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Context: reactions of astrophysical interest

Theoretical investigation on nuclear reactions between
light charged particles at energies below the Coulomb barrier.

Focus on systems of astrophysical interest

1012 T T T T T
- J
0 ¢ fe J
10" i/
1081 1 = 7o

Number abundance (Si = 106)

1 1
0 50 100 150 200
Mass number A

C. lliadis. Nuclear Physics of Stars.
Wiley-VCH, 2015, fig. 1.2

sdo.gsfc.nasa.gov/
gallery

Salvatore Simone Perrotta et al. Three-particle SLi in the (p Introduction


sdo.gsfc.nasa.gov/gallery
sdo.gsfc.nasa.gov/gallery

Context: reactions of astrophysical interest

Theoretical investigation on nuclear reactions between
light charged particles at energies below the Coulomb barrier.

Focus on systems of astrophysical interest

Eck R BARE
. Nucteus ELECTRON

CLOVD

v

SHIELDED
NN NUCLEUS

A\

0 Rp a Re
DISTANCE r

H. J. Assenbaum et al. Zeitschrift fiir Physik A 327.4 (1987)

COULOMB POTENTIAL

Salvatore Simone Perrotta et al. Three-particle SLi in the (p, SHe) Introduction



Astrophysical factor S(E)

Process dominated by quantum tunnelling of the Coulomb barrier.

Astrophysical S-factor:

2
S(E)=Ee*™Eg(E) , n(E) = acZiZs %

(o angle-integrated cross-section, E center-of-mass collision energy,
Z; reactants charge number, a. fine-structure constant,

1 reactants reduced mass, ¢ speed of light).

o Correlations between the reactants internal degrees of freedom
can alter the sub-barrier cross sections.
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Goal and focus

Study the influence of ground-state (‘“static”) structure
on the reaction dynamics in a fully quantum framework.

@ Explicit evaluation of the cross-section in terms of the
properties and interactions of reactants.

@ No adjusting on reaction experimental data.

Study of °Li + p — «a + 3He transfer, focus on °Li structure.
o Two-cluster models: \6Li*) =|ad B8)
o Three-cluster models: |6Li*> =|apno@9)
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o The °Li(p, *He) a reaction

@ One-particle (deuteron) transfer
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°Li + p — °He + a: deuteron transfer

6Li+p-> He +a
T T T T 77
o Elwynetal. 1979 ]
Engstler et al. 1992 N
¢ Lamia et al. 2013 b
- -+« Arai et al. 2002 (RGM) g
& — — d transfer - spherical reactants
4 d transfer - deformed reactants (a-d: 0.8% L=2)
— d transfer - deformed reactants (o-d: 6.6% L=2)
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Present 15-order DWBA
in good agreement with Resonating Group Method calculation.
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o The °Li(p, *He) a reaction

@ Two-nucleon transfer
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a+n+p reduced probability density function

Reduced radial pdf a+p+n [fm?], 1p-2s(3.6%)
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Reconstruction of J. Bang et al. Nuclear Physics A 313.1 (1979)
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Reconstruction of 3-particle WFs

The bound state ®,,,, can be written as:

(I)apn = ZI,J CI,_[ ¢&p,i(£ap)¢@ﬂ,j(£an)
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Reconstruction of 3-particle WFs

The bound state ®,,,, can be written as:

(I)apn = Zi,j Cij ¢ap,i(£ap)¢an,j(£an)

“Bang": Reconstruction of J. Bang et al. Nuclear Physics A 313.1 (1979):
Faddeev, a—n Bang 1979, n—n de Tourreil-Sprung 1975.

“Casal”: Reconstruction of J. Casal et al. private communication. 2021:
HH, a—n Bang 1979, n—n Gogny-Pirres-Tourreil 1970.

Norm
core-n sp shell tot S tot L from Bang from Casal
1p x 1p 1 0 90.3 % 82.7%
1p x 1p 0 1 5.7% 6.6 %
1p x 1p 1 2 0.4% 0.6 %
25 X 25 1 0 3.6 % 10.1 %

Salvatore Simone Perrotta et al. Three-particle SLi in the (p, SHe) Two-nucleon transfer



Reconstruction of 3-particle WFs

The bound state ®,,,, can be written as:

(I)apn = Zi,j Cij ¢ap,i(£ap)¢an,j(£an)

“Bang": Reconstruction of J. Bang et al. Nuclear Physics A 313.1 (1979):
Faddeev, a—n Bang 1979, n—n de Tourreil-Sprung 1975.

