 7.729 7.5

to our prescription discussed in sect. 4.5, to simulate the
effect of the VCP. The transition form factor potential
is calculated with the transition densities corresponding
to a B(E2) value of ~ 1.06¢?-fm?* and to the ratio
|M,,/M,| = 7.5. This ratio is large compared to the value
(N/Z = 2) associated to a standard isoscalar excitation.

5.3 Interpretation of ®He(p, p’) using Tassie-form
densities

The single particle (SP) wfs which describe the nucleon
bound states were generated using W.S potentials for two
different options [113,149]. In the first, denoted as “non-
halo” case, the calculations were performed using SP w fs
as specified from the simplified shell model. In the sec-
ond, designated as “halo” case, the WS potentials were
adjusted [149], to produce the Op-shell binding energy of
2MeV, which is close to the experimental single-neutron
separation energy of SHe. The resulting ¢gs densities are
shown in fig. 13.

For multipolarity { > 2, a simple analysis of the (p,p’)
can be performed using: i) a simple isoscalar shape vi-
bration of the density, with the transition matter density
expressed as (0!, the matter deformation length),

tr,l

dpm
i (1) = =005

m™odr
this is referred to as the “Bohr-Mottelson prescription”
52];

ii) the phenomenological Tassie (hydrodynamic) form
[28] for the densities, for which the proton (p) or neu-
tron (n) transition density is obtained by derivating the
gs density pj(,) and it is written, with the multipolarity [,

(20)

d
Py () = —atyyr! 1 (21)

The proton density can be normalized with the aé by
requiring that its moment |, | should satisfy the eq. (7)
with the electric quadrupole transition probability B(E2).
For bound 27 states, the B(F2) value can be obtained by
Coulomb excitation measurements. |M,,| can then be de-
duced by adjusting the calculated (p,p’) on the data. A
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Fig. 13. Distributions of the proton and neutron densities
for the %He gs, calculated from the NCSM model using WS
potentials [113].

simple form may be adapted for the gs density, for in-
stance proton and neutron densities can be calculated us-
ing the 2 parameter-Fermi (2pF) functions, with integrals
normalized to the N, Z numbers and diffuseness and ra-
dius adjusted so as to mimic the microscopic densities of
fig. 13:

r— RS, -t
pon(r) = 0. [1 T exp {}] @)

Ap,n

In ref. [47], for the light stable nuclei, several nuclear den-
sity functions were tested and validated on the sets of
elastic scattering data. To have a realistic description, the
density function may be found close to a Gaussian shape,
with parameters adjusted on the microscopic structure
calculations done in an Harmonic Oscillator potential ba-
sis (e.g., ©7Li, ?Be), for nuclei better described with more
correlations and larger sizes of the wfs the 2pF density
function is widely used and can be adjusted on the struc-
ture characteristics (diffuseness, radius) found in the HF
calculations. The microscopic origin of the derived 2pF
functions and of their parameters was explained by Bohr
and Mottelson in ref. [52]. For instance, the '?C densities
can be modelled as 2pF, and they are used to describe
successfully the (p,p) data. By comparison of the (p,p’)
data with the JLM calculations, several configurations can
be tested for the gs and transition densities. We carry out
a set of (p,p’) calculations using the transition densities
with a Tassie-form generated from the (p) and (n) gs den-
sities shown in fig. 13, and noted as halo, or non-halo or
halotot. The characteristics of their rms radii values are
given in table 9: in the non-halo case, the matter rms ra-
dius r,, is equal to 2.2 fm, the halotot density corresponds
to a large extension of the neutron density (r, = 2.7 fm)
with r,, equal to 2.5 fm.



Eur. Phys. J. A (2015) 51: 91

Table 9. Rms radii of the matter, proton and neutron 2pF
distributions of °He used for the (p, p’) calculations.

SHe rm (fm) 7rp (fm) 7, (fm) Ar (fm)
Non-halo (pn) 2.17 2.00 2.24 0.24
Halo n 2.51 2.00 2.72 0.72
Halotot (p,n) 2.51 2.03 2.72 0.69

The interaction potential for the entrance channel
(elastic) is calculated using the JLM interaction and the
gs 2pF densities. The form factors needed for the DWBA
calculations of the (p, p’) scattering are obtained with the
various sets of transition densities. The following cases are
considered, with the M,, moment adjusted from the com-
parison between the data and the calculations:

— Tassie-type density non-halo, obtained from the gs
noted p, non-halo and n, non-halo. The M,, (defined as
in eq. (7)) is fixed to the value 1.77 fm?, correspond-
ing to the B(FE2) value of 3.140.6 €2 - fm* discussed in
ref. [150] and inferred from the experimental studies of
the °He Coulomb excitations. The M, /M, moment is
adjusted to reproduce the (p,p’) data which gives the
ratio M,, /M, = 2.75, corresponding to M,, = 4.85 fm?.
These calculated (p,p’) cross sections have the same
order of magnitude as the ones (non-halo) calculated
in the article [113].

— halo, obtained using Tassie-derivative form from the
2pF adjusted on the gs densities denoted p, non-halo
and n, halo. To reproduce the (p,p’) data, we have
to renormalize the neutron transition densities which
gives M, /M, equal to 4.4. The obtained value is then
M,, = 7.81fm?.

— halotot, density: the p,n transition densities are de-
duced from the gs densities p halo and n halo. The
p transition density is normalized to M, = 2.44 fm?
corresponding to a B(E2) equal to 5.94 2 - fm*. The
M, /M, value adjusted on the (p,p’) is equal to 3.2,
giving M,, = 7.80 fm?.

The various tested transition densities are presented
in fig. 14, and their characteristics are summarized in ta-
ble 10.

In ref. [113], it was shown that the experimental an-
gular distributions of the (p,p’) cross sections were in
agreement with the non-local calculations done using the
halo configuration for the structure inputs. Here within
a local optical model approach using the JLM potential
and radial densities, the calculations using spatially ex-
tended halo densities are in agreement with the data. The
findings of ref. [113] are confirmed and we also show a
realistic radial shape for the °He gs and transition den-
sities. These densities can be useful for further calcula-
tions of direct reactions induced by ®He based upon a mi-
croscopic density-dependent optical potential. Using this
simplified approach, it was possible to explore various test
cases for the shape and to vary the magnitude of the ra-
dial transition densities. In fig. 15, the dashed and solid
curves are calculations done with the JLM potential, using
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Fig. 14. Distributions of proton and neutron transition densi-
ties from gs to the 27 excited state of ®*He, obtained with the
Tassie method and adjusted as explained in the text.

Table 10. M, , moments of the °He densities tested in the
(p,p’) analysis, presented in fig. 14. They correspond to the
definition in eq. (7), B(E2,0T — 27) = ¢?|M,|>.

Density M, M, M, /M, B(E2)
Tassie fm? fm? e? . fm*
non-halo 1.77 4.85 2.75 3.14
halo 1.77 7.81 4.4 3.14
halotot 2.44 7.80 3.2 5.94

the prescriptions for the potential parameters: Ay = 0.8,
Aw = 0.8, discussed in the elastic analysis. The dashed
and solid curves correspond to the “non-halo” and “halo”
options, respectively. Within this analysis the comparison
with the data sets is in favor with the halo configuration,
as in ref. [113]. Moreover, within this local microscopic ap-
proach using the JLM potential, we can provide a realistic
shape for the neutron and proton gs and transition den-
sities, that can be easily compared to the ones calculated
for ®He within various structure theories.

Another test case was considered to illustrate the weak
sensitivity of the (p,p’) observables to the proton transi-
tion density and to the corresponding B(E2). The calcu-
lations using the “halotot” and “halo” densities are com-
pared in fig. 16, the only change between the two cases is
the proton density. The B(E2) value for the “halo” case
is twice the one of “halotot” but no significant change is
observed for forward angles, and the modification of the p
transition density does not affect significantly the (p,p’)
cross sections in the whole angular range covered by the
data.

A precise analysis including directly the effects of the
couplings to the continuum was done using the Coupled
Discretized Continuum Channels calculations (CDCC)
and a dineutron model for °He [151]. It was applied to
the SHe + p elastic, inelastic and transfer data measured
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Fig. 15. Comparison between the experimental and calculated (p,p’) cross sections for SHe at 24.5 A - MeV (data: full cir-
cles [145]) and at at 40.9 A - MeV (data at Ganil with the Must Detector [113]), considering two types of densities for ®He,

denoted as halo (thick red line) or non-halo (black line).
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Fig. 16. Experimental cross sections for 6He(p7 p’) from 0" gs
to the 27, at 40.9 A - MeV (data points from [113]) compared
to JLM calculations, one using a Tassie density noted as halotot
(red curve) the other is the halo one (black). These densities
are presented in fig. 14. The same neutron “halo” transition
density is included in these (p,p’) calculations.

at Dubna at 25 A - MeV. It helps in determining the influ-
ence of the coupling effects. From the explicit treatment
of the coupling, the microscopic origin of the VCP term
for 5He + p can be shown.

