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Exotic structures in light nuclei
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y Complexity of nuclear force  deviation from the sphericity: axial deformation (collective 

behaviours),  spatial re-organization of nucleons in bounded sub-units (cluster model).
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In this talk…
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Outline of the talk:

1. A high-precision a-particle correlation experiment
the direct decay branch of the Hoyle state in 12C

2. An in-medium a-a correlation study
analysis of the systematic 36Ar + 58Ni from 32 AMeV to 95 AMeV
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3a correlations and the Hoyle state in 12C
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3a correlations and 
the Hoyle state in 12C
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In Nuclear Structure

D. Jenkins and O. Kirsebom, The Secret of Life, 
Physics World Feb. 2013

Cluster state of 12C located at 7.654 MeV (0+) 
 quite unusual and not well understood
properties  challenging question in nuclear
physics.

12C

0+ 0.0

2+ 4.44

0+ 7.65
Hoyle



N.B. Nguyen et al., Phys. Rev. Lett. 109 (2012) 141101
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In Nuclear Astrophysics

Proposed by Fred Hoyle in 1953 
explaination to the 3a process in stars
(helium burning)  production of carbon 
and heavier elements in the universe.
At low temperatures (T<108 K)  non-
resonant processes dominate  need to 
know the G3a!
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The HOYLE (Hodoscope Oriented Yield Loader Experiment) experiment at INFN-LNS  a new high 
statistics and low background investigation of the HOYLE state by means of the 14N(d,a2)12C(7.654) 
reaction.

Tandem 15MV

CT-2000 chamber INFN-LNS

Istituto Nazionale di Fisica Nucleare
LNS - Laboratori Nazionali del Sud

• d beam at Ed = 10.5 MeV;
• C3N6H6 target (40 mg/cm2) + 5/10 mg/cm2 backing C;
• 𝐼𝑑 ≈ 4𝑒𝑛𝐴;
• ≈ 30 𝑑𝑎𝑦𝑠 of beam time;
• 𝜃𝑙𝑎𝑏 = 125° anti-telescope  + superOSCAR hodoscope (31.4°).
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d

3α α

SuperOSCAR

Ed=10.5 MeV

C3N6H6

100

anticoincidence
telescope

Basic idea and experimental layout

d
α12C*3α

14N
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The superOSCAR hodoscope

• 64 Hamamatsu S-3590 300mm silicon pads (1cmx1cm active area);
• ≈ 0.125 𝑐𝑚 ceramic frame;
• 4 modules 4x4 pads in 2x2 configuration; 
• 4 pre-amplifiers Net Instruments NPA-16FE (16 chs);

3a source 
0.2% energy resolution.

single-particle energy spectrum in the anti-telescope
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The superOSCAR hodoscope

• 64 Hamamatsu S-3590 300mm silicon pads (1cmx1cm active area);
• ≈ 0.125 𝑐𝑚 ceramic frame;
• 4 modules 4x4 pads in 2x2 configuration; 
• 4 pre-amplifiers Net Instruments NPA-16FE (16 chs);

3a source 
0.2% energy resolution.

single-particle energy spectrum in the anti-telescope

single-particle energy spectrum (4-particles fully-
reconstructed events superOSCAR)
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Study of sequential vs direct mechanism: Symmetric Dalitz Plot

𝒙 = 𝟑(𝜺𝒋 − 𝜺𝒌)

𝜀𝑖,𝑗,𝑘 = 𝐸𝑖,𝑗,𝑘/(𝐸𝑖 + 𝐸𝑗 + 𝐸𝑘)

𝒚 = 𝟐𝜺𝒊 − 𝜺𝒋 − 𝜺𝒌

𝜀𝑖 > 𝜀𝑗 > 𝜀𝑘

28000 counts under the sequential decay peak
 compatible with fully sequential process!
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New upper limit DD < 0.043 % 
with a C.L. of 2s.

Study of sequential vs direct mechanism: Symmetric Dalitz Plot

Feldman and Cousin’s
approach for small signals
in presence of background
G.J. Feldman and R.D. 
Cousins, Phys. Rev. D 57, 
3873 (1998).
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ViewPoint in Physics
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2a correlations in 
Heavy Ion Collisions, 
in-medium studies.



