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Exotic structures in light nuclei

Complexity of nuclear force = deviation from the sphericity: axial deformation
(collective behaviours), spatial re-organization of nucleons in bounded sub-units (c/uster
model).

linear chain
10Bg,13-14C,16C(?),...

o-cluster

8Be
®He,C dilute gas

12C 0+,16O,20NE(?)

neutron skin

Istituto Nazionale di Fisica Nucleare — Sezione di Catania

neutron halo
®He,11Li,11Be

Long range correlations



Clustering and experimental devices
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Heavy lons physics and clustering

xR . . . . .
= 1961: Britt and Quinton discovered incomplete fusion - cluster structure of the
§ projectile can play a role on the reaction mechanism!
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Complete fusion in well bound nuclei

& Fusion above barrier: dynamics vs structure effects
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See also B.B. Back et al, Rev. Mod. Phys. 86 (2014)



Maxima of complete fusion
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Clustering effects in complete fusion?
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* Clustering effects in HI fusion = tiny effects!
* Deviations from phenomenological model predictions
* Modified SOD method to describe g for a very broad dataset above U
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Clustering effects in complete fusion?

.E * Deviation plots = influence of shell closures at small v,.,; = \/ 2(Ecn = Vo) /u
§ * Clustering effects at large v,..;
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Incomplete fusion and clustering

& Systematic studies are fundamental in this type of physics

g - some of them very recently reported, mainly from Indian groups
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Incomplete fusion and clustering
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Multi-fragmentation and clustering

Fraction of protons in heavy-ion collisions (b = 0)
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Multi-fragmentation and clustering

Collisions of two nuclei (e.g., Xe + Sn at 50 MeV/nucleon, b = 0) [+ A
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Light ion collisions at medium energies
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» Sizeable impact in applied physics (space, hadrotherapy etc) = absolute x-sect
e Disentangle the in-medium two-nucleon cross sections
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Clustering and symmetry energy
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Equilibrium
given cluster:

Zp + Nn o A(N, Z)

constant for a

[AIN,2)] _ p(A,2)
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K.,

Type Il SN = warm and dilute
nuclear matter

Formation of clusters in the
envelope of the proto-neutron
star

Cluster influence on neutrino
wind = nucleosynthesis in the r-
process

HIC - terrestrial laboratory to
probe EoS involved in SN-II

M. Hempel et al, PRC 94 (2015) 045805
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Disassembly of nuclei in N-a

CHIMERA experiment: 160+12C at 10 - 25 A MeV
many-alpha events with a HIl multi-detector

Decay patterns of excited states in 2Si

Clustering decay (e.g. *>Cyoyie+'°014.4amev) VS sequential decay
Binary kinematics reconstruction + invariant mass methods
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J. Bishop et al, Phys. Rev. C 100 (2019) 034320



Disassembly of nuclei in N-a

Hoyle state or in the 4* state at 14 MeV

* To be investigated by using higher
angular and energy resolution arrays!
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HIC and nuclear spectroscopy

* heavy nuclear systems = complex collision dynamics
* multi-particle correlations = Correlation functions R(q): resonant states
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HIC and the spectroscopy of states

Study of the coincidence yields in binary decay channels involving o particle
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emission = clustering studies
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HIC and the spectroscopy of states

)
= Study of the coincidence yields in binary decay channels involving o partlcle
S —— 2
= emission = clustering studies
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HIC and the spectroscopy of states
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A very special case: the Hoyle state in 12C

Cluster state of 12C located at 7.654 MeV (0*) = a pronounced cluster nature
— quite unusual and not well understood properties
-> challenging open question in nuclear physics

E, = 7.654 MeV ):jjj:
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D. Jenkins and O. Kirsebom, The Secret of Life,
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Physics World Feb. 2013 EPXZT " %l (2011) e
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(a) linear chain: a-cluster model bﬂ\r 9.75 MeV =2

(b) Bose-Einstein condensate: microscopic 8Be + a1 :l°: o+
models (GCM, RGM) )

(c) compact triangle: ACM asss o E,=—J(J+1)
(d) bent-arm: microscopic models (Faddev 21
three'bOdy formalism) M. Itoh et al., Phys. Rev. C 84, 054308 (2011).
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Heavy lon physics and the Hoyle state

«
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Heavy lon physics and the Hoyle state

GARFIELD experiment: 12C+2C at = 8 A MeV

data SD via HF? DDL or DDE
= . S e Sampling of multi
0.5 alpha emission in
0 - A the phase space:
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Direct Decay BR of the Hoyle state

g A brief summary on the «rush»
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Clustering in medium mass nuclei

100 —

80—

Proton (Z) #
T

40 —

20 —
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* Medium-mass systems >
challenging cases in which
clustering aspects and mean-field
structures coexist

* few experimental data regarding
their cluster structure

2]0 4|0 6IO 8|0
o) Neutron (N) #




An interesting example: Ti isotopes

Proton (2) #

Il
i

i Si Si Si Si o Ssi|sSi|si sioSi

40Ca, the last self-conjugate
system to be stable

Al Al Al Al Al | Al | Al Al

Mg Mg Mg Mg Mg Mg |Mg|Mg
T T T

P 24
leutron (N) #

v

1) To which degree clustering survives with increasing mass?

