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Introduction: low-energy nuclear physics

O behaviors of atomic nuclei as a quantum many-body systems
«— understanding based on strong interaction
» static properties: nuclear structure

v' ground state properties
(mass, size, shape,....)

v’ excitations

v" nuclear matter

v’ decays

» dynamics: nuclear reactions

« elastic scattering
* Inelastic scattering
* transfer rection
 breakup reactions
\ "« fusion reactions

" nucleus: a composite system A
v" various sort of reactions




Introduction: low-energy nuclear physics

O behaviors of atomic nuclei as a quantum many-body systems

«— understanding based on strong interaction

» static properties: nuclear structure

v' ground state properties

mass, size.)
v @xcitations>
v" nuclear matter

v’ decays
» dynamics: nuclear reactions

v’ various sort of reactions

N structure and reaction

" nucleus: a composite system A

v" an interplay between nuclear

/

elastic scattering
Inelastic scattering
transfer rection
breakup reactions
fusion reactions



Quantum Many-body Dynamics (nuclear reactions)

7 O\

elastic scattering inel. scattering fusion

a guantum reaction theory
to describe several reaction processes
simultaneously



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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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, PPNP in press.
arXiv: 2201.09512



Fusion Reactions

Coulomb barrier
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Fusion reactions — a many-body quantum tunneling

K. Hagino and N. Takigawa, Prog. Theo. Phys.128 (‘12)1061



Fusion Reactions

nucleus

@-» @ b paT compound

O Proton Y Gamma Ray

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

(Fusion and fission: large amplitude motions of qguantum many-body )

systems with strong interaction
< microscopic understanding: an ultimate goal of nuclear physics




Fusion Reactions

nucleus

@-» @ b paT compound

v Many-particle tunneling

*rich intrinsic motions
- several nuclear shapes

- several surface vibrations

several modes
and adiabaticities

H.l. fusion reaction = an ideal playground to study quantum
tunneling with many degrees of freedom
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Heavy and Superheavy
nuclei -
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Fusion of light nuclei: nuclear astrophysics

12C+12C fusion : a key reaction in nuclear astrophysics

Carbon burning

In massive stars
= o(E)

LOGARITMIC
SCALE
\‘,

12C+12C — o+ ZONe
12C+12C N p + 23Na

] Coulomb barrier
extrapolation

also needed !
v" Type la supernovae figure: M. Aliotta
v’ X-ray superburst



Fusion of light nuclei: nuclear astrophysics

12C+12C fusion : a key reaction in nuclear astrophysics

_ 14N d
(_Zarbon I?urnlng Trojan Horse Method 12C
IN massive stars 12C
- | 24M
2Na + p., ] g

A ? e
Wﬁﬂ%:w
L e

' 3.0

12C+12C — o+ ZONe
12C+12C N p + 23Na
also A. Tumino et al., Nature557 (‘18) 687

v Type la supernovae ~ 25 times larger than before
v’ X-ray superburst — lots of debates




12C+12C fusion reaction
Trojan Horse Method The THM data

/ are not supported.
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=21 XiaoDong Tang (IMP) et al., Phys. Lett. B801 (2020) 135170




12C+12C fusion: many resonance peaks

2" 4.44 MeV
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H.-J. Fink, W. Scheid,
and W. Greiner,
NPA188 (‘72) 259

a kind of
Feshbach resonance

K.H., unpublished (2015)
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A recent AMD calculation
Y. Taniguchi and M. Kimura, PLB823 (°21) 136790
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Heavy and Superheavy

nuclel -
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Fusion reactions of medium-heavy nuclei

potential model: inert nuclei (no structure)
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Fusion reactions of medium-heavy nuclei

potential model: inert nuclei (no structure)

ous = 15 > (21 + 1)(1 — |5?)
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154Sm : a typical deformed nucleus
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strong correlation
with nuclear spectrum
— coupling assisted
tunneling phenomena

similar enhancement

for non-deformed nuclei
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Semi-microscopic modelling of subbarrier fusion reactions
K.H. and J.M. Yao, PRC91(‘15) 064606
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Beyond-mean-field method
anharmonicity of phonon spectra

— C.C. calculations with
a phenomenological potential
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From phenomenological approach to microscopic approach

Macroscopic (phenomenological)

A
[ C.C. with collective model ]
- - p o
C.C. with inputs from C.C. with inputs based
microscopic nuclear on TDHF
_ Structure calculations
[ TDHF simulations ]
\4
Microscopic TDHF = Time Dependent Hartree-Fock