From these calculations, we can directly check the sen-
sitivity of the calculated (p,p’) cross sections with the
density-dependent form factors. First, we have checked the
validity of the reaction model calculations, by comparing

the elastic scattering data with the calculations done using
the optical potential, with no explicit coupling. As we have
seen before, the discrepancies indicate the possibility that
the reaction fluxes in the entrance channel are modified
by other processes. We may either treat these coupling
explicitly, if we have an insight into the main reaction
processes at play, or treat them phenomenologically: for
instance, in some cases, we can simulate these effects by
reducing the real part of the potential. This change of the
potential may be applied for the entrance potential of the
(p,p’) calculations. In the present stage of the calcula-
tions, if our goal is to test the structure inputs, we can
rely on a simpler approach for the potential and include
implicitly the coupling effects by applying our prescription
of the 20% of reduction, which was shown to be enough
to understand the data collected from 20 to 75 A - MeV
within an angular range from 15 up to 100¢,,, . However,
when it is possible, a better approach is to handle directly
and explicitly the coupled reaction channel calculations
to fix the coupling and to determine the microscopic ori-
gin of the potential. But the full calculations with (p,p’)
and (p,d) may turn out to be too complex due to the un-
known coupling strength that we have to introduce in the
complete coupling scheme. In the case of the *He data at
low energy, we will see in sect. 6.3 that this simplified ap-
proach for the coupling effects with a global reduction of
the real part, is not sufficient to reproduce the data. The
complete framework needed in this case will be discussed.

6 Investigation of the 8He structure via
(p, p’) scattering

To characterize the 8He structure, we will analyze several
data sets of 8He on proton, to check the consistency of our
structure inputs and reaction model framework:
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Table 11. Rms radii (fm) of the calculated gs ®He densities
discussed in the text.

Density Ref. Tp Tn Tm Ar
model fm fm fm fm
COSMA [43] 1.69 2.74 2.52 1.05
HF corr [72] 1.95 2.67 2.51 0.72
NCSM,3es [70,71] 2.00 2.59 2.46 0.59
NCSMcq [84] 1.88 2.80 2.40 0.92
NCSMinoy [84] 1.74 2.60 2.40 0.86
AMD-mb56 [65] 1.96 2.63 2.48 0.67
FMD [67] 1.97 2.67 2.53 0.70
COSM [90] 1.86 2.75 2.52 0.89
TOSM [91] - - 2.44 -
GSM11 [87] 1.88 2.77 2.58 0.89

— elastic scattering data 8He(p,p), measured at 32, 66,
73 A -MeV [143] and at 72 A - MeV [63], the JLM cal-
culations are discussed in sect. 6.2;

— the SPIRAL (p,p) data at 15.6 A - MeV [116]; the phe-
nomenological analysis is presented in sect. 6.3,

— (p,d) reaction channel measured at the same energy
[115]; it is included in the CRC analysis in sect. 6.4;

— inelastic data at RIKEN (p,p’) RIKEN at 72 A - MeV
[63]; it is calculated in the JLM framework in sect. 6.6;

— the (p,t) data at 15.6 A - MeV [117,118], and extended
(p,t) data set at 15.4 A - MeV [119], compared to cal-
culations in sect. 7.1.

6.1 8He structure models

The characteristics of the 8He densities calculated within
several theoretical frameworks are given in table 11.
COSMA is the density given by the 5-body model [43];
the results from the calculations done within the NCSM
framework, using the Vaer (4hw space, 13 MeV), CD Bonn
and INOY interactions, are noted NCSM, 30, NCSMcq
and NCSMj,., respectively. For the elastic data analy-
sis, the density sets from the COSMA, “HF corr” and
NCSM,30¢ models will be tested. and finally, a sum-
mary plot of the rms radii of this table, compared to the
8He(p,p’) results will be presented. The p, n, and mat-
ter density profiles given by the NCSMy 3.4 are shown in
fig. 17. The distributions for the 3 models are compared
in the plots of fig. 18, showing difference in the behaviour
of the core or tail densities between the compact « core of
the COSMA density (well seen in the matter density plot
in linear scale), and the larger n density produced by the
HF' corr model at large radii.

6.2 Analysis of the 8He(p, p) proton elastic data
measured at RIKEN

Elastic scattering data ®He(p, p) were measured at 32, 66,
73 A-MeV [143] at RIKEN, covering an angular domain
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Fig. 17. Densities of 8He in the NCSM model approach, cal-
culated as explained in ref. [83] using 3N effective interactions
and model space corresponding to 4hw (hiw = 13 MeV).

up to 602 . . It was obtained around 700 A - MeV [94] at
GSI at the most forward angles. As discussed in sect. 3.2,
the analysis can provide the matter rms radii but the data
set lacks sensitivity to establish the tail of the w f. The mi-
croscopic JLM form factors are used to generate the en-
trance and transition potentials using the densities shown
in fig. 18, with rms radii given in table 11. These densities
are obtained with different assumptions on the pn corre-
lations, which can be seen on their neutron-skin thickness
Ty, — Tp, given with the rms radii in table 11. In fig. 20,
we compare the 8He + p data at 72 A - MeV [63] with the
JLM calculations. The small difference of few mb/sr be-
tween the calculated cross sections cannot be separated
by comparison with the data, due to the large statistical
error bars at c.m. angles above 50 ,,, . To investigate the
sensitivity of the angular distributions to the microscopic
parameters of the reaction analysis, like proton and neu-
tron densities, data up to c.m. angles around 90¢,, are
needed with enough statistics to obtain error bars below
10% in this region.

6.3 Discussion of the 8He(p, p) at 15.7 A - MeV

The data set obtained at 15.7 A - MeV [116] at GANIL
has a large angular range, from small forward (20°) to
(110¢,,.) angles, which gives the possibility to have a
deeper understanding of the characteristics of the entrance
potential and to make tests of the density inputs. The
JLM potential is calculated with the various density sets
used for the analysis done at 72 A - MeV, with the stan-
dard normalization factor of the imaginary part Ay = 0.8
(prescription of the LDA for the light nuclei), and with
the normalization factor of the real part Ay, = 0.8, to take
into account the modification of the potential due to the
weakly bound nature of the light nuclei, as explained pre-
viously in sect. 4.5. As illustrated in fig. 21, the (p,p) data
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Fig. 19. Data for the elastic scattering *He(p, p) between 25

and 100 A - MeV, from ref. [143]. (The cross sections at 32 and
73 A - MeV were multiplied by 10 and 0.01 respectively.)

is not reproduced when we reduce the real part of the
entrance potential (top plot), contrarily to the situation
encountered for the other data set at higher energies. The
data cannot even be reproduced by changing both the
real and imaginary parts of the JLM potentials: a search
on the normalization parameters Ay and Ay was made
to obtain the best agreement with the data, for the vari-
ous JLM calculations done using the but the most forward
angles cannot be reproduced (right plot). If this part of
the angular distributions, for angles between 20 and 35, is
treated separately for the search, it would require change
of the parameters by more than 40% (like Ay > 1.5 and/or
Aw < 0.5), but then the data beyond 359, are not re-
produced. If we adopt a stronger Ay value, we could re-
produce the larger angles but not the small angles. The
forward and backward angles are not reproduced by any
(Av,Aw) combinations, showing that the required po-
tential does not correspond to the modifications of the
real /imaginary parts with a global reduction or increase
factor. This is a signature for the strong coupled reaction
channel effects that we have to take into account explicitly
in the interpretation. The renormalization is only the way
to simulate coupling effects of repulsive nature (for a VCP
acting mainly on the real part) or stronger absorptive ef-
fects (producing larger imaginary parts).

The renormalization factor found for the energy regime
above 25 A - MeV was roughly satisfactory (sect. 4.5, fig. 7
for SHe and figs. 19 and 20 for ®He). It has to be under-
lined that that same increase of cross sections at the most
forward angles was observed in SHe(p,p) at 38.3 A - MeV
(fig. 10); this increase is beyond a simple renormalization
of the real /imaginary entrance potential. Here, to describe
the angular distributions obtained at lower energies, and
with a wider angular extension up to 110¢,, , the simple
modification of the potential, with the renormalization
factor, is not enough to account for the coupling effects
induced by the virtual coupling potential (VCP). Now,
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Fig. 20. Cross sections for the elastic scattering *He(p, p) at
72 A - MeV, comparison of the RIKEN data from ref. [63] with
the calculations done using three models for the densities.

we need to decipher the origin of this VCP, and to find
explicitly the reaction coupling effects which produce the
deep change onto the entrance potential. It means that the
interpretation should go beyond the initial optical model
inputs and would require a change in the reaction model
itself, to include the strong coupling effects induced on the
8He + p system at 15.7 A - MeV. The understanding of the
shape of the angular distributions and of the modification
of the OMP will be obtained within the CRC model dis-
cussed in the next sections; the microscopic origin of the
phenomena will be explained, and the corresponding “re-
alistic” entrance channel potential —which gives a good
description of the data on the overall angular range— will
be extracted.

6.4 CRC approach of the 8He(p, p) at 15.7 A - MeV

In the kinematical spectrum of fig. 5, the observed rela-
tive yields for the elastic and the inelastic scattering to the
2% and for the (p,d) and (p,t) reactions shows that the
transfer (p,d) data is of the same order of magnitude as
the elastic data for the forward angles. For nuclei close to
stability, the large S, So, thresholds give large negative
Q@-values for the 1n (p,d) and 2n transfer (p,t) reactions.
For weakly bound nuclei, the positive (or close to 0) Q-
values may enhance the coupled reaction effects: QQ-values
for ®He(p,d) and (p,t) are at —0.31 and 6.36 MeV respec-
tively. This corresponds to the large yields of the (p,d) re-
action we found (fig. 22), above 10mb/sr for angles below
557 .., larger than the elastic cross sections. Previously,
various data sets were available for (p,p’) scattering at
72 A - MeV [63], (p,d) transfer reaction at 354 [152], (p,t)
at 61.3 A-MeV [153], but these transfer reactions were
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Fig. 21. Elastic scattering *He(p,p) at 15.7A-MeV; the
SPIRAL-MUST?2 data [116] are compared to the JLM calcula-
tions done using three different densities, and the following nor-
malized factors for real and imaginary parts: (top) parameters
Av = 0.8 (for weakly bound nuclei) and standard Aw = 0.8;
(bottom) calculations done with the potentials resulting from
a search on Ay and A\w, made to reproduce the data.
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measured each time with different beam incident ener-
gies, without the elastic data. All these data were found
consistent with the COSMA model, but they were not
complete in terms of angular range and reaction channels,
moreover the analysis in refs. [152,153] was carried out
using the limited DWBA framework. Having both (p,d)
and (p,t) data measured with the (p,p) at 15 4 - MeV, it
is possible to investigate the coupling effects between the
transfer and the elastic reactions.
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Fig. 22. Experimental cross sections for the 3He(p,p) elas-
tic [116] and ®He(p, d) transfer [115] at 15.7 A - MeV to "He gs.