Second example: 2a correlations in HICs
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INDRA 4p multi-detector

angular coverage ≈ 90% 4𝜋
336 independent cells
telecopes C3F8 gas chamber – Si (300 mm) – CsI (5-14cm)

ADVANTAGES DISADVANTAGES

• fully angular coverage input 
parameters for the construction of 
simulations;

• good characterization of events.

• limited angular resolution;
• not complete isotopic identification

(Z<=4).



Second example: 2a correlations in HICs
U

n
iv

. 
d

i 
N

a
p

o
li

 F
e
d

er
ic

o
 I

I 
&

 U
n

iv
e
rs

it
é

P
a
r
is

-S
a
cl

a
y

Daniele Dell’Aquila (dellaquila@na.infn.it) – Amboise, October 20th 2017

36Ar+58Ni collisions at 74 AMeV with INDRA: a-a correlations

𝐸𝑡12 = 

𝑍=1,2

𝐸𝑡12𝑖

𝐸𝑡12 > 221𝑀𝑒𝑉 Central collision events (෨𝑏 ≤ 0.3)
from L. Francalanza et al.

Selection of central events transverse energy method

𝐸𝑡12𝑖 =
1

2
𝑚𝑖(𝑣𝑖 sin 𝜃 )2

Cavata method



2a correlations in HICs  in-medium studies
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8Be

0+            0.0

2+          3.04

∑𝑌1,2 Ԧ𝑝1, Ԧ𝑝2 = 𝑌𝑁 𝑞𝑟𝑒𝑙 + 𝑌𝑢𝑛𝑐𝑜 𝑞𝑟𝑒𝑙 + 𝑌𝐶 𝑞𝑟𝑒𝑙

∑𝑌1 Ԧ𝑝1 𝑌2 Ԧ𝑝2 = 𝑌𝑢𝑛𝑐𝑜(𝑞𝑟𝑒𝑙) (Event mixing method)

nuclear correlations
uncorrelated pairs
Coulomb anti-correlations<0

∑𝑌1,2( Ԧ𝑝1, Ԧ𝑝2)

∑𝑌1 Ԧ𝑝1 𝑌2( Ԧ𝑝2)



2a correlations in HICs  in-medium studies
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𝑅 𝑞 + 1 =
∑𝑌1,2 Ԧ𝑝1, Ԧ𝑝2
∑𝑌1 Ԧ𝑝1 𝑌2( Ԧ𝑝2)

(two particles correlation
function)

Example from 36Ar+58Ni collisions at
74 AMeV with INDRA

Coulomb anti-correlation obtained
from the non-resonant IMF-IMF 
correlations.

𝑅𝐶 𝑞 + 1 = 1 − 𝑒
−

𝑞
𝑎

𝑏

L. Quattrocchi, PhD thesis, 2015

∑𝑌1,2 Ԧ𝑝1, Ԧ𝑝2 = 𝑌𝑁 𝑞𝑟𝑒𝑙 + 𝑌𝑢𝑛𝑐𝑜 𝑞𝑟𝑒𝑙 + 𝑌𝐶 𝑞𝑟𝑒𝑙
nuclear correlations
uncorrelated pairs
Coulomb anti-correlations<0



Simulation 8Be 2a

2a correlations in HICs  in-medium studies
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𝑌𝑁 𝑞𝑟𝑒𝑙 = ∑𝑌1,2 Ԧ𝑝1, Ԧ𝑝2 − 𝑌𝐶 𝑞𝑟𝑒𝑙 − 𝑌𝑢𝑛𝑐𝑜 𝑞𝑟𝑒𝑙 =

∑𝑌1,2 Ԧ𝑝1, Ԧ𝑝2 − 1 + 𝑅𝐶 𝑞 ∑𝑌1 Ԧ𝑝1 𝑌2 Ԧ𝑝2

Nuclear part of the correlations  obtained by subtracting background and taking into account the 
coulomb anti-correlation effects:

8Be

0+            0.0

2+          3.04

g
h

o
st

p
ea

k
d

u
e 

to
 9

B
e



2a correlations in HICs  in-medium studies
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Using of a couple of resonances of 8Be (g.s. and 3.04 MeV) as nuclear thermometer  thermal
model:

𝑁𝐿
𝑁𝐻

=
𝐿𝑌𝑁 𝑞𝑟𝑒𝑙 𝑑𝑞𝑟𝑒𝑙

𝐻𝑌𝑁 𝑞𝑟𝑒𝑙 𝑑𝑞𝑟𝑒𝑙
=
2𝐽𝐿 + 1

2𝐽𝐻 + 1
𝑒−

Δ𝐸
𝑇

The population of the excited states is a good tool
to extract the temperature of the nuclear medium
in which the resonances are produced. 

