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Fusion reactions: compound nucleus formation
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Fusion reactions: compound nucleus formation
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Fusion and fission: large amplitude motions of quantum many-body systems

«— microscopic understanding: an ultimate goal of nuclear physics




Fusion reactions: compound nucleus formation
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Coulomb barrier
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1. Coulomb interaction
long range, repulsion

2. Nuclear interaction
short range, attraction
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Potential barrier (Coulomb barrier)

Fusion: takes place by overcoming
the barrier

the barrier height — defines the energy scale of a system

Fusion reactions at energies around the Coulomb barrier




Sub-barrier fusion reactions and quantum tunneling

for a parabolic barrier:
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a very strong energy dependence!



the potential model: inert nuclei (no structure)
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Discovery of large sub-barrier enhancement of 4, (~80’s)

the potential model: inert nuclei (no structure)
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Sub-barrier fusion reactions and quantum tunneling
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Sub-barrier fusion reactions and quantum tunneling

Fusion with quantum tunneling

Sub-barrier fusion reactions
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Sub-barrier fusion reactions and quantum tunneling

Fusion with quantum tunneling

with many degrees of freedom

- several nuclear shapes

i i N0

several modes and adiabaticities

- several types of nucleon transfers

100

Potential (MeV)

Tunneling probabilities: the exponential £ dependence
— nuclear structure effects are amplified

Sub-barrier fusion reactions
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Effects of nuclear deformation on fusion
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Effects of nuclear deformation on fusion
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[ Fusion: strong interplay between nuclear structure and reaction]




Sub-barrier fusion reactions and quantum tunneling
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similar enhancement for non-deformed nuclei

static deformation
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Coupled-channels method: a quantal scattering theory with excitations

many-body problem

still very challenging

mmm) two-body problem, but with excitations : the coupled-channels approach
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scattering theory with excitations



Coupled-channels method: a quantal scattering theory with excitations
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Coupled-channels method: a quantal scattering theory with excitations
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Coupled-channels method: a quantal scattering theory with excitations
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* Fusion — an absorbing potential (an optical potential)
 excitations to unbound states — breakup reactions (neutron-rich nuclei)

a recent review: K. Hagino, K. Ogata, and A.M. Moro,
Prog. in Part. and Nucl. Phys. 125, 103951 (2022).



Coupled-channels method: a quantal scattering theory with excitations
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the fortran code CCFULL: K. Hagino, N. Rowley, and A.T. Kruppa, CPC123 (‘99) 143)



Fusion barrier distribution
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Fusion barrier distribution
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v" Fusion barrier distribution (Rowley, Satchler, Stelson, PLB254(‘91) 25)
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Determination of B, of Mg with quasi-elastic barrier distributions
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Emulator for multi-channel scattering
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Y.K. Gupta et al.,

PLB845, 138120 (2023).

needs to repeat many calculations with different ([3,,34)

B4 Probability

— an emulator to speed-up the calculations

Eigenvector continuation

» bound state problems:
H(0)|v(0)) = E@)¥(0))  v(0) = Zci\p(gi)

T. Duguet et al.,
Rev. Mod. Phys. 96, 031002 (2024)

» Extension to scattering problems:

* R. Furnstahl et al., PLB809, 135719 (2020)
e C. Drisshler et al., PLB823, 136777 (2021)
* J.Liu,J. Lei, and Z. Ren, PLB858, 139070 (2024)
* K. Hagino, Z. Liao, S. Yoshida, M. Kimura,
and K. Uzawa, Phys. Rev. C112, 024618 (2025).



Taking a snapshot of a nucleus with a “fast” nuclear reaction

low-energy H.I. fusion reactions

of a deformed nucleus
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In recent years increasing interests in:
relativistic H.I. collisions
with a deformed nucleus
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J. Jia et al.,
Nucl. Sci. Tech. 35, 220 (2024)

a good probe of nuclear shapes

large contributions

from China
Jiangyon Jia T2iLiE
Chunjian Zhang R &2
Huichao Song R E
You Zhou & H
Xiaomei Li X

[ Large similarities — intersection of High E and Low E HI collisions ]




Probing nuclear shapes in Relativistic Heavy-lon collisions

the initial shape

of QGP expansion detection
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Probing nuclear shapes in Rel. H.I. collisions
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Probing nuclear shapes in Rel. H.I. collisions

flow: 1 dN
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* G.Aadetal., PRC107, 054910 (2023)
* STAR collaboration, Nature 635, 67 (2024)

v" o cluster

« 160+160: ALICE, preliminary
* Y. Wang et al., PRC109, L051904 (2024)

G. Giacalone et al.,
arXiv: 2402.05995



Probing nuclear shapes in Relativistic Heavy-lon collisions

In addition to static deformation, -

there also exist several dynamical deformations of a spherical nucleus

/cf. 1-dim. H.O. ™
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(zero-point motion) a typical example:
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Probing nuclear shapes in Relativistic H.I. collisions
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