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Clusters in the Trojan Horse Method for Nuclear Astrophysics

Triple alpha resonances in 12C and Efimov mechanism in nuclei

Role of Clusters in fusion reactions between light nuclei at low energy



Clustering features

The concept of clustering has a long history. Even
at the inception of nuclear science, even before the
neutron was discovered, it was known that
conglomerates of nucleons (nuclear clustering)
were extremely important in determining the
structure of light nuclei

10 l 1
The discovery of alpha-decay of heavy-nuclei s
initiated the idea that clusters of nucleons (two ’ 16 20, Mg O |
. . Ne g .
protons and two neutrons) might be preformed prior 8 . g 2 O Ne W7
To emission. He Be ° v
% 1 ? /
Binding energies are higher for systems with even- 2 ¢
numbers of protons, and for nuclei with even and 5
equal numbers of protons and neutrons the binding m
energy per nucleon is maximal (e.g. “He, 8Be, 12C.....). 4l | |
It should be observed that all of these nuclei can be [
considered o be composed of a-particles. o
2 1"‘ ”‘\ . “ | . I .
0 10 20 30

Mass [A]



A 18C 20 Mg

aBe 12C !60 ZONe 24Mg 25$i
CO 000 0000 00000 000000 o000 au by voaey . som °
7.27 14 44 19.17 28.48 38.46
© ©o ©co @©@ooo ©o000 2. tC Mg wAs

7.16 11.89 2121 3119 o%0  00i0 Oe;gao szfc
@ @ (@ ' |

473 14.05 24.03 tpe  BC %0 . Mg oA

>
g
S o
< ©o ©o© %0 0000 0:000| 5. @ Q-0 00
= 13.93 23.91 8.89 21.62 30.58 W
k3 27.06 50.41
: »
X O 0O
w l-‘C
9.32 19.29 YBe ZNe %Mg 38Ar
oo <00
IKEDA Diagram w9800 °8° °°°°°
16.75 20.40 2.8 247 o8
f £
M (Mg 0 ‘Be  BC "0 2Ne
9.78 00 000 0000 | o-Q
157 12.21 18.58

@ SBe 2c 160 2Ne “Mg HAr

-0.090 B y
Mass number L U4 473 14.05 23.18

The cluster structure would expect to be manifest close to the cluster decay
threshold. In order to be fully formed, the proximity of cluster states to the decay
threshold is crucial. This is the message of what is known as the Ikeda diagram (Ikeda
et al., 1968)



Quasi-free processes: a way o probe clustering in light nuclei

Quasi-free scattering and reactions to investigate the cluster structure in light nuclei.
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2-body reaction

The Impulse Approximation factorizes the three-body cross-section as:
KF kinematical factor
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P clustering probability
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Nuclear clusters as virtual projectile/targets for nuclear astrophysics: the THM

The THM is an indirect method to measure cross-sections at ultra-low energies
overcoming the main problems of direct measurement:
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Trojan : Method

Basic principle: astrophysically relevant two-body o from quasi-free contribution of an
appropriate three-body reaction
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NO electron screening 2-body reaction
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Binary Indirect E.b | Q Accelerator

reaction reaction

7Li(p, o)*He [2H(’Li, ca)n [19-22 [15.122 | TANDEM 13 MV Spitaleri et al. PRC,1999,
LNS-INFN, Catania Lattuada et al. ApJ, 2001

Li(p, @)*He |’Li(3He, aca)d |33 11853 | CYCLOTRON, Tumino et al. EPJ, 2006
Rez, Praha

SLi(p, o)®He |2H(Li, o 3He)n [ 1425 | 1.795 | TANDEM 13 MV Tumino et al. PRC, 2003
LNS-INFN, Catania

Be(p, )®Li |2H(°Be, o ®Li)n | 22 -0.099 E’\\JED%M,_ Wen et al. PRC, 2008,

, Beijing

TANDEM 13 MV Wen et al. JPG 2011
LNS-INFN, Catania

1B(p, «)®Be |2H(1B, a.8Be)n |27 6.36 TANDEM 13 MV Spitaleri et al. PRC, 2004,
LNS-INFN, Catania | | amia et al. JPG, 2011

BN(p, a)t2C | 2H(N, o 12C)n |60 2.74 CYCLOTRON, La Cognata et al. PRC,
TAMU, College Station 2008
TANDEM 13 MV
LNS-INFN, Catania

BO(p, )N | 2H(*80, o °N)n | 54 176 (CYCLOTRON, La Cognata et al. PRL
TAMU, College Station 2008
TANDEM 13 MV ’
LNS-INFN, Catania

