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Course schedule

Overview
Hartree-Fock vs. IDFT
BCS and HFB

Collective excitations

Nuclear dynamics
EoS and neutron stars

Pulsar glitches

Basics of hypernuclear physics

Production of A hypemuclei I
Production of A hypernuclei IT

Structure of A hypernuclei

Decay of A hypernuclei
% hypernudei and = hypernuclei

Double A hyperncuei

Required learning

Understand the richness of nuclear many-body
problems

Understand basics of microscopic mean-field
approaches for nuclear many-body problems

Understand how pairing correlations are described
within mean-field approaches

Understand how to describe nuclear collective
excitations within random phase approximation

Understand how various nuclear reactions are
described within time-dependent mean-field
approaches

Understand the relation between an equation of state
and neutron star structure and various phases of
dense nuclear matter

Understand the nature of quantized vortices (flux
tubes) in superfluid (superconductor) and its relation
to pulsar glitch phenomenaon

Understand the basics of hypernuclear physics

Understand the production method of A hypernuclei by
using meson beams

Understand the production methed of A hypernuclei by
using electron beams

Understand the structure of A hypernudei and
hyperon-nucleon interaction

Understand the decay mechanism of A hypernuclei

Learn about Z hypernuclei and = hypernuclei

Learn about double A hypernuclei



http://www.ocw.titech.ac.jp/index.php?module=General&action=T0300&JWC=202204168&lang=EN

Textbooks that may be helpful

Study .
mmmEdition Greiner

Maruhn

NUCLEAR
MODELS

U A standard textbook for nuclear theorists. U A pedagogical textbook on nuclear theories.

Pros. It covers lots of subjects, like a dictionary. Pros. Easy to read. Details are explained in exerci
Cons.Information is limited, requires some effort Cons.It covers limited subjects than Rk®jc h u ¢
to fuIIy understand all between lines and equations. *Links to amazon.com have been embedded in the book pict



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




mission

A To present global viewof nuclear physics.| t 6 s u b i| 0
A To attractyour interest to nuclear physics.] t 6s pr of

A To give you the essence of basiwlear many-body theories
(meanfield approaches for structure, excitations, and reactior
-l to0s applicable to other 9y

A To stimulate something new in your mind!




Pur pose of

A To give a brieintroduction to (modern) nuclear physics.
A To recall somédasic knowledgen atomic nuclei.

A To glance awideness/richnes®f nuclear physics, by lookin
at some selected phenomena out of many.

A To motivate you to learn nuclear masyody theories.




From to atomic nuclel



Standard model of the elementary particles

V Elementaryparticles: fundamental particlewithout structure

V Four forces:strong, weak, electromagneticand gravitational forces

V Particle physics explores aittimate theory of the Universe
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Temperature

A
Early universe

From guarks to hadrons

The QCD phase diagram

Atomic
Nuclei

Left figure: https://www.bnl.gov/newsroom/news.php?a=24281
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V Hadrons: composite particles of quarks
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V Quark matter in NS core?
Y color superconductivity

Neutron Stars

> :
Density

U A nucleon(proton or neutron)

e

Is a baryon.
\
Mesons
E.g. Pion(") )




N o t thi s nhigh ener g\

t = 3.6877
We then use E=mc? as a tool - colliding nuclei at
high energy makes thousands of new degrees of
freedom, possibly creating a Quark-Gluon Plasma

Animation: Brookhaven National Laboratorit(p://www.bnl.gov/rhic); https://youtu.be/Vyq_AYWctSc



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

We coll i1 de two nucl ei

and study quantum masody dynamics of neutrons and protons
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Energy scales
and

degrees of
freedom

Figure: https://www.asc.ohistate.edu/physics/ntg/6805/slides/6805_overview_slides.php#

Degrees of Freedom
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we treat neutrons and protons as building blocks

What we study is:
A quantum mampody problem ofermionsinteracting through theuclear force
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Proton

Nucleons

Neutron
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Repulsive core

A complex state dependenc
A spinorbit interaction
A tensor interaction
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Please always keep in mind:

An atomic nucleus Is a quantum manbody system.