(a) TDHF

t=9.86 fm/c t=246.66 fm/c t=690.64 fm/c £=986.63 fm/c

S. Ebata, T. Nakatsukasa, JPC Conf. Proc. 6 (‘15)

ab initio, but no tunneling



eavy and Superheav

uclei =
HHo
B FRACERICEETZRFH L
0 FeEsEF% o OF =
B =HcisTROHREFE (V) Il o
RFHOBERR (BRNFE)
—_— s (R F—)
B EBBETHESNRREED (Pb) 82 LNy
i T e S | e \
O BREROWR o it ‘ BN :i::
& 5 ORHRERR A iy
: Sk : FAKI3BORR
o £ 2004578238
it HEFRE
\\,\)\,7‘%’(7 126
ot Rt
82
RIBFTR DI =
FLOBEFR
medium-heavy

light nuclei

Nuclear Chart: RIKEN Nishina Center



Superheavy elements
the island of stability (ZES)

CHART OF THE NUCLIDES
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Heavy-ion fusion reaction
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Fusion of heavy nuclel and superheavy elements

shape evolution cf. fission
A

‘

fusion
hindrance

Fusion

cf. Nihonium (RIKEN)

a very smaIIJ
7071+ 209Bj —s 278N h+ n

‘ probablllty

strong Coulomb repulsion
— re-separation




Nuclear shape evolution

nucleus = many-body system
of nucleons

U

nuclear intrinsic d.o.f.
. Internal environment

—physics of open quantum
systems

cf. Classical Langevin equation

Y. Aritomo, K. Hagino, K. Nishio, d?q  dV(q) dq R(t
and S. Chiba, PRC85 (2012) 044614 e P (£)



Nuclear shape evolution

» successful as a phenomenological

approach
nucleus = many-body system

of nucleons

U

nuclear intrinsic d.o.f.

oer (Pb)

o (T\?IeV) 50 . Internal environment
V.1 Zagrebaev and W. Greiner (2015) —physics of open quantum
systems
‘ cf. Classical Langevin equation
' ' 2
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quantum effects” 712 dg 7t



Fusion from a viewpoint of open guantum systems

classical mechanics
N

w

heat generation when a rigid
body stops

guantum mechanics
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Caldeira-Leggett model
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Fusion from a viewpoint of open guantum systems
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guantum mechanics
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Fusion from a viewpoint of open guantum systems

Caldeira-Leggett model
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cf. a “two-phonon” state
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how to deal with a huge number
of phonon modes?

— an efficient truncation scheme
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M. Tokieda and K. Hagino,
Ann. of Phys. 412 (2020) 168005
Front. in Phys. 8 (2020) 8.



fusion cross sections  ofs(E) = % > (2l +1)(1 - Ry(E))

KZGS, 2lhool
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Towards a microscopic nuclear reaction theory

many-body problems

still very challenging
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a linear superposition of many Slater determinants
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Nuclear Fission

240Pu
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G. Scamps and C. Simenel,
Nature 564 (2018) 382

Atomic number, Z

» Important role in:

 energy production
 superheavy elements

* r-process nucleosynthesis
 production of neutron-rich nuclei

T T T T T T T T T L T v T

100F g n .
v - process nuclides = asd

s 5- process path a=208 4 s :// §

- ahay. = 05 -
= o P
\ W
8ot - |
"
- z X & 4
— o
3 s O l: o
-~ s S s-\“‘ > S —

Te 4

60F =

fission
re-cycling
1 1 1 1 L 1 1 ' 1 1 1 1 1 1
40 60 80 100 120 140 160 180
Neutron number, N

2058 ‘
A

very complicated dynamics:
a microscopic understanding
— far from complete



Cl approach: a novel way to understand fission

K.H. and G.F. Bertsch

UI'GS

| — -
c.f. Generator Coordinate Method (GCM) .

W) = /dQ f(Q)|Pg) hopping due to the residual
Interaction

— CI approach
W) = [dQ 3" Fi(Q)|Pg()

— shape evolution



nuclear fission

compound
nucleus deformed nucleus
neutron
O—
E i / fission\ decay via

. ' fission
y-ray emission barrier Q Q

the transition state theory
B =T

v' decay dynamics: the saddle only
v the insenstitivity property

L'y =

27Tpgs

Can one derive the properties of the
transition state theorybased on a

microscopic many-body Hamiltonian?j
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G.F. Bertsch and K. Hagino, J. Phys. Soc. Jpn. 90, 11405 (2021)
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branching ratios V2 1 U3 V4
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the first realization of TST with a many-body Hamiltonian
G.F. Bertsch and K.H., J. Phys. Soc. Jpn. 90, 11405 (2021)



Summary [Nuclear Reactions: a variety of many-body dynamics]

Recent developments aﬂ%:;f’ﬁ
In nuclear fusion reactions s B

Jam- luclear Data

Towards microscopic understanding
« TDGCM
« ClI approach
(nuclear fission

Heavy and Superheavy
nuclei

* Open quantum systems
e quantum Langevin

medium-heavy nuclel
« many-particle tunneling

work, reports, presentati

* nuclear astrophysics
* resonances

light nuclet