The microscopic densities for 8He were tested by cal-
culating the (p,p’) scattering in the CRC approach. The

cross sections for *He +p at 15.7 A - MeV were calculated
using the JLM potentials and various density sets: the ab
initio NCSM [83], the HF corr and the COSMA ones. As
shown in fig. 21, the elastic data are well reproduced by the
calculations with the NCSM and the HF corr densities;
the larger angles are not reproduced using the COSMA
densities. At low energy, the order of magnitude for the
cross sections at large angles (> 502, ) is higher (around
mb/sr) than it is for higher incident energies. This is com-
bined to the good statistics of the incident beam. With
small statistical error bars and the large c.m. extension of
the elastic scattering data, we can observe the sensitivity
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of the cross sections to the shape of the densities at an-
gles around 70¢ ,,, and it allows us to distinguish between
the three cases, which was not possible at higher energies.
This comparison shows that the 8He is better modeled by
a neutron-skin with r, — 7, ~ 0.6 fm rather than 1fm.
It means that the proton-neutron correlations needed to
describe correctly the 8He structure are different from the
ones assumed in the COSMA model.

6.5 Effective potential of the 8He(p, p) at
15.7A - MeV

In principle, according to the Feshbach theory described
in eq. (17), we can describe the effective potential for the
elastic scattering as one term corresponding to the bare
elastic scattering with no coupling to excitations and reac-
tions, and one arising from the coupled reaction channels.
The main effect which can be evaluated from the 8He data
set is the (p,d) coupling onto the (p,p). This effect is size-
able on our measurement of the observables: in fig. 22,
we can see that the one-nucleon cross section has a large
order of magnitude, (10-50) mb/sr, in the angular range
between 10 to 502, similar to the elastic process. We
can also observe a significant discrepancy of few 10 mb/sr
between elastic data and the calculations done using the
optical model approach and microscopic potentials for the
entrance channel. This effect of the p — d — p coupling was
also studied in the case of the (p,p) elastic scattering of
stable nuclei like '2C or Mg and discussed for the unsta-
ble 19Be. The effective potential term arising from the p-d-
p coupling can be extracted from the elastic cross sections
using the S-matrix inversion, as explained in ref. [154].

This full effective potential of the entrance channel for
8He + p was obtained by inverting the S-matrix (details
were discussed in ref. [116]) obtained from the CRC cal-
culations which take into account the (p,d) coupling onto
the (p,p) elastic scattering. As a consequence, the poten-
tial can now be written as (we denote real potentials with
V and W for imaginary ones):

Ucff — VJLM T iWJLJV] + VS“]OLM 4 yere + iwere + Vscgc

The JLM potential calculated for the ®He + p reaction
is shown in fig. 23. In fig. 24, the CRC calculations (solid
line) reproduce the elastic scattering using the bare JLM
potential; for comparison, the calculation done using the
same bare potential but without coupling is shown with
the dotted line. The difference between both is due to the
coupled reaction (p,d) effect which produces the change of
the real and imaginary parts of the entrance channel po-
tential shown in fig. 25. In principle, the full effective po-
tential which should be used to reproduce the elastic scat-
tering corresponds to the sum of the VCP shown in fig. 25,
with the bare potential: Ay V/EM 4 i\, WI/EM VSJOLM
(Av = 1.0 and A\ = 0.2). Without the coupling effects,
if we keep the initial JLM potential (fig. 23) or even mod-
ify the real and imaginary parts (fig. 21, bottom side),
the elastic data is not reproduced. Mainly, the effective
potential generated within CRC produces: i) a change of
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Fig. 24. Coupling effects of the (p,d) on the elastic scattering
8He(p,p) at 15.7 A - MeV. The calculations and potentials are
discussed in the text.

the real potential (adding VCP real term), ii) a change
of the imaginary potential corresponding to a large frac-
tion of the imaginary part usually calculated within the
JLM framework. With the CRC coupling, we only need to
keep 0.2W7EM (fig. 24) and the remaining of the effective
imaginary part is given through the (p,d) coupling.

In a further step, as will be explained in sect. 7, in-
cluding also explicitly the (p,t) reaction with (p,p) and
(p,d) in the coupled reaction scheme, we will see that all
the data can be well reproduced [117].
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Fig. 25. Potential (VCP) obtained in ref. [116] created by the
coupled reaction channel effects due to the one-neutron (p,d)
transfer onto the elastic scattering SHe(p, p) at 15.7 A - MeV.

Table 12. Parameters of the CH89 potential for the *He(p,p)
scattering at 72 A - MeV. The real part was normalized by a
factor N, = 0.8 following the discussions given in the text.
The radii are the reduced ones. The R value is fixed to 1.3 fm
for 8He.

U N.xV, 1,
MeV fm

Wy
MeV MeV fm fm

WS Tw Tso

8He  30.66 1.137  7.042 5.349 1.120 0.74

6.6 Analysis of 8He(p, p’) at 72A - MeV

To discuss the extraction of the multipole moments and
the test of the B(E2) value using the (p,p’) data with the
analysis of the proton elastic and inelastic scattering of
8He, measured at RIKEN at 72 A - MeV [63], we will com-
pare the results obtained using the two approaches dis-
cussed in sects. 4.2 and 4.3, the one with phenomenolog-
ical deformed potentials and the model with microscopic
density-dependent potentials.

In the first approach, the ®He+p potential is calculated
using the CH89 parameterization, with the prescription
discussed in sect. 4.5 about the reduction of the real part
of the potential. The parameters are given in table 12.
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Fig. 26. Cross sections for the *He(p, p’) at 72 A - MeV, com-
parison of the data [63] to the calculations done with the de-
formed CHS89 potential.

We present in fig. 26 the curves calculated with the
ECIS coupled-channel analysis code [131] using the CH89
and the deformed potentials, assuming, as in ref. [63], that
the deformation lengths for the nuclear and Coulomb po-
tentials are equal. The extracted value is of the order of
b. = 0.3. With ro = 1.3fm, b. corresponds to a B(FE2)
value equal to 0.9 e? - fm?. In ref. [155], the predicted val-
ues for the unmeasured B(E2) are given from the trend
indicated by the “Global best fit” using the energies of
the 27 states: from the 2] at 3590keV, the B(E2) value
is indicated as: 7.2 (1.3) e? - fm*. However, this indication
may be valuable in the case of discrete bound states for
stable nuclei or close to the valley of stability; in the case
of weakly bound nuclei having an unbound nuclear states
and large matter radii, the value may be strongly overes-
timated.

For stable nuclei or close to the stability, the proton
and neutron densities can be considered as homothetical
and in the case of processes of small amplitudes, at en-
ergies between 10 to 100 A - MeV, the inelastic reactions
involving stable nuclei or close to the stability were suc-
cessfully described with the deformed potentials, assuming
equal deformation length for proton and neutrons and sim-
ilarly for the nuclear and Coulomb parts, with § = oy =
dc. But for nuclei with a large N/Z ratio, these assump-
tions are put under question, and a priori the values of the
deformations of the nuclear and Coulomb potential parts
should not be considered as equal, and as well the proton
and neutron excitations cannot be taken as equal in the
(p,p’) studies. An independent extraction is needed, but,
even in this case, in the next step, assumptions about the
shape and nature of the excitations are needed to estab-
lish the relationships between the nuclear and Coulomb
deformation lengths expressed with the b,,, b,, in the case
of the phenomenological deformed potential model.

Eur. Phys. J. A (2015) 51: 91

Table 13. Moments and radii of the ®He densities used for
the (p,p’) calculations with the definitions of the M, , values
indicated in the text and in eq. (7).

Density M, M, M, /M, B(E2)
fm? fm? e? - fm*
4hwVses 0.501 6.67 13.3 0.251
Tassie 1.00 5.0 5. 1.
densvv 0.5 3.65 7.3 0.25

However, a microscopic density-dependent optical po-
tential approach is required for a direct access to the am-
plitudes of the proton and neutron excitations via (p, p’):
in the calculations, they can be expressed with several
sets of the theoretical proton and neutron transition den-
sities and these inputs can be tested by comparison to the
(p,p’) data, also the range of (M, M,,) values consistent
with the (p,p’) data can be extracted, and the relationship
between the integrated M,,, M, moments can be checked.
It is important to note that the sensitivity of the (p,p’) to
the B(FE2) is weak because the (p,p’) is dominated by the
neutron excitation (there is a factor 3 between the inter-
action strengths of the neutrons and protons as shown in
table 1); moreover, in 8He, as seen in ®He, the small sep-
aration energies of the neutrons combined to the neutron
ratio favour the contribution of the neutron excitations. If
now we consider the b, value equal to 0.1 (corresponding
to B(E2) ~ 0.1 €2 - fm*) it is possible to describe also the
(p,p’) data, by taking different deformation strengths for
nuclear and Coulomb parts, with the second curve. Since
the B(E2) to the 2] unbound state is not known experi-
mentally, both the range of the M,, and M,, values associ-
ated to the proton and neutron transition densities should
be searched, by comparing (p,p’) data and calculations
with various sets of transition densities, either given by
theories or built to reproduce the data. The NCSM tran-
sition densities from 0% gs to 27, based on realistic NN
and 3N interactions [70,71] are used below as a starting
set for the (p,p’) calculations. In fig. 27, the NCSM Viog
p, n transition densities p;fn are compared (second and
third plots) to the density set noted “densvv” and to the
Tassie-type densities, both built to reproduce the (p,p’)
data (fig. 28) with various B(E2) values and M, /M, ra-
tio. The parameters M, B(E2) and M,, of these sets are
displayed in table 13.