“Casal”: Reconstruction of J. Casal et al. private communication. 2021:
HH, a—n Bang 1979, n—n Gogny-Pirres-Tourreil 1970.

Norm
core-n sp shell tot S tot L from Bang from Casal
1p x 1p 1 0 90.3 % 82.7%
1p x 1p 0 1 5.7% 6.6 %
1p x 1p 1 2 0.4% 0.6 %
25 X 25 1 0 3.6 % 10.1%

Salvatore Simone Perrotta et al. Three-particle SLi in the (p, SHe) Two-nucleon transfer



°Li + p — °He + a: two-particle tran

sfer cross-section
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Total p+n transfer, 61, from Faddeev.
High absolute value connected to issue in reaction calculation.

Can still study structure role by comparing
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+p+n Faddeev and HH comparison

Reduced radial pdf a+p+n [fm?], 1p-2s(3.6%)

E B P from Bang 1979: Faddeeyv,
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+p+n Faddeev and HH comparison

Reduced radial pdf a+p+n [fm?], 1p-25(3.6%)
—Ru= fars * Tnn

Ton [fM]

7Rcl=‘/%*rnn

Three-particle °Li in the (p
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Astrophysical S-factor [MeV b]

w

— “He + a: role of °Li (2s)? contribution

SLi+p-> *He + o, direct data rescaled with U = 182 eV

— - p+n transfer [6Li
— - p+n transfer [6Li
— p+n transfer [6Li
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Lines: different weight and sign for °Li (2s)? component.
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Calculations rescaled

clustering stren

6Li+p->3He+oc, calculations rescaled by 6Li norm for Rad > 378 I
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— = p+n transfer [ Li: 1p+2s(50%)] * 1.89 b
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i: 1p] 4

[°Li
gl — = p+n transfer [6Li
’ [°Li
(*Li: 2s] * 1.10
°Li
1°Li

— p+n transfer
7L ® " p+n transfer
L *= p+n transfer [ Li: 1p-2s(3.6%)] * 0.87
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p+n transfer
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Cross-section absolute value scales with 5Li WF “clustered norm”.
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What: SLi + p — *He + a around and below the Coulomb barrier

How: °

So far: °

To do: °

DWBA 2-nucleon transfer
Emphasis on the role of cluster structure.

Cross-sections scale with the “clustering strength”.
Greater clustering in YLi WF predicted by

hypersph. harmonics with n-n Gogny-Pirres-Tourreil 1970
than Faddeev with n-n de Tourreil-Sprung 1975.

Compare different n-n potentials in HH.
Directly use three-body WFs in the transfer.
Better treatment of unbound 5Li in sequential transfer.

PhD thesis arxiv.org/abs/2307.01835, PRC under review.
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arxiv.org/abs/2307.01835

Thank you
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Hamiltonian for 1-step p+n transfer

Total Hamiltonian, e.g. for initial state (A=a+pu, A= a+p+v):
M = [(Kap + Vau) + (Kaw + Voa + Vi)l + Kap + Viba + Vi + Vi
Kijj: kinetic energy of relative i-j motion. Vj: i-j potential.
Approximation:

H = [(Kap + Vap) + (Kay + Vau)] + Kab + Vba + Vi + Vi

o Simplifies the calculation.
o Accurate if V,,, is comparatively small (e.g. heavy ions).

@ Problematic in the present case.
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,°He) o 1-step p+n transfer, °Li from Faddeev

SLi+p-> "He + o, direct data rescaled with U = 182 eV

. T [ [ [ [ [ [
10r= o Elwynetal. 1979 ]
ol Engstler et al. 1992 |
| © Lamia et al. 2013 i
8 * o p+n [6Li: 1p-2s(3.6%)], simultaneous, standard —
B : *= p+n [éLi: 1p-25(3.6%)], simultaneous, new vertex function |
7 - —
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More accurate vertex function (red dot-dashed)
removes 1-step cross-section over-estimation.
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