Calibration curve of the thermometer

From the measured peak integrals at
32AMeV, 40AMeV, 52AMeV, 64AMeV, 
74AMeV, 84AMeV and 95AMeV we
found no consistency with a thermal
equilibrium hypothesis extra-
population of the 3.04MeV state:



2a correlations in HICs  in-medium studies
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An interesting hypothesis:

a a

a a a

a
a

a

a

a

further contribution to 8Be resonant production 
due to a-a in-medium interactions
 the fusion through the 3.04 MeV state would
be strongly dominant at the medium-
temperatures values explored in intermediate 
energies HICs extra-population!

a

a

8Be

medium



Future perspectives for NUCLEX and INDRA-FAZIA collaborations
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FAZIA

beam

INDRAINDRA-FAZIA @ GANIL (2019)

OSCAR: Odoscopio di Silici per le Correlazioni e le Analisi di Reazioni

A new modular hodoscope for the analysis of nuclear reactions.
SSSSD (20mm, 16 strips 3mm + 0.125mm interstrip) + 16 silicon pads

superOSCAR
OSCAR



Conclusions and Perspectives
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• Particle-particle and multi-particle correlations are a powerful tool to explore Nuclear Structure and 

Dynamics;

• Correlations involving a particles  structure of self-conjugated nuclei and clustering phenomena;

• We studied the Hoyle state in 12C by means of 3a correlations using the 14N(d,a2)
12C(hoyle) at 10.5 

MeV  for obtaining a extremely low background we used the anti-telescope technique and we

developed a new modular hodoscope, superOSCAR We improved, of a factor 5, the present precision

in the knowledge of the Hoyle state direct decay branching ratio (recently accepted on Phys. Rev. Lett.);

•HICs at intermediate energies interesting example of how nuclear correlations are useful to study the 

interplay of Nuclear Structure and Dynamics  clustering in sub-saturation density regions (central

collisions)  2a correlations 8Be as nuclear thermometer 36Ar+58Ni (32-95 AMeV)  extra-

population of the 3.04 MeV state yield  in-medium a-a interactions?

Thank you for your attention.
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Development of new generation hodoscopes: OSCAR
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OSCAR: Odoscopio di Silici per le Correlazioni e le Analisi di Reazioni

A new hodoscope for the analysis of nuclear reactions.
SSSSD (20mm, 16 strips 3mm + 0.125mm interstrip) + 16 silicon pads

Developed with the INFN-Napoli SER.
• Plug-and-play connections
• on-board pre-amplifiers
• modular and compact detector
• low cross-talk levels and high 

resolutions

OSCAR: Odoscopio di Silici per le Correlazioni e le Analisi di Reazioni

A new hodoscope for the analysis of nuclear reactions.
SSSSD (20mm, 16 strips 3mm + 0.125mm interstrip) + 16 silicon pads



Development of new generation hodoscopes: OSCAR
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TEST di OSCAR ai LNS: 40,48Ca+40,48Ca at 35 A MeV, 52o LAB

Ca+Ca

a source

Good particles identification up to lithium
isotopes via the DE-E technique.

Identification of very low energy particles with 
very good energy resolution. (a dedicated
experiment has been performed at LNS for 
studiyng the effects of the silicon non-uniformity
on the particle identifications and energy
resolutions.



A route to SPES  development of high segmentated detectors with low detection thresholds and 
high modularity (ancillary detector).

Development of new generation hodoscopes: OSCAR
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Energy spectra of the lightest identified fragments obtained in 48Ca+48Ca collisions at 35MeV/u

to be submitted for publication…
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12C structure via the 14N(d,a) reaction: the HOYLE experiment

Daniele Dell’Aquila (dellaquila@na.infn.it) – Cocoyoc (Mexico), January 6th 2017
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12C structure via the 14N(d,a) reaction: the HOYLE experiment

Daniele Dell’Aquila (dellaquila@na.infn.it) – Cocoyoc (Mexico), January 6th 2017