6.7 Sensitivity of the 8He(p, p’) to the M, and M, at
15.7A - MeV

The (p,p’) calculations were made at 15.7 A - MeV using
the two density sets Tassie and densvv of table 13; they
are presented in fig. 29. As a test case to illustrate the
weak sensitivity of the (p,p’) process to the proton tran-
sition density and to the related B(FE2) transition strength
value, the calculations were also done with various values
for (M, M,) moments, the curves are shown in fig. 30.
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Fig. 28. Analysis of the inelastic scattering *He(p, p’) at 72 A - MeV.

Keeping the same M, value (equal to 3.5) and varying
the B(E?2) from 0.25 to 1 €2 - fm* the corresponding curves
(black full, thick dotted one) do not differ by more than
0.2mb/sr. The variation of the (p,p’) cross sections are
significantly large (nearly 20%) from red to thin dotted
lines with the variation of the (M,,)? value of 20%. For the
(p,p’) studies to unbound states, disentangling between
the two cases are beyond the possibility of our present ex-
perimental technique from the point of view of both the
statistical and the systematical error bars (due mainly to
the background subtraction, and to the uncertainties re-
lated to the target thickness and energy straggling).

7 Discussion of the configurations obtained
from the 1- and 2-n transfer reactions

7.1 Analysis of the (p,t) reactions using the 8He beam

Initially, the wf of 8He was built in the COSMA model
as the simplified « + 4n corresponding to a pure (1p3/2)4
structure. From the analysis of the angular distributions
for the ®He(p,t)%He reactions to the *He gs and 27 state at
15.4 A - MeV (E405S data shown by the crosses in fig. 31),
it was shown that the 8He g¢s also includes the (1p3/2)2
(1p1/2)2 neutron configuration [117]. Using the same con-
figuration mixing, it was shown in ref. [117] that the (p,d)

and (p,t) reactions available in the literature, measured
at 504 [152] and at 63 A-MeV [153] (with an angular
range from 5 to 302, for the cross sections) could be
also interpreted consistently and well reproduced within
the CRC framework. The mixing between (1ps /2)2 and
(1p1/2)? states is consistent with the findings of the dineu-
tron configurations obtained within various recent theory
frameworks: AMD and HFB models. Within the AMD
approach, the ground and excited states of ®He were cal-
culated [65] and it was shown that the mixing of the gs
of 8He has both the j-j (with p3/2 closure) and the L-S
(“He + 2n + 2n) coupling features. By studying the mo-
tion of four neutrons around the *He core solved by su-
perposing the wfs of AMD [65], the mixing of dineutron
components in 8He gs were also found. Within the HFB
approach, using a a-core+4n model for ®He and a density-
dependent (DD) contact interaction between the valence
neutrons, a strong dineutron correlation was also found in
ref. [76], and the probabilities of the neutron configura-
tions in the gs wave function are indicated to be: 34.9%
of (1p3/2)* and 23.7% for [(1p3/2)?, (1p1/2)?]; other minor
contributions are 10.7% for [(p3/2)?, (d5,2)?] and 7.8% for
[(51/2)27 (P3/2)2]-

The calculations are also consistent with the extended
data set results of E525S discussed in ref. [119] and pre-
sented in figs. 31 and 32. The (p,t) reactions were mea-
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sured to the new states, found above the known 2f, at 2.6
and 5.3MeV; (p,t) calculations were carried out for vari-
ous angular transfer momenta and the ones corresponding
to the best fit of the data are shown in fig. 32, correspond-
ing to L = 2 and L = 1, respectively.

7.2 Spectroscopy of 58He

The comparison of the (p,p’) results for the 5®He spec-
troscopy with the calculations is also useful to check the
correlations proposed by the various models. As explained
in sect. 4, the new spectroscopic data of ©®He were ob-
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tained using the missing mass method, from the direct re-
actions induced by the SPIRAL 8He beam on proton tar-
get. The full analysis of the F, spectra and the extraction
of the SHe resonances are explained in ref. [119]. The dis-
tribution of a resonance with the energy Fr and intrinsic
width I'r can be defined as a Breit-Wigner parametriza-
tion:
1 I'r/2
)= 2 5= B + T2

(23)

In the analysis of the excitation energy spectra populated
by the direct reactions, the distributions of the resonances
are modelled as Breit-Wigner functions of width I folded
with a Gaussian function, to take into account the spread-
ing due to the experimental resolution, estimated of the
order of 610 up to 720keV (FWHM) for the (p,t) reac-
tion. For ®He, the resonant states were populated from
the SHe(p,t) reaction [119], above the known 27 state,
obtained at 1.8(2) MeV, I' = 0.1 £ 0.2MeV (consistent
with the state at 1.8 MeV with I' = 113keV of the lit-
erature), two new resonances were observed: at E* =
2.6 + 0.3 MeV, with an intrinsic width I' = 1.6 = 0.4 MeV
and at 5.3 £ 0.3MeV with I" = 2 £ 1 MeV. correspond-
ing, using the reaction analysis explained in sect. 7.1, to
a 2% and to a L = 1 state, respectively. For ®He, the
E, spectrum was obtained from the (p,p’) scattering in-
duced by the 8He beam and measured with the MUST
array [118]. The first two resonant excited states of ®He
were obtained, the 2] found at 3.62 & 0.14 MeV (width
0.3£0.2MeV), and the other one found at 5.4 + 0.5 MeV
(width 0.5 £ 0.3MeV) [118]. In figs. 33 and 34, the spec-
troscopy for the He isotopes is presented, with the char-
acteristics of the excited states below 10 MeV. The fig-
ures include our results and the data of the literature,
in comparison with the calculations of the nuclear struc-
ture theories already discussed, and to the most recent
ones. The values for the S,, energies correspond to the re-
cent evaluations (AME2012), given in table 2; for SHe it is
1.71 MeV*. For 5He, the previous data were obtained from
multi-nucleon transfer reactions in refs. [156-160]. The ex-
citation energies were computed in ref. [21] within the
GFMC framework, using the 2N (AV18) and 3N (IL2) in-
teractions with parameters fitted to provide accurately the
binding energies of %®He. But this model cannot provide a
description of the resonance parameters. The spectroscopy
of 8He was calculated in the NCSM framework with sev-
eral versions of the nuclear interactions and size of the ba-
sis space adopted for p-shell nuclei [69,148] and also using
CD Bonn N N-potential (2000) [84] or new TNI interac-
tions [70,84]. However, the binding energy in this model is
underestimated (as was shown in table 3). In fig. 33, the
NCSM Vzoi refers to the NCSM results obtained with the
NN AV8 and the TNI TM99 interactions (in 6hw space,
hw = 14MeV), given in ref. [70], providing an improved E
value, at 28.19 MeV. In all these calculations, the NCSM
standard framework can provide the spectroscopy for dis-
crete states, but not for resonant states.

* Tn the article [119] presenting the ®He spectroscopic results,
the plot was shown with the AME2003 value S,, = 1.86 MeV.
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2.6 MeV, and a L = 1 state, possibly 17, at 5.3 MeV.

In fig. 34, the SPIRAL-MUST (p,p’) results [118] are
presented with the RIKEN ones at 72 A - MeV [63], and
the measurements using invariant mass method: the value
we found for the 2] state is consistent with the previous
(p,p’) data, and with the multi-nucleon transfer data ob-
tained at HMI, in 1995 and 1999, respectively [161,162],
or with break-up [163] reactions obtained at GSI (1995).
It is found in contrast with the other GSI data given in
ref. [164] (2001).

The resonances predicted by various ab initio theo-
ries, like the QMC calculations [21] or the NCSM [70,83],
overestimate our results for ®®He. The crucial role of
the continuum correlations and of the coupling of the
bound and the scattering states, missing in most of
these approaches, might explain why these theories fail
in reproducing the unbound states. The low-lying spec-

troscopy is modified by these couplings. In the models
treating them explicitly, like the GSM [25, 26], through
the consistent description of the bound states and of
the particle continuum, the gs of 6®He are found bound
by the CC correlations, and the position of their 2
state is well predicted. To discuss the resonant excited
states of 98He, we examine the calculations given by
the models which include the treatment of the reso-
nant states: the GSM framework [25, 27, 87] and re-
cent GSM with effective interactions for SHe [86], the
COSM [88,90] and TOSM [91] models, and the NCSMc
model including the CC' treatment with RGM [92]. In
the CSM [85], which includes also the particle contin-
uum effects, the predictions for the first two resonant
states are consistent with our data for 8He, but not for
6He.
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Several calculations were done for *He within the NC-
SMc model. One was developed to investigate the "He
resonant states in ref. [92], adopting the procedure of
the similarity-renormalization-group (SRG) evolved chi-
ral next-to-next-to-next-to-leading order (N3LO) NN po-
tential; in this case, with the SRG parameter A =
2.02 fm ™!, realistic binding energies were obtained for “He
(28.0MeV) and ®He (28.6MeV), using the NCSM ba-
sis size of 12h62 (hf2 = 16 MeV). However, as shown in
fig. 33, the calculated states are found at larger energies
compared to our experiment and to the results obtained
within GSM technics. The sensitivity of the results to the
parameters can be discussed: another NCSM+RGM cal-
culations were done for ®He, also within the SRG-N3LO
NN framework, but using A = 1.5fm™! [165] and 13h{2
space (h{2 = 14 MeV); in this case the excited states were
found at lower energies than the previous calculations, but
5He was underbound, with S, found at 0.43 MeV. Both
effective interactions and C'C' coupling, as in ref. [86] for
the GSM, are needed to reach a qualitative agreement with
the He spectroscopy. On the other hand, the AMD-m56
calculations [65] provides a satisfactory understanding of
the spectroscopy for both excited states in ®He, this im-
provment may be attributed to the accurate treatment of
the neutron correlations and excitations. The characteris-
tics of the resonant states and the level spacing both for
6:8He are very sensitive to the nucleon correlations used
in the various frameworks, and progress is expected in the
theories to include on the same footing the realistic inter-
actions and the C'C' effects, without any core assumption
and with good properties of diffusivity for the basis func-
tions (for instance, WS functions instead of the Harmonic
Oscillator ones used in the NCSM).

