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Textbooks that may be helpful

ü A standard textbook for nuclear theorists.

Pros. It covers lots of subjects, like a dictionary.

Cons.Information is limited, requires some effort 

to fully understand all between lines and equations.

ü A pedagogical textbook on nuclear theories.

Pros.Easy to read. Details are explained in exercises.

Cons.It covers limited subjects than Ring-Schuckôs.

*Links to amazon.com have been embedded in the book pictures.

https://www.amazon.com/Nuclear-Many-Body-Problem-Theoretical-Mathematical/dp/354021206X
https://www.amazon.com/Nuclear-Models-Walter-Greiner/dp/354059180X


Brief personal history

Main research field:  Nuclear Theory

1988: Born in Tokyo, grew up in SatteCity in Saitama

2006-2010: Tokyo University of Science (BSc)

2010-2015: University of Tsukuba (MSc-PhD)

Apr. 2015-Aug. 2017: Warsaw University of Technology, Poland  (Postdoc)

Sep. 2017-Dec. 2017: University of Washington, USA  (Postdoc)

2003-2006: InagakuenPublic High School

Cherry blossoms

in SatteCity

Jan. 2018-Mar. 2021: Niigata University  (Assistant Professor, tenure track)

Apr. 2021-Present: Tokyo Institute of Technology  (Associate Professor)



My mission

ÁTo present a global viewof nuclear physics.- Itôs ubiquitous!

ÁTo give you the essence of basic nuclear many-body theories 

(mean-field approaches for structure, excitations, and reactions) 

- Itôs applicable to other systems!

ÁTo attract your interest to nuclear physics.- Itôs profound!

ÁTo stimulate something new in your mind!



Purpose of todayôs lecture

ÁTo give a brief introduction to (modern) nuclear physics.

ÁTo recall some basic knowledgeson atomic nuclei.

ÁTo glance at wideness/richnessof nuclear physics, by looking 

at some selected phenomena out of many.

ÁTo motivate you to learn nuclear many-body theories.



Fromquarks to atomic nuclei



Standard model of the elementary particles
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Strong force

EM force
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Higgs boson

V Elementaryparticles: fundamental particles without structure

V Four forces: strong, weak, electromagnetic, and gravitational forces

V Particle physics explores an ultimate theory of the Universe



Quark Gluon Plasma (QGP)

Density

Temperature

Hadrons

Atomic 

Nuclei

Left figure:https://www.bnl.gov/newsroom/news.php?a=24281

The QCD phase diagram

Early universe

Neutron Stars

From quarks to hadrons
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ü A nucleon(proton or neutron) 

is a baryon.

Mesons
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E.g. Pion( +́)

V Hadrons: composite particles of quarks

V Exploring the evolution of the 

Universe through high-energy 

nuclear experiments

V Quark matter in NS core?

Ÿcolor superconductivity



Not this ñhigh energyò !!

Animation: Brookhaven National Laboratory (http://www.bnl.gov/rhic/); https://youtu.be/Vyq_AYWctSo

http://www.bnl.gov/rhic/


We collide two nuclei ñgentlyò
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and study quantum many-body dynamics of neutrons and protons



Energy scales 
and

degrees of 
freedom

Figure: https://www.asc.ohio-state.edu/physics/ntg/6805/slides/6805_overview_slides.php#Dofs
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In ñlow-energyò nuclear physics,

we treat neutrons and protons as building blocks

What we study is:

A quantum many-body problem of fermionsinteracting through the nuclear force

Å complex state dependence

Å spin-orbit interaction

Å tensor interaction

Å ...

Repulsive core

Short-range attraction



Please always keep in mind:

An atomic nucleus is a quantum many-body system.

There exist various phenomenological models that can explain 

some aspects of nuclear physics, but ultimately everything 

should be explained microscopically(with quantum mechanical 

theories based on nucleonic degrees of freedom) in a unified way!



Basic knowledges of atomic nuclei



Saturation of the nuclear density

K. Sekizawa Mon., June 14, 2022Lecture #1: Overview of Nuclear Physics

Ç Nuclear charge densitycan be measured 

experimentally by electron scatterings.

Ç As an experimental evidence, an empirical 

formula of nuclear radius was found:

(r0~1.2 fm)

Ç It means, nuclear density is saturated:

where A denotes the number of nucleons.

Its typical value is:  ɟ0 ~ 0.16 fm-3.

V Density inside a nucleusis nearly constant

ᵾ Repulsive core of nuclear force

ᵾ Pauli exclusion principle

ü Nuclear matter is ñincompressibleò



Saturation of the nuclear binding energy

K. Sekizawa

V Binding energy per nucleonis nearly constant

ü Nuclear force is of ñshort rangeò

Ç Nuclear binding energy can be obtained 

experimentally by measuring nuclear mass.

Ç As an experimental evidence, it was found 

that the binding energy per nucleon is 

nearly constant:

Ç It reflects short-range character of 

nuclear force.

Mon., June 14, 2022Lecture #1: Overview of Nuclear Physics



Whatôs the nature of an atomic nucleus?  Like a liquid drop?