19F(P/ O")16<) ZH(lgF/ a 160)” 50 8.11 TANDEM 13 MV La Cognafq et a/‘ APJ
LNS-INFN, Catania Le.r.t 201 1)

70(p, a)¥N | 2H(17O, al*N)n |45 -1.032 | TANDEM 13 MV Sergi et al. PRC (R), 2010

LNS-INFN, Catania
TANDEM 11 MV
Notre Dame




Binary Indirect E.b Q Accelerator Ref.
reaction reaction
10 | BF(p )0 | 2H(*8F, a!>O)n 48 CYCLOTRON Cherubini et al. PRC 2015
CNS-RIKEN, Tokyo |p & Pizzone et al. EPTA 20
11 |°B(p, @)’Be |2H('°B, a’Be)n 27 TANDEM 13 MV o
LNS-INFN, Catania Spitaleri et al. PRC 2014
12 |6Li(d,a)*He |6Li(tLi,00)*He 5 22372 | TANDEM Cherubini et al. ApJ, 1996
Demoscritos, Atene
4.8 TANDEM, Spitaleri et al .PRC, 2001
IRB, Zagreb
13 |[°Li(d,a)*He |°Li(bLi,aa)*He CYCLOTRON Pizzone et al. PRC, 2011
Rez, Praha
14 |3He(d,a)H |®Li(3Hep*He)*He |56 16.878 EW:AMITRON. La Cognata et al. 2005
ochum
15 |2H(d,p)H 2H(Li p3He)*He 14 2.59 DYNAMITRON, Rinollo et al. EPJ 2005
Bochum
16 |2H(d,p)*H ?H(3He ,p3H)!H 18 -1.46 CYCLOTRON, Tumino et al. PLB 2011
Rez, Praha Tumino et al. APT 2014
17 |2H(d,n)3He |2H(3He,n3He)H 18 -2.224 | CYCLOTRON Tumino et al. PLB 2011
Rez, Praha Tumino et al. APT 2014
9 8 9 8
18 |°Be(p.d)®Be Be(d,d®Be)n IIA:lE?E&ijlirs\ng Preliminary results
19 [Li(n,a)®H |2H(Li, t o)'H 14 2.224 | TANDEM 13 MV Tumino et al.,EPT A 2005

LNS-INFN, Catania

Gulino et al., JPG 2010




Binary Indirect E., | Q Accelerator Ref.
reaction reaction
20 | 70O(n,a)t4C 170(n, al4C)H 435 |-0.40 | TANDEM 11 MV Gulino et al. PRC(R) 2013
7 Notre Dame
TANDEM 13 MV
LNS-INFN, Catania
21 [13C(a,n)leO 13C(6Li, a n)eO TANDEM La Cognata et al. PRL 2013
FSU, Tallaassee,
Florida, USA
22 |12¢(12C,a)?°Ne | 12C(1°0,a2°Ne)*He TANDEM 13 MV
12C(**N,a*°Ne)?H Bucharest,Catania Preliminary results
IZC(IZC,p)23NG 126(14N,p23N0)2H
23 | 12C(a,a)t2C 12¢(5Li, a 12C)2H 20 |O TANDEM 13 MV Spitaleri et al. EPJ 2000
LNS-INFN, Catania
H(p.p)H 2H(p.pp)n 56 | 2,224 | CYCLOTRON Tumino et al. PRL 2007
24 ATOMKI, Debrecen | Tumino et al. PRC 2008
TANDEM
IRB, Zagreb
TANDEM 13 MV
LNS-INFN, Catania
TANDEM 5 MV
Nanoli University
25 | 'n("Be,a)*He |2H("Be,aa)!H Under analysis

TANDEM LNL-
INFN




Trojan » Method
For Resc Reactions

The A + a(x+s) — F*(c + C) + s process is a transfer to the continuum where particle x is
the transferred particle

Standard R-Matrix approach cannot be applied to extract the resonance parameters -

Modified R-Matrix is introduced instead

In the case of a resonant THM reaction the cross section takes the form

d*c Loy (E) |M;(E)|?

i

dEc. d,  (E— Ep, )2 +12(E)/4

M,(E) is the amplitude of the transfer reaction (upper vertex) that can be easily calculated
- The resonance parameters can be extracted and in particular the strenght

IMPORTANT: reduced widths are the same for the extraction of the S(E) factors >

From the fitting of the experimental THM cross section they can be obtained and used
to deduce the OES S(E) factor.



3C + o — n+10: recent experiment at FSU
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The '8F(p,a)®O Reaction @ CRIB - CNS - RIKEN and @ Cyclotron Laboratory, TAMU
using a 8F RIB

The 8F(p,a)®0 astrophysical S factor from the
present experiment.