8 Conclusions, summary and perspectives

The results for the rms radii and moments obtained from
the (p,p’) data can be now be compared with the struc-
ture calculations done within several microscopic models.
We would like to discuss and confront the descriptions
given by the approaches with ab initio type interactions,
by the models which assume a core or by microscopic mod-
els which do not limit a priori the degree of freedom and
the many-body correlations of the nucleons forming the
nucleus, or by the frameworks with C'C' treatment.

8.1 Conclusions on the densities and on the
correlations

8.1.1 Rms radii

Through the comparison between the models, and the re-
sults from the ®He direct reactions, and using the rp radii
available in the literature, we have obtained the range of
rms radii presented in table 14. In figs. 35-37, we present
an overview of the rms radii for #%8He, with the val-
ues obtained experimentally and calculated within various
frameworks. The plot for the rms radii of *He is included,
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Table 14. Summary of the rms radii for ©®He extracted from
the (p,p’) analysis presented in this article. The error bars
reflects the sensitivity of the (p,p) data to the tested densities.

A T'm T T'n Ar Ar/rm
A fm fm fm fm

SHe 251 (5) 2.00(5) 2.72(7) 0.72(8) 0.29 (12)
SHe 2.50 (5) 1.95(5) 2.67 (7) 0.72(8) 0.29 (12)

because it is meaningful to check to which extent the same
models, with various assumptions for the interactions and
correlations, may describe consistently and accurately not
only the rms radii for the weakly bound %®He isotopes but
also the strongly bound and compact *He nucleus. For the
“He, the r,, value can be extracted (see the red square in
fig. 35) using the r, radius (experimentally well deter-
mined via the (e,e) probe, see last value r,, extracted
from 2008 evaluation of r.) and it is useful to note that
the r,, value from the o cross sections is overestimated,
and unconsistent also with the calculations.

For 58He, in the rectangle frame of the figures, we give
the values obtained from the (p,p’) analysis presented in
this article, using as constraints: i) the experimental sepa-
ration energies; ii) the proton rms radii deduced from the
laser spectroscopy measurements (left part of the plots),
and iii) the matter rms radii tested on the (p,p) elastic
data. We have selected the models providing values close
to the experiment ones and, from the (p,p’) analysis, we
have tested several sets of nuclear density distributions
given by the model calculations; finally we have deduced
the r,, and 7, radii values shown in the red frame of
figs. 36 and 37. The rms radii of the models discussed in
this article are shown in the right part of the plots; large
ranges of r,, values (see tables 6-11) can be seen, strongly
dependent on the NN correlations and interactions used
in the various theoretical frameworks. In conclusion of this
work, we can now discriminate between the various mod-
els, and provide the rms radii values consistent with the
observables of %®He.

As can be seen in fig. 36, for %He, the r,, and r,, are
underestimated by most of the models. Amongst the sev-
eral densities generated by the FB models the fc6 density
is closer to the data because it was selected as the one
with the Sy, value closer to experiment. Within the FB-
reaction model of refs. [96,97], the reanalysis of the reac-
tion observables —o; and the proton scattering of 6-3He at
large (700 A - MeV) incident energy— gives r,,, radii values
in agreement with the radii found in the (p,p’) analysis.

For 8He, we have obtained AR > 0.5, corresponding
to the criteria of the halo or neutron-skin. The observables
of the 7,,, radius and of the weak Sy, energy for *He were
found consistent with the neutron-skin structure assumed
for this nucleus within the few-body [36] and the 5-body
COSMA model [43]. But other observables and analysis
show that this picture is limited and does not correspond
to the neutron extension in the 8He nucleus.
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Fig. 35. Values of the rms radii obtained for *He from electron scattering, muonic He experiments, interaction cross sections
and (p,p) data. The matter rms values of the microscopic models discussed in the text are given in the frame to the right. The
charge, proton and matter radii are given with the star and triangle (down, up) symbols, respectively. The experimental values
for the 7, matter radii and for the charge (and r,) are given in tables 5 and 7. The r,, values and references for the model
calculations are given in table 6; AMD is for AMD-m56 [65]; NCSM Vser, CD and INOY correspond to the calculations done
for the p-shell nuclei using several interactions: effective 3-body one in ref. [70], CD Bonn 2000 and 3N F' described in ref. [84],
respectively; HF corr from ref. [72], FMD given in ref. [67], COSM is explained in [90], and GSM in [87]. The dashed magenta
lines correspond to the range of the experimental 7, values consistent with the updated evaluation of data sets using the EM

probe [44], to be compared to the theoretical ones.

From the analysis of the ®He(p, p) and (p,t) within the
CRC framework, we have obtained that the (p,p) data
could be described using the 8He g¢s densities predicted
by the NCSM model, with neutron-skin features different
from those proposed by the COSMA model. It means that
the ®He gs has a larger r, radius and a smaller neutron-
skin thickness than assumed in the o + 4n model. This is
consistent with the ®He gs investigated via the (p,t) reac-
tions, showing that the gs includes not only the (1ps /2)4
but also the (1ps/2)? (1p1/2)? neutron configuration [117].
Moreover, the elastic data are reproduced by the calcula-
tions performed with the 8He +p JLM potential including
the gs densities given by the NCSM model [70, 71]. It is
not the case with the COSMA densities. We found gs den-
sities having similar characteristics (in terms of rms radii)
as the ones calculated within the HF model [72] and pre-
sented in sect. 6. Both the r,, radii discussed in our anal-
ysis and the mixing (p3/2) (p1/2) in the ®He gs are strong
constraints to validate or not the nuclear models; from the
overview of the microscopic calculations, it is interesting
to note that the models providing consistent values and
configurations for 8He are the ones describing quantita-
tively the dineutron correlations as in the HFB combined
to 5-body model [76] or with the configuration mixing in
AMD [66]. Nevertheless, the value of the rms matter ra-

dius calculated in ref. [76], 3.23 fm, is not compatible with
the experimental one; it is also inconsistent with all the
other theoretical values. The reason why such an unre-
alistic r,, radius is obtained may be explained [166] by
scrutinizing the various shell model configurations found
in the HFB gs wave function for ®He in ref. [76]; the prob-
ability of these configurations were given in sect. 7.1. The
HFB model is built with the constraint on the value of
the core +4n threshold close to the experimental value
(E = —3.112MeV) and, as discussed before, it provides
the dominant configurations for 8He gs in agreement with
the ones found via the ®He(p,t) analysis. But the spuri-
ous extension of the rms value may be attributed to the
contribution of one of the shell model configuration, with
the s orbital: [(s1/2)?, (ps/2)?], even if it corresponds to a

smaller probability (7.8%). It means that the experimen-
tal results, both the r,, value and the configurations found
in the 8He(p,t) analysis, represent a sensitive probe for the
shell model configurations in the gs and can be used as
constraints to check the validity of the calculations for the
main contributions in the wave function®.

5 Calculations are on-going in the HFB framework to change
the initial interaction parameters so as to reduce the spurious
configuration, and to recalculate the *He 7., radius [166].
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Fig. 36. Values of the rms radii obtained for ®He from interaction cross sections and (p,p) data, and comparison to the values
of the microscopic models discussed in the text. The charge (or p), n, matter radii are given with the star, circles and square
symbols, respectively. The matter rms radii values are noted o for ref. [48], o% [93], p-gl [94]. The FB (Few-Body) notations are
used for the fc6 density set calculated within the 3-Body model of ref. [36] and also for the experimental values, of'B [96] and
p-FB [97], to recall that the rms radii were extracted from the reanalysis of the reaction observables, within the FB framework,
as was explained sect. 3.2, with the values given in table 5. The reaction model used the same 3-body wave function [36]. The
AMD notation is for AMD-m56 [65]; NCSM Vseq corresponds to the calculations from ref. [70], C'D to the ones done with the
CD Bonn 2000 and INOY with 3N F [84]. For the other models, the notations and the references are the same as in fig. 35.
The experimental values and references are given in tables 5 (77,) and 7 (¢, and r,) and the model calculations for “He are
presented in table 6.
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Fig. 37. The same as in fig. 36 for SHe. The rms values and the references of the model calculations for ®He are given in
table 11.
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Fig. 38. The values are discussed in the text, and given in
table 15. Test calculations (full circles) were made with a fixed
value of the M, moment taken equal to 1 or 3. The horizontal
(vertical) arrows indicate the domain of extreme possible val-
ues for the M, (M) moments. The values consistent with the
(p,p’) data should be considered inside the losange, indicating
the sets of possible (M, My) correlations.