Photo taken from Wikipedia: https://en.wikipedia.org/wiki/Drop_impact

https://en.wikipedia.org/wiki/Drop_impact


Liquid drop model for the binding energy

K. Sekizawa

V Binding energy per nucleon is nicely explained by a liquid drop model

The Bethe-Weizsäckermass formula:

ᵾ Pairing correlations

Mon., June 14, 2022Lecture #1: Overview of Nuclear Physics
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s.p. excitations of unpaired neutron

Excitation spectra

Pairing correlations in atomic nuclei

Nucleons prefer to form Jˊ = 0+ pair in open-shell nuclei

K. Sekizawa

odd-N

odd-Z

even-N

even-Z

Theories for pairing correlations

Ÿ Lecture #3 (6/21)

Mon., June 14, 2022Lecture #1: Overview of Nuclear Physics



Magic numbers

K. Sekizawa

V Atomic nuclei become more stable for particular numbers of nucleons, 

akin to noble gas of atoms

Mon., June 14, 2022Lecture #1: Overview of Nuclear Physics

ȹB = Experimental binding energy - the BW mass formula

Neutron separation energy Sn vs. N

Ionization energy of atoms



Magic numbers

K. Sekizawa

V Shell model explains the magic numbers, 2, 8, 20, 28, 50, 82, 126

ü Independent particle picture in a mean potential 

with a strong spin-orbit interaction works well

M.G. Mayer J.H.D. Jensen

The Nobel Prize in Physics 1963

Mon., June 14, 2022Lecture #1: Overview of Nuclear Physics



K. Sekizawa

Single-particle vs. collective pictures

Photos: https://www.nobelprize.org; B/A (ỵ ᶘ ễ ‰ ὲⱳ ♃ϳϴУЂϱЕϢϤ)

M.G. Mayer J.H.D. Jensen

The Nobel Prize in Physics 1963

Shell model

Independentparticle picture

Bethe-Weizsackermass formulaLiquid drop model

strongly correlated (collective) picture

How are they unified??

Mon., June 14, 2022Lecture #1: Overview of Nuclear Physics

https://www.nobelprize.org/
http://ne.phys.kyushu-u.ac.jp/seminar/MicroWorld3_E/3Part2_E/3P24_E/liquid_drop_model_E.htm


Collective excitations (rotation)

Nuclear structure, excitations, and decays

K. Sekizawa

Static deformation

Collective excitations (vibrations)

Theories for collective excitations

Ÿ Lecture #4 (6/24)

Mean-field description of nuclear structure

Ÿ Lecture #2 (6/17)

Nuclear fission

Time-dependent description of 

nuclear dynamics

Ÿ Lecture #5 (6/28)

Mon., June 14, 2022Lecture #1: Overview of Nuclear Physics



Other decay modes

K. Sekizawa

decay:

decay:

decay:

*X and Ystand for arbitrary symbols of elements.
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Mass parabola of ñodd-Aò nuclei
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Mon., June 14, 2022Lecture #1: Overview of Nuclear Physics
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Theory: ~7,000

Expt.: ~3,300

Z=114

M. Thoennessen, Rep. Prog. Phys. 76, 056301 (2013)

The ñmapò of atomic nuclei: the nuclear chart

(a.k.a. the Segrèchart)

Heaviest element?

New magic numbers?

Impact on r-process?

Island of stability?



The continent of stability has been well explored..

The Great Wall of China by Stacy Funderburke @shutterstock

https://www.shutterstock.com/image-photo/great-wall-china-82945360


ñFlat Earthò by iStock; ñFanciful view of ship sailing over edge of Earthò by Georgia Studies Images

Now we are sailing towards the edge of the nuclear landscape..

Å drip lines

Å shell structure

Å deformation

Å skin, halo

Å nuclear matter properties

Å nucleosynthesis

Å ...

Stable nuclei:  288

Experiment:  ~3300

Theory:  ~7000-10000

https://www.istockphoto.com/au
https://georgiainfo.galileo.usg.edu/gastudiesimages/Ship%20Sailing%20Over%20Edge%20of%20Earth.htm


Nucleosynthesis at accelerator facilities

RI Beam Factory (RIBF) @RIKEN

Collide! Fusion!

Superconducting Ring Cyclotron (SRC)

The world-leading factory 
of unstable nuclei!

Microscopic description of nuclear reactions

Ÿ Lecture #5 (6/28)



ñFlat Earthò by iStock; ñStar Wars Spaceshipò by ValérianPierret@Artstation

Now we are sailing towards the edge of the nuclear landscape..

Letôs leave the planet 

of finite nuclei!

https://www.istockphoto.com/au
https://www.artstation.com/artwork/e0m4eJ


ñ3d hyperspace background with warp tunnel effect Free Photoò @freepik

Fromnuclei to neutron stars

https://www.freepik.com/free-photo/3d-hyperspace-background-with-warp-tunnel-effect_8879794.htm


Stars shine due to nuclear fusion reactions

The Sun

ʾRadius: ~7˷ 108m (~109timesbiggerthanEarth)

ʾMass: ~2˷ 1030kg  (~330 thousands times heavier than Earth)

ʾCentral temp.: ~10 million 

ʾSurface temp.: ~5000 

Picture: https://en.wikipedia.org/wiki/Sun



Proton-proton (p-p) chain
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Energy source of the Sun:  Nuclear fusion



Proton-proton (p-p) chain
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Before After˼

Lighter than before!

What happened:

Four protons became a helium nucleus!

Energy source of the Sun:  Nuclear fusion



Energy source of the Sun:  Nuclear fusion

Proton-proton (p-p) chain

1H 1H

1H2H

3He

1H 1H

4He

1H

1H 1H

2H

3He

e+ e+
ɜe ɜe

Proton

Neutron

Positron

Before After˼

Lighter than before!

What happened:

Four protons became a helium nucleus!

Equivalence between mass and energy

Albert Einstein (1879-1955)

E:  Energy

m:  Mass

c:  Speed of light

This reaction generates energy

(exothermic)

Quantum tunneling allows for 

overcoming the Coulomb barrier!