Solid circles: THM experimental data with the
assumption of J™ = 3/2* for the resonance at
E=6460 keV (upper limit)

Open circles: ¥F(p,a)*>O astrophysical S factor
corresponding to the assumption of J™=5/2-
(lower limit)

0 100 200 300 400 500 600 700 800 900 S. Cherubini et al. PRC 92 (2015) 015805
E (keV) R.G. Pizzone et al. EpJ A (2016)

Blue solid and red dashed lines: calculations reported and discussed in Beer et al. PRC 83
(2011) 042801 smeared to the present experimental resolution (o = 53 keV). The difference is
given by the alternative interference pattern adopted in the calculations.

Each pair of curves represents the upper and lower limit for each calculation

Around 700 keV: normalization region

Elsewhere: fair agreement with the dashed lines if J™ = 3/2* is assumed



Triple alpha resonances in the ¢Li+%Li->3a at low energy

Coincidence measurement of the SLi + 5Li — 3o reaction at 3.1 MeV of beam energy

Results: existence of a-trimers at an excitation energy of 12C of about 29.6 MeV (°Li + Li
threshold: 28.17 MeV; center-of-mass beam energy at half target: 1.4 MeV
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A. Tumino et al. PLB (2015) 59



Hyperspherical formalism for the low-energy three-body problem:

to better investigate the correlation between
the three a particles from the available
data in a whole,

Pij = Pi — Dj. Jacobi momenta

- - 1 - -
Pk,ij = Dk — E(pi +Dj).

\/§pij
Dk.ij

o, = arctan( ) Delves hyperangle

where (i, j k) is a permutation of (1,2,3) and p;; and
Px;j are the magnitudes of the momentum vectors.
The range of a, is from O to w/2

k is the undetected third o particle. Thus oy =a;

Signature of triple a correlation?
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Events within those peaks were projected onto the Eij (i, j = 1,2,3) relative energy axis:
A. Tumino et al. PLB (2015) 59
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contribution to the peaks is consistent with the interpretation of triple a correlation.



Can we link this correlation with the Efimov mechanism?

Efimov idea: A system of three particles
with resonant two-body interactions may
form bound states, the so called Efimov
trimers, even when any two of the
particles are unable to bind.

No observation exists yet in nuclei

Efimov has predicted the possibility of
existence of trimers in a system of three
a-particles, with a maximum radius of
attraction of the order of the Bohr
radius, a-=1/€2?, due to the repulsive long-
range Coulomb potential.

His prescription refers mainly to 12C
levels in the vicinity of the threshold of
breakup into three a-particles or o + 8Be,
and here we are much higher with the
excitation energy.

Other interpratation

Li+a+d Efimov trimer in the entrance
channel (zero energy). Thus, systems
with correlated a particles can be seen
as escape channels from Efimov.



Clustering in light nuclei: do they play a role in the sub-Coulomb fusion processes?

From the o5 spectrum: the bulk of recombination into 3a particles pertains to
the 90° region. First reason: contribution of the 22.2 MeV level of 8Be.

Side reason: a3 around 90° corresponds to 3a particles in a line and can be linked to two
interacting 6Li in a stretched a-d-d-a configuration that corresponds to the
minimum value of the Coulomb barrier.

Next step: To investigate the role of clustering in the sub-Coulomb fusion processes of
light nuclei with pronounced cluster structure, we have started with the SLi + 6Li>3a
reaction (Q = 20.9 MeV). The aim is to investigate the decrease of its cross section
while decreasing the interaction energy from above to below the Coulomb barrier. If
clustering plays a role, the system should experience a lower decrease of the cross

section than expected.

Conjecture for nuclear astrophysics: there might be the possibility that other direct
processes never considered at sub-Coulomb energies, triggered by the cluster
structures of the interacting nuclei that manage to reduce the overall Coulomb barrier,
may contribute to unsolved problems...



Conclusions
Many years ago the idea that atomic nucleus might show a cluster substructure has

stronly supported the development of the physics of clusters, revealing a wide variety
of clustering ranging from nuclear molecules to possible chains of a-particles.

This physics is still very attractive and lends itself to many applications:

- Nuclear astrophysics and the THM: virtual projectile/targets to overcome the main

issues of nuclear reactions at astrophysical energies

- Strong correlations and a conglomerates possibly connected with the Efimov
mechanism in nuclei - still a lot to understand

- Role of clustering in the sub-Coulomb fusion processes of light nuclei with
pronounced cluster structure

To be continued ...

THANK Yous