But there is also a valuable comparison to be made,
between the sets of 7, radii given by the theories and the
experimental data: in the case of the AMD-mb56 calcula-
tions, the r,, radius for *He is overestimated (1.64 fm) and
rm(%He) is smaller (2.31) while r,, (®He) value is in agree-
ment (2.48). However, another calculation (v58) within
AMD framework found r,,(*He) = 1.46 fm but undesti-
mate the radii (given at 2.23 and 2.24 fm) for ®®He. Simi-
larly, in the case of the NCSM calculations done with the
INOY interaction [84] including 3N F', the binding energies
are close to experiment, but the NN correlations are not
under control, since the rms radii are underestimated for
the +58He isotopes. This is an indication about the need
for a better understanding on the attractive/repulsive ef-
fects on the NN and NN N correlations: the ones playing
a role in the size expansion of the 68He nuclei also change
strongly the « particle radius.

8.1.2 Multipole moments

As presented in sect. 2.2, we are sensitive to the M, ,
multipole moments, and for the (p,p’) process, b, /b, = 3.
From the (p,p’) microscopic analysis, for the 0% to 2
excitations, We have obtained several sets of the M, ,
values for ©®He. To discuss the range and the correlations
between the (M, M,,) values validated by the (p,p’), a
summary of the results is presented in figs. 38 and 39
(absolute values are given). The losange frame corresponds
to a domain of values for (|M,|+|M,|) and (|M,,|—|M,));

Eur. Phys. J. A (2015) 51: 91

8
- 8 :
OV, 8o He E2 moments
L e - s .
7= ° (p,p’) WS n—skin
B * ® WS test
L V400 % M,.M NCSM
61— [ ]
> B 2
N L M, =52fm
E I s
N~ 5 — ‘_‘..:' ..... [ ]
s e :
4 ;: """ 3
: ‘~.,-.._ ........
| a '~,.. ......
3 M, =28fmd e . BE2)
B 5.5¢%fm*
f\L B(E2) =0.01
2 B 11 1 l 11 1 1 l I I - l 11 1 1 l 11 1 1 l )
0 0.5 1 2.5 3

L5 5
M, (fm?)
Fig. 39. The same as in fig. 38 for 8He. The NCSM refers to
the values obtained with the Vieg interaction. Full circles are

tests calculations done for fixed values (M, M,,) corresponding
to (1,6), (1,7) or (2,3) (2,5) fm?.

inside the losange, the data are correlated at the 1o level;
outside, the values are excluded. The stars correspond to
the densities given by the NCSM model for ®He, and the
full circles correspond to the test calculations, using Tassie
densities, made with fixed values for (M,,M,) to check
the domain of validity of the moments by comparison to
the (p,p’) data.

The range of values obtained for the moments of ®*He
are given in table 15. The meaningful values correspond
to the combined pair (M, M,,), validated by the tests on
the (p,p’) data, using Tassie densities; they have to be
found in the smaller range indicated by the losange frame
plotted in the figures; the corresponding M,, /M, values
are also given in table 15.

The neutron excitation calculated by the NCSM was
not validated by the (p,p’) data. From the analysis done
at 72 A - MeV and the study of the sensitivity of the (p,p’)
to the M, and M, values we have shown that it was
needed to modify the shape of the transition densities to
reproduce the data, and that “diffuse” transition densities
(peaked at larger radii than given by the NCSM) were
more appropriate. In our phenomenological analysis we
adopted the derivative of a 2pF function (Tassie-model)
and the M, value was adjusted to reproduce the (p,p’)
distributions. However it is worthful to underline that the
shape we found for the %®He transition densities, is simi-
lar to one indicated within the GSM approach [25], diffuse
and peaked around 2.5 fm.

If we now consider both the detailed spectroscopy and
the rms radii for %8He, few models give a satisfactory
agreement with the whole data set. Initially, the ones hav-
ing no a priori on the wf and including many-body degree
of freedom had a limited description of the spectroscopy,
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Table 15. Multipole moments for ©**He validated by the (p,p’)
studies done at several incident energies following the relation-
ships given in eq. (7).

A M, B(E2) My, /M, My,

A e - fm? e? - fm?* e - fm?
SHe 1.9+15 0.16-11.6 42+1.2 744+1.5
8He 0.1-2.35 0.01-5.5 5.5+ 2.1 4.0+£1.2

since they did not treat explictly the resonances of the
unbound states. We have underlined the important ef-
fects that have to be included consistently in the theories,
to reach a complete and accurate understanding of the
weakly bound gs and of the unbound resonant states:

— excitation of all nucleons —all possible many-body de-
grees of freedom— as done within NCSM or HFB;

— Hamiltonians with realistic 2N and 3N interactions;

— CC effects as in CSM, GSM or COSM models.

However, up to now, most of the frameworks including
the C'C treatment assume a core, having the same quan-
tum numbers of the « particle. This core is considered
as inert (fixed size, no excitation). This assumption limits
the calculations to the possible degrees of freedom of the
valence neutrons with respect to the core and cannot pro-
vide quantitative results of the energy of the states and
of the resonance width, since the many-body correlations
are missing. New approaches were developed to include
the particle-hole excitations of *He in the Coupled-Cluster
theory [167] and the important role played by the 3p-1h
excitations of *He in the accurate calculations of the gs
and 2] of SHe was underlined in this model. However, the
most promising approach, to make a general microscopic
treatment of the many-body wf, would be to establish
a framework able to consider the interactions of all nu-
cleons in the nuclear field, using 2N and 3N forces and
including C'C effects, without any assumption of a core.
These last years, as discussed before, there were several
attempts within the theoretical frameworks to improve
the microscopic description of the light nuclei by includ-
ing the TNI and extending them with the treatment of
the coupling effects, most of them with a core assump-
tion, for instance, the GSM including effective 3N interac-
tions [86]. Another promising approach is the new NCSM
with continuum, NCSMec model [92], which was applied
to SHe and expected to improve the description of the
unbound states compared to the previous NCSM models.
The 8He data presented here would be also a good test
case for this model, since we found that the (p,p’) cal-
culations with the NCSM transition densities ovestimated
the data. Both aspects, structure (rms radii, configura-
tions) and spectroscopy of 8He (extended up to 10 MeV)
are important to check the validity of the new models.
The objectives should be also to reach a consistent under-
standing of the r,, 7, 7, radii for all #5%He within all
the new frameworks, like GSM [87] and NCSMc models.
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8.1.3 Pairing correlations

The pairing correlations in ®He are non observables; they
depend upon the (assumed) reduction of the many-body
wave function problem in terms of possible sub-systems,
like core and dineutron(s) clusters. In general, they can
be investigated theoretically by interpreting the calcula-
tions of the two-particle density pan(r1,72,612), defined
with the radial coordinates of two nucleons r; i = 1,2
and with 615, the opening angle between the radial vec-
tors taken between the c.m. position and the two nucle-
ons. These distributions can be compared to experiments
which measure the fragments associated to the same few-
body components. The definitions can be found in ref. [74],
with S = 0 (the spin-singlet state of the 2N) and S =1
(spin-triplet) components considered in the LS-coupling
scheme. This model follows the guidelines established in
the work done on the ' Li pairing correlations [168], where
a 3-body was assumed with a structureless core with the
interaction adjusted to fit the Si,,. Most of the few-body
models discussing the %®He pairing correlations fit the
separation energies. For instance, in refs. [74, 76], HFB
calculations are performed using 3- and 5-body models
(a core + i neutrons) for ©*He, respectively; the Density-
Dependent 0 interaction parameters are adjusted to repro-
duce the known properties of the gs, like the S, energies.
With these assumptions of the cluster structure, the char-
acteristics of the halo and neutron-skin for 5%He are dis-
cussed in terms of the dineutron and core-nn correlations
of the wf, studied by looking at the 3-dimensional plots
of the density distribution p(r,612) with ry =7, ro = 7. It
can be simplified into the model-dependent p(7¢—nn,612),
function of the relative coordinate of the subsystems, (¢
for the core and n for the valence neutrons, r; i = 1,2)
with 7 = r._,,, the distance between one of the neutron
and the ¢ core, and 615 the opening angle between the ra-
dial vectors taken between the core and the two neutrons.
It is the probability of finding the particles at a distance
7 = Te_nn from the core, with an angle 6.

It can be defined for ®He (or with the transposed def-
inition for the 2-dineutron in the case of 8He) as

p(r,0) = (Wys|6(r1 —7)0(r2 = 7)8(012 — 0)[Wgs).  (24)
The distribution probabilities of the following quantities
can be deduced (the definitions can be found in ref. [74]):

— distance between valence neutrons R, with R2 =
(rin) = (P[(r1 —r2)?|¥);

— the distance R._o, between an assumed core nucleus
(N = 2,Z = 2) and the c.m. of two valence neutrons
for He (or two dineutrons in 8He) the rms radius,
RC,QH with R372n = <![/|(’l"1 + r2)2/4\¢>;

~ the angular density py,n(612) expressed as 47 [ridr
fT“%dT‘QPQN(T‘l,Tm@m)-

The correlation functions and their expectation values are
sensitive to the microscopic inputs of the models; they
are also correlated to the rms radii. Intrinsically, if the
pairing effect is correctly taken into account, even if the
Sop, is low, the extension of the wf should be limited due
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Table 16. For different models of the gs wf of ®*He, discussed
in the text, the calculated observables: Sa,, rms radii and the
corresponding model-dependent values of the rms radii Rnn
and R._(nn) (fm) and of the angle 6,,,, between neutrons.

