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Low-energy nuclear physics
Nucler as quantum many-body systems of nucleons
«— to understand several properties in terms of nucleon d.o.f.

> static properties: nuclear structure

the mass, the size, the shape.... -

» dynamics: nuclear reactions

v" Nuclear Reactions as a tool to investigate nuclear structure
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0 aspects of nuclear reactions

v a tool for nuclear structure

v’ reaction dynamics
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v’ g.s. properties (mass, size, shape....)
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quantum many-body dynamics (nuclear reactions)

elastic scattering inelastic scattering fusion

physics of nuclear reactions:
a unified description of these processes



A good example of the interplay between structure and reaction

Sub-barrier enhancement of fusion cross sections
: a large 1impact of inelastic processes on fusion
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Taking a snapshot of a nucleus with a “fast” nuclear reaction

low-energy H.I. fusion reactions In recent years increasing interests in:
of a deformed nucleus relativistic H.I. collisions
65 ——T1———— with a deformed nucleus
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J. Jia et al., Nucl. Sci. Tech. 35, 220 (2024)

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




Single-channel calculations

g.s. g.s.

optical potential { * elastic scattering
. e absorption process
Vot (1) = V(r) —iW (r) puon p

L a loss of incident flux

v’ inelastic scattering
v’ transfer reaction

v" fusion ote.



Optical model calculations
Vop (1) = V() =W (r) — ofus = 5 32+ 1)(1 = |5%)
l

@ no dynamics after the capture: only the absorption of elastic flux

€ dynamics are important in several cases:
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a schematic model for the imaginary part : a microscopic understanding of the optical potential
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Imaging quantum interference phenomena

quantum interference phenomena in heavy-ion reactions

v’ Mott Scattering v’ near side-far side interference
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Imaging quantum interference phenomena

a double slit problem
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Imaging quantum interference phenomena
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Imaging quantum interference phenomena

DX V)|

Other applications in particle physics

I R similar . L
¥ scattering of imaging black holes

string through AdS/CFT

K. Hashimoto, Y. Matsuo, and T. Yoda, PTEP2023, 043B04 (2023) : “String is a double slit”
K. Hashimoto, S. Kinoshita, and K. Murata, PRL123, 031602 (2019), PRD101, 066018 (2020)



imaging quantum interference phenomena K. Hagino and T. Yoda, PLB848, 138326 (2024).
K. Heo and K.Hagino, PRC111, 034612 (2025).

Application to nuclear reactions:
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imaging quantum interference phenomena K. Hagino and T. Yoda, PLB848, 138326 (2024).
K. Heo and K.Hagino, PRC111, 034612 (2025).

Application to nuclear reactions:
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Multi-channel dynamics

coupled-channels approach
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Fusion reactions: compound nucleus formation
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nucleus

ENDEF/B-VIIL.O0 (evaluation)

. | .
Niels Bohr (1936)  neutron capture U 4
reactions = .
b§ é
L |

0005 0001

E (MeV)
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Fusion reactions: compound nucleus formation

nucleus

@—» @ »  PLT compound

O Proton Y Gamma Ray

NASA Skl spmve st cn Dacurioar 10. 1073, schar fa reschirg 268 03) b

energy pfoaﬁction nucleosynthesis superheavy elements
in stars (Bethe ‘39)

Fusion and fission: large amplitude motions of quantum many-body systems

«— microscopic understanding: an ultimate goal of nuclear physics




Coulomb barrier
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1. Coulomb interaction
long range, repulsion

2. Nuclear interaction
short range, attraction

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

Fusion with quantum tunneling

- several nuclear shapes

- several surface vibrations

with many degrees of freedom

several modes and adiabaticities

- several types of nucleon transfers

Potential (MeV)

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

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

Wl T T
E O+  Sm E
102 =) =
2 10'F 1 Y
g ? potential model
7 i ! _ P
b“e 1005_ dgformation of 1>*Sm E b C
E / @ EXpt E
]0'l = i, --- Potential Model - J
F ! — Deformation - /[ P
10_2]_0 5 L (') ' g ' ]- 0 neutron
E-V, (MeV) number

K. Hagino and N. Takigawa, Prog. Theo. Phys.128 (2012)1061. -



Effects of nuclear deformation on fusion
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Effects of nuclear deformation on fusion
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rotational spectrum

a small rotational energy

I(I+1)h?
2J

— a large moment of inertia J

E; =

— rotation: a slow deg. of freedom

Erot ~ E2+ — 82 keV
Etunnel ~ hﬂbarrier ~ 3.5 MeV

T, — ‘+’+'+ .

— a spherical state in the lab. system

fix the orientation angle to calculate
the fusion probability

“a snapshot of a rotating nucleus™




Effects of nuclear deformation on fusion

154Sm : a typical deformed nucleus
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[Fusion: strong interplay between nuclear structure and reaction ]




Fusion barrier distribution d2( Eof,s) dP—g

N. Rowley, G.R. Satchler, and P.H. Stelson, PLB254 (‘91) 25
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Determination of 8, of Mg with quasi-elastic barrier distributions
Y .K. Gupta, B.K. Nayak, U. Garg, K.H., et al., PLB806, 135473 (2020).
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Emulator for multi-channel scattering

= _'O': ?:§:i0:01 needs to repeat many calculations with different ([3,,3,)
2 — an emulator to speed-up the calculations
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 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).
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Relativistic Heavy-Ion collisions
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Probing nuclear shapes in Relativistic Heavy-Ion collisions

the initial shape Cey
of QGP expansion detection large similarities to

e , low-energy H.I. fusion reactions
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Taking a snapshot of a nucleus with a “fast” nuclear reaction

taking snapshots of a “slow” motion with a high-speed camera

Tcamera <K Tmotion

https://www.sony.jp/ichigan/products/ILCE-7M3/feature 3.html
(photos with a Sony camera o/ 7111)

E=S) taking snapshots of a nucleus with a “fast” nuclear reaction

Treaction < Tnucleus




Probing nuclear shapes in Rel. H.I. collisions

flow: 1dN 1
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Probing nuclear shapes in Relativistic Heavy-Ion collisions

So far, the focus has been mainly on a static deformation of a deformed nucleus

There also exist several dynamical deformations of a spherical nucleus

(cf. 1-dim. H.O. A
an 1/4 2
_ (= —ax® /2
o@=(3)" ¢
(B) =0 (@) =0, (%) =1/2a,
but fluctuates around =0 1 tvnical example:
(zero-point motion) vb P

2,7 at 1.45 MeV in >®Ni



Probing nuclear shapes in Relativistic H.I. collisions

oo
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Probing nuclear shapes in Relativistic H.I. collisions

S8Ni+>8Ni scattering (B, ~ 0.218)
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Summary

v" Nuclear Reaction Dynamics

* a microscopic approach to absorption due to CN formation " 02
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