2) Could a strong Coulomb term modify or destroy clustering?

3)Could the presence of a doubly-magic core trigger the occurrence of
clustering with an a outside of the core?

Istituto Nazionale di Fisica Nucleare — Sezione di Catania
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Clustering and Shell effects in Ti isotopes

T. Yamaya et al., Phys. Rev. C 42 (1990) 1953

M. Fukada et al., Phys. Rev. C 80 (2009) 064613

K.P. Artemov et al., Phys. Atom. Nucl. 58 (1995) 177
J. John et al., Phys. Rev. 177 (1969) 1755

D. Frekers et al., Nucl. Phys. A 394 (1983) 189

* new experiment at GANIL to probe #448>52Tj
clustered states with Thick Target Inverse
Kinematics (TTIK) RES

e 4452T] = doubly magic core + o.?

* Too many resonances (E, =10—
17 MeV) to perform an R-matrix
calculation

* Novel methods needed to analyze data

 possible recurrent pattern on the
excitation function? =  modelling
clustering in medium mass systems

S. Bailey et al., Phys. Rev. C 100 (2019) 051302(R)



Clustering and Shell effects in Ti isotopes

An interesting analogy comes from Hl fission (V. Strutinsky, 1967)

Sub-threshold fission of 24°Pu 44Ti results from TTIK elastic scattering data
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E. Migneco and J.P Theobald, NPA 112 (1968)

S. Bailey et al., Phys. Rev. C 100 (2019) 051302(R)



Clustering and Shell effects in Ti isotopes

o ) . .
‘= Energy scale analysis (CWT) of spectrograms associated to RES cross sections
b

S

et (a%: 128 ) ("lg 5 High
S g 20 4He(*Ca,a) E—_lss 4He(*4Ca,a)

= 5 1.0 5 1.0

qN) ; 0.8 ; 0.8

75 2 0.6 2 0.6

| %’ 0.4 %’ 0.4

W 0.2 - 0.2

:; | | R I I I T |

2 11 12 13 14 15 16 Py (arb. unﬁ& 15 16 17 18 19 20 21 Py (arb. units)

g E [44Ti] (MeV) E [48Ti] (MeV)

Z (a) 0.4 I I T T

5 0.3 - He(0Ca,q) _

7 Tl 8-% — 4He(**Caa) 4

&3 1.0 -~ “*He(*Caw) =

= 08 -

% g 0.6

= .

= w 04

N 0.2 g™ Low
< T 1M

Z 11 12 13 14 15 16 Py (arb. units) OE (MeV)

S Ex[#4Ti] (MeV)

=

~

.;

N

!

(broad) a cluster states = fragmented strengths
Doubly magic core + « cluster ?

S. Bailey et al., Phys. Rev. C 100 (2019) 051302(R)



HI multi-detectors and clustering
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N. Le Neindre et al, NIM A 701 (2013) 145



a —transfer with INDRA-FAZIA

* o-transfer in inverse kinematics = 40424448C3 beams at Fermi energies on SLi
targets to populate XTi states

* particularly selective to possibly alpha-clustered states in 442Ti

* investigate all energetically allowed decay channels, thanks to the identification
capabilities of INDRA-FAZIA

°Li+ *Ca — d + “Ti* — d + °Ca+ «a
Li+ *°Ca — d + “Ti* — d+ **Sc +p

 TheI',/I" branching ratios can be used as a direct indication of the formation of
o+%%Ca clustered states = novelty for mid-mass nuclei at large Ex!

e BR distribution in the ROI of Ex from 12 MeV to 20 MeV

* fully reconstructed events (triple-coincidences), to reduce the background from
contaminant processes

Istituto Nazionale di Fisica Nucleare — Sezione di Catania

* To probe the feasibility of the experiment = a set of detailed Monte Carlo
simulations that account for the geometry and performance of INDRA-FAZIA

I.L., D.D.A. and D.G., proposal E874 @ GANIL



a —transfer with INDRA-FAZIA: the #*Ti case

Polar coordinates plots for triple-coincidence events involving a-decay of #Ti

i
)

20 MeV

270° 270°

20 MeV

270°
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Several other cases = also with RIBS !



a —transfer with INDRA-FAZIA: the #*Ti case
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Heavy ion physics at intermediate energies (= 10 — 200 A MeV) and clustering:

Impact of clustering on reaction mechanism competition (CF, ICF ..)

* Cluster formation in very dilute environments 2 HIC, medium effect

* Impact of clustering in nuclear dynamics = Symmetry energy, xs-scales
* Chemical equilibrium and EOS for dilute matter

* Cluster decay of highly excited self-comjugate nuclei (many o decay)

* HIC and particle-particle correlations =2 spectroscopy!

* HIC and Hoyle state = still open questions

* HIC multi-detectors as tool for a-transfer reactions = medium mass nuclei

Istituto Nazionale di Fisica Nucleare — Sezione di Catania

... and many other beautiful features!

Thank you for the attention!