Model ref. Ron Re_(nn) Onn

fm fm deg.
3-body HFB  [74]  4.62 3.63 66.3
3-body CSsM  [169]  4.70 3.49 67.9
GSM11 871 -~ 2.96 67.9
3-body HFB  [170] 3.75 (93) 3.88 (32) 51.67132

to the “pairing anti-halo” effect explained in ref. [101]. It
means that, for a given theory, not only the calculations
of the binding energies or Sy, values have to be compared
to the data, but also the rms radii values, to check the
treatment of the pairing correlations. In general, once the
characteristics of the 7, r,, r,, radii and configurations
of the wfs are strongly constrained, the other geometri-
cal parameters like the core-dineutron radii and angles,
should be determined in a limited range of values. As a
consequence, our experimental results for 4-8He would cor-
respond to a well defined sets of values for the angular cor-
relations of core-neutrons, that may be inferred by com-
parison with the microscopic models in agreement with
our data. Specific decompositions of the wavefunctions
of 6:8He were discussed within the AMD framework [66],
the CScM (Complex Scaling Method) [169], the Few-Body
technique HFB-FB [74,76] or GSM [87]. All these models
found that the 2n in 5He are strongly correlated, with a
large R. ., and the main n configuration being (p3/2)?
(S = 0 at ~ 90%); for 8He, the 2n are less correlated,
the S = 0 is also the dominant configuration (~ 80%); it
was underlined in ref. [74] that the HFB calculations in-
dicate a mixing consistent with the results from the (p,t)
transfer reactions, as discussed in sect. 7.1. In table 16 pre-
senting the calculations of the R._o, and angle between
neutrons, we have selected the models matching the cri-
teria of the gs configurations and providing results close
to the experimental results for the gs properties: the sep-
aration energies (fixed in HFB-FB or computed in the
GSM), the rms radii (r, found in agreement with exper-
iments in GSM; the CScm gives consistent value for r,,
and for r,, = 2.46 fm [169]), the configurations of the gs.
The Coulomb break-up technique has been widely used to
discuss the 2n correlations in the halo nuclei and to infer
the values of the R._ o, R,, radii and 6, angles, as dis-
cussed in refs. [74,170]. Recently, the extraction of the 2n
correlations from the 3-body Coulomb break-up reaction
of ®He was investigated theoretically in ref. [169], with the
three-body scattering states calculated using the Cscm
combined to the Lippmann-Schwinger equation. The in-
terpretation of the Coulomb break-up results appears as
ambiguous: in the 2D energy distributions and in the in-
variant mass spectra for the E'1 transition, it remains dif-
ficult to disantangle the part related to the strength due
to 2n correlations from the contributions due to another
processes like the SHe resonances in the FSI (final state
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interaction). The FSI processes act as a screening, pre-
venting from a direct access to the 2n configurations —as
far as the break-up processes are concerned. The last line
of table 16 gives the values deduced from the experimen-
tal rms matter radii in ref. [170], using a 3-body model
described as in ref. [74]. They are consistent with the re-
sults of the models already validated via the comparison
to our experimental results on the rms r,,, 7, radii and on
the n configurations. The mean value of the angle, (6,,,,)
was discussed in the various frameworks. However, its sig-
nificance has to be questioned. If we consider the angular
densities found in the GSM [87] and HFB [74], two max-
ima appear, around 30 and 138 deg, corresponding to the
2 main components: the dineutron (large R._,,, small
R,,) and the cigar-like (smaller R._,,, larger R, ) con-
figurations, which can be seen also clearly as two peaks
in the 3D plots of the 2-body density. For ®He, a simi-
lar behaviour is found for the position of the peaks [87].
When the angular densities present few-body components
and at least two mean peaks —as is the case for halo or
neutron-skin nuclei— the notion of the mean angle is not
meaningful both experimentally (it is not an observable)
and theoretically.

From this discussion, we can propose a straightforward
method to have access to the correlations in the weakly
bound nuclei and to check the theories: the direct process
is to measure the rms matter radii via the (p,p) scattering
and to obtain the neutron configurations from (p,d) and
(p,t) transfer reactions; from these results, by comparison
to nuclear models assuming a 3-body decomposition the
c-nn, nn radii and 6,,,, model-dependent quantities can be
given.

8.2 Extracting nuclear structure information from
elastic data

The authors of ref. [171] have studied the near-barrier
elastic scattering data for light exotic nuclei (*'Li, SHe,
1Be) on heavy targets (Pb). These data are in contrast
with the scattering scheme observed for stable systems.
To reproduce the elastic scattering distributions, strong
coupled effects were taken into account; they are shown
to be due to different processes (depending on the projec-
tilet-target systems) like excitation or nucleon transfer or
both [171], which can be included explicitly in the reaction
framework. The B(FE2) value for the weakly bound nuclei
like 68He cannot be obtained via direct Coulomb excita-
tion measurements using gamma-spectroscopy since the
2 is unbound. As discussed in ref. [171] (and references
therein), several calculations were developed to calculate
the strong coupling effects on the elastic data, using the
main channel induced by the Coulomb coupling, expressed
in terms of one structure parameter: the B(FE2) value.
It has to be underlined that these calculations were per-
formed in very few specific cases: stable nuclei, symmetric
ones (*0) or with small N/Z ratio (¥0), with bound
21 state, for which there is mainly the inelastic chan-
nel to take into account (no coupling to the In-transfer
is needed). Quantitative results can be obtained with a
good reproduction of the data, but these calculations rely
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on several approximations, which have no theoretical jus-
tification. In particular, several of them can be questioned
in the case of neutron-rich weakly bound nuclei, like 6-8He,
for which neutron and proton densities may develop differ-
ent shapes, and behave differently with respect to the in-
teraction with a light (proton) or heavy-Z target (like Pb).
We would like to discuss and question the following ones:

— The transition potentials are calculated assuming sim-
ilar deformation lengths for nuclear and Coulomb po-
tentials, and as if the proton and neutron parts of the
transition densities were similar (isoscalar approxima-
tion) [28]; this is not demonstrated a priori.

— The calculations done for elastic data on heavy tar-
get neglect the inelastic channels due to the excited
states other than the 2%, but several of these states
are located below 10 MeV and may play a role in the
inelastic couplings.

— The coupling to the continuum may be taken into ac-
count via the CDCC calculations, but this requires
model-dependent parameters for the CC inputs and
for the transition strengths to scattering states.

— The Q-reaction values of the 1n and 2n transfer chan-
nels are large and this is an indication of the strong
coupling effects induced on the elastic channel, as was
seen in the case of the 8He + p data. How to describe
the interplay between inelastic with transfer channels,
and transfer to the continuum states? This is still un-
der debate.

In the case of the light neutron-rich nuclei like °He, the
calculations of the elastic process should take into account,
to interpret the data, the main processes playing a role in
the strong coupling effects: i) the possible *He excitations,
like the main one from the 0T to 27T state; this requires the
calculations of the transition amplitudes from a model.
The assumed transition densities would correspond to a
set of M, , values (with M, related to the B(E2) value);
ii) the spectroscopic amplitudes for the 1n- and 2n-transfer
channels.

If we focus on these reactions, in a CRC mode, it
means that we would need to develop a structure-reaction
model assuming the interplay between these effects. Mi-
croscopically, we should consider neutron and proton tran-
sition densities from various structure models; they have
not necessarily the same shape. The strong coupling ef-
fects may be related also to the neutron excitation part,
and, depending on the interaction strength —related to
the target and incident energy— we may expect different
behaviour of the neutron and proton potential deforma-
tions. Due to the ambiguities related to the choice of the
model-dependent transition potentials and of the spectro-
scopic amplitudes, the access to one specific quantity like
the B(E2) value appears to be not meaningful, since i)
the excitation is dominated by the neutron excitation not
only for the proton target but also for heavy-Z target; ii)
in the case of strong coupling effects, the elastic distri-
butions are sensitive, through the VCP, to a combination
of virtual potentials; iii) the interplay between the possi-
ble excitation modes and transfer channels results in the
correlations between nuclear parameters.
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The path to improve our knowledge and to extract
nuclear structure information for the exotic nucleus of in-
terest —like 5®He— is to discuss the domain of validity
of the relevant quantity, M = |M,, + M,| established on a
consistent analysis of several data sets, combining: elastic
data on proton and heavy-Z targets, 1-n and 2-n-transfer
channels for these targets. The spectroscopy of excited
states up to ~ 10 MeV has also to be considered in this
scheme, to have an insight on the main inelastic channels
possibly contributing to the VCP. In our analysis we have
produced the range of (M, M,,) values which were tested
using the (p,p’) data. The same kind of analysis should be
performed for the elastic data on the heavy targets, with
no a priori on the proton and neutron excitations, us-
ing microscopic transition potentials for the calculations
of the inelastic channel coupled to the elastic one; also
the transfer channels should be incorporated. With this
method, the range of the allowed (M, M,,) values vali-
dated by the data can be also discussed and compared to
our findings from the (p,p’).

8.3 Perspectives: New degrees of freedom, new probes

Transfer reactions with polarized targets should be used
also to complete the spectroscopic information: by mea-
suring the (p, d) and (d, p) angular distributions, the spin
and parity of the new states found in the previous studies
of exotic nuclei could be assessed. For instance, the SHe(p,
d) and %He(d, p) would be mandatory to conclude about
the experimental spectroscopy found for "He [115].

We need also to obtain extended information about
the nuclear gs and transition densities, not only integrated
values, like rms radii and multipole moments, but the vari-
ation of the form factors as a function of the radial coor-
dinate or of the transfer momentum. We have shown that
the (p,p’) analysis combined with the experimental val-
ues of the rms charge radii has provided an insight on the
matter and on the neutron rms radii with a sensitivity of
0.1 fm. We have observed that the ©®He(p,p’) cross sec-
tions are weakly sensitive to the M, value. Another probe
is needed to complete the picture on the proton excitation
in the case of the 27 unbound states. In the long-term fu-
ture, we could think about measuring the form factors
from the (e,e’) scattering to the 2] state of ®“®He. We
can imagine to carry out electron-nucleus collisions and
to make (e, ') scattering measurements using radioactive
beams with the new machines developed or foreseen:

— at RIKEN a new facility, SCRIT (Self-Confining Ra-
dioactive Isotope Target) [172], has been designed to
make beam of electrons (accelerated in a ring) scatters
off a “target” of radioactive ions stored in a trap; suc-
cessful tests were made for Cs isotopes. At present the
facility is limited to the long-lived ions (77/, > 1ms)
but further developments are expected to extend the
measurements for isotopes with shorter lifetimes;

— at GSI, a storage ring electron-nucleus collider is fore-
seen within the ELISe project for ELectron-Ion Scat-
tering experiments [173]; it will be developed along
with the future facility FAIR.
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This will provide benchmark data for the ab initio effective
theories and for the many-body treatment of the correla-
tions In the next years, the possibility to investigate the
structure of hyper-exotic nuclei may also open new per-
spectives on the nuclear interaction. Exotic hypernuclei
offer a new degree of freedom —strangeness— to constrain
the nuclear structure theories [174]. A hypernucleus is a
nucleus which contains at least one strange baryon (hy-
peron Y) in addition to the nucleons. The glue role of the
Y (like A) in the nuclei gives an easier access, experimen-
tally, to the neutron-rich regions of hypernuclei compared
to the world of ordinary (non-strange) exotic nuclei: the
N A interaction is more attractive and the hypernucleus
may be more stable against the neutron decay. Light nu-
clei are laboratories for the studies of nuclear interactions:
exotic ones for 2N and 3N; hyperexotic, like § He, for the
Y N interactions. The 3/2% and 5/2% resonant states of
the neutron-rich hypernucleus §{He are at present calcu-
lated within the framework of the o + A +n 4+ n 4-body
cluster model [175], using “He as the core nucleus on which
the T He structure is built. Experiments in this field are al-
ready operated at various international laboratories (for
instance, investigations of the states of § He are on-going
at JLAB) or planned®.

8.4 Perspectives on the structure and reaction
frameworks

The aim of the analysis was to explain the structure and
the excitations of the 5®He isotopes in order to better un-
derstand the nuclear correlations between core and neu-
trons, and more generally between nucleons in a very dif-
fuse neutron-rich nuclear matter. The (p,p’) analysis were
performed with the JLM potential, taking into account ex-
plicitly the coupling effects induced by the weak binding of
the unstable nuclei on the interaction potential. The (p, p’)
calculations were compared to the data, and various sets
of gs and transition densities were tested to extract the
rms radii and the ranges of multipole moments. These fun-
damental quantities, with the spectroscopy below 10 MeV,
represent benchmarks to discriminate between the various
scenarios for the core-neutron configurations and nuclear
correlations in %®He, proposed by the structure models.
To understand the phenomena and to explain the specific
properties observed for the structure and the reactions
of these nuclei, the key parameter is the binding energy.
The weak binding energies explain the reason why the
wf are extended, leading to the observation of large rms
matter radii. We have examined the theories matching
the binding energy criteria (i.e. providing realistic calcu-
lations of the Ej, for +%8He) and checked their ability to
reproduce both the gs properties, the rms radii and the
low-lying excited states. The results on the spectroscopy
of the ®He drip-line nucleus were obtained by (p,p’) and

S Under operation at MAMI, JLAB, USA; FINUDA at
DA®NE; J-PARC, Japan; projects: SPHERE at JINR, Rus-
sia; PANDA; hypernuclei with Heavy Ion Beams (HypHI) at
the GSI-FAIR [176].
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transfer reactions on proton. They were compared to pre-
vious separate measurements, and found consistent with
the predictions made by the recent nuclear models includ-
ing the continuum-coupling effects to the resonant and
scattering states. But, as underlined by Henri Poincaré
(1854-1912), Science is facts; just as houses are made of
stones, so is science made of facts; but a pile of stones
is not a house and a collection of facts is not necessarily
science. Our goals are not to collect data on the struc-
ture and spectroscopy and to confront them one by one
to various theories producing accurately one specific ob-
servable. Our objectives are to reach a better understand-
ing and modelling of the exotic nuclei, and we need to
examine how the models could be improved to produce a
comprehensive view of structure and reaction observables.
We have also checked the consistency between the various
reaction data sets, comparing them to the reaction cal-
culations carried out at different incident beam energies,
using the same structure inputs. Through the comparison
between experiment and theory, we have underlined the
importance of the renewal of various theory concepts to be
able to explain the whole set of observables for light nuclei,
—spectroscopy, rms radii. To that respect, these nuclei can
actually be seen as a complete laboratory to test the new
models developed in the ab initio framework with realistic
nuclear forces. Today, the appropriate microscopic models
appear to be the ones combining the contributions from
the 3N F and the C'C’' many-body correlations. In the fu-
ture, making again a systematic comparison between the
nuclear observables and the calculations for the light nu-
clei, we should be able to check the microscopic inputs and
the validity of the assumptions made on the nuclear inter-
actions including 2N F and 3N F' contributions from the
chiral EFT [177]; we could also expect to reach a deeper
understanding of the modelling of these forces. This com-
parison will also offer new possibility to test the impact
of the realistic forces with N3LO 3N or 4N, for which no
calculation exists at present beyond the few-body systems
(“He) or the nuclear matter [177].

The microscopic frameworks developed to calculate the
nuclear properties were initially built on phenomenologi-
cal interactions. With the recent evolutions in the theory
field, the chiral EFT interactions [178] can be implemented
in the structure calculations and the comparison to the ex-
perimental observables is expected to give a direct insight
on the nuclear forces. Using chiral interactions rather than
phenomenological ones represents a fundamental advance
in the field, since through these calculations a direct link
to the first principles is possible in terms of the QCD the-
ory. it should be also possible to reach a more direct un-
derstanding on the many-body correlations. As discussed
completely in ref. [178], through this approach it is pos-
sible to reach a more direct understanding on the many-
body correlations; the advantages will be quantitative, for
the treatment of the many-body interacting nuclear sys-
tem, with better controlled errors, and well defined power-
counting for two- and higher-body forces.

Up to now, the halo states were treated using effective
interactions, and the 3NF' effects were also treated in a
phenomenological way. The advances are now possible in
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the ab initio framework using the chiral Effective Field
Theory (EFT) interactions. The goals are to reproduce,
accurately, the nuclear binding energies as well as the nu-
clear radii and to reach a complete description of the halo
states from first principles, using the 2N F and 3N F from
the chiral EFT. The comparison to the gs observables of
6:8He isotopes would provide insight on the 3N F chiral in-
teractions [179,180]. Calculations and theory development
are on-going towards this objective. Recently, the gs en-
ergies of the 58He were calculated using renormalization
group evolved chiral interactions in ref. [179] combined to
the HH method for ®He and the CC one for ®He. The Tp
and r,, radii for ®°He were also obtained [180], with the
correct asymptotic behavior of the wf and the extended
rm radius, as expected for the halo structure.

The evolution of the reaction models towards a struc-
ture-reaction framework is also needed; it should include
both the nuclear structure description and the calcula-
tions of the nuclear amplitudes; the objective would be
to reach a comprehensive description of the whole sets of
observables, and to determine the microscopic parameters
and effects which play a crucial role for an accurate spec-
troscopy. With this reaction model at hand, we would cal-
culate the excitation spectra populated at the incident
energy of a given experiment, and we could then produce
the cross sections for the transfer reactions to the nuclear
states described by the structure model inputs. There are
paths for such developments with, on the one hand, the
recent calculations of the *°Ca (p,p) and (p,d) reactions
within the coupled-cluster theory [181] using interactions
from chiral EFT, and, on the other hand, the works done
on the non-local dispersive optical potential to describe
properties above and below the Fermi energy [182].

This treatment is crucial for the reaction observables
of the exotic nuclei, since their weak binding energies re-
sult in small threshold energies (for instance S,,, Sa, en-
ergies less than 2-3 MeV) and their continuum states are
lying closer to the gs than in the case of their stable well-
bound isotope. As a consequence, during the reaction pro-
cesses, the probability for the transfer to continuum states
is increased compared to other direct reactions to bound
states, like elastic scattering or transfer to discrete states.
Within a complete reaction-structure framework, the cou-
pling to the scattering states could also be treated consis-
tently with the coupling to other main channels and pos-
sible excitation processes; they would be included in the
coupling reaction scheme, to carry out the calculations of
the (p,p) (p,d) (p,t) reactions with the (p,p’) treated on
the same footing.

We thank H. Sagawa, I. Thompson and P. Navratil for giv-
ing us the tabulated files of the nuclear densities discussed
in the text, from the HFB, 3-body, NCSM models respec-
tively. The works on the coupled reaction channel studies
were performed within the framework of several projects of
the ESNT, Espace de Structure et de réactions Nucléaires
Théorique (http://esnt.cea.fr), this support is gratefully
acknowledged. We would like to thank the referees for giving us
important insight and useful comments on several discussions
of this review.
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