There exist various phenomenological models that can explai
some aspects of nuclear physics, but ultimagegrything
should be explained microscopicallywith quantum mechanical
theories based on nucleonic degrees of freedom) in a unified w



Basic knowledges of atomic nuclel



Saturation of the nuclear density

V Density inside a nucleuss nearly constant

U Nucl ear matctoenp ries s bl e o0

¥ Repulsive core of nuclear force
g Pauli exclusion principle

0.10
P £ XPERIMENT

e C Nuclearcharge densitgan be measured
experimentally by electron scatterings.

C As anexperimental evidencean empirical
formula of nuclear radius was found:

R=1rgAY3 (1,12 m)

whereA denotes the number of nucleon:
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K. Sekizawa

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



Saturation of the nuclear binding energy

V Binding energy per nucleonis nearly constant

U Nucl ear fsohrocret irsa nogfe oi

=]

C Nuclear binding energy can be obtained
experimentally by measuring nuclear mas:

=

C As anexperimental evidenceit was found
that the binding energy per nucleon is
nearly constant:
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Number of nucleons in nucleus, A

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



What 0s the nature of an atom

J
-t
“1 Wikipedidnttps://en.wikipedia.org/wiki/Drop impag



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

Liquid drop model for the binding energy

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

The BetheWeizsackermass formula:

Average binding energy per nucleon
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Lecture #1: Overview of Nuclear Physics
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Theories for pairing correlations

Pairing correlations in atomic nuclel ¥ Lecture #3 (6/21)

Nucleons prefer to forrd =0 pair in opershell nuclei
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Magic numbers

V Atomic nuclei become more stable for particular numbers of nucleons,
akin to noble gas of atoms
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(MeV) ‘ 126
15
10 4
85K ?] 5
5 0
3 0 20 40 60 80 100 120 140 160
Neutron Number N
80
Neutron separation ener§yvs.N
5k S, (N.2)=B(N, 2) - B(N-1,2) y2dd

75

N=Z=1
= a /?

' L 2 3 10 i
=ris T 3 NS A s Sl L.
" * lonization energy of atoms2 \///\/\,_75//;“ BY TR ey g9
@ ztl'| |’ g _| - ,/,/// - H‘:,"f,’//,f'f’ ‘/"’;"///f:' ksl :':-r'jf-fﬁs
= | _ 5 Yy e A a7
& J l A //
E 15(] F /1 IIK.- )
E Il s Jr| ;4 .
MY
il L o~ Iﬂ ."'.)| Il ,I,'ﬂ_".- __H ' _..? llllllll N N X s " 1 | L f f ' \ | N .
sthu e ¥ “ 'S Vi 0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160
N
8 Io 2 30 a0 S0 e 70 @0 %0 100 ' ‘ T 1 1 T 1

Atomic Mumber 2 8 20 28 50 82 126

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



Magic numbers

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

U Independent particle picture in a mean potential
with a strong spin-orbit interaction works well

Further splitting Multiplicity

Quantum energy from spin-orbit of states
states of potential effect \ l
well including 1
angular momentum J 93, 8
effects. \ ’
1g —
The Nobel Prize in Physics 1963 Y
. v ‘\— 199:.2 10
e 2p‘.lr2 2
T s, 6 Closed shells
2p .y I -
ST 2p;, 4 indicated by
1 ——— 2 "magic humbers"
. - of nucleons.
—f, 8
! ,————— 1d;, 4 ]
M.G. Mayer J.H.D. Jensen  f— 2s 2 @

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



Singlearticle vs. collective pictures
The Nobel Prize in Physics 1963

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

u Shell model Liquid drop model |
. Independentparticle picture strongly correlated (collective) picture
effects.
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K. Sekizawa Lecture #1: Overview of Nuclear Physics Mon., June 14, 2022


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

Nuclear structure, excitations, and decays

Meantfield description of nuclear structure

Static deformation !
Y Lecture #2 (6/17)

Collective excitations (rotation)
N Nuclear fission

Rotation axis
§|E release of energy .

fissionable
nucleus

= Sv_mmetry N
Collective excitations (vibrations) Rotational band Time-dependent description
E1 (GDR)

L1 nuclear dynamics

4 ._.n 5 n’_’ r‘_’ L .
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K. Sekizawa Lecture #1: Overview of Nuclear Physics Mon., June 14, 2022



Other decay modes *XandY stand for arbitrary symbols of eleme

B_ decay:éXN — §+1YN—1 + 6_—|-I76 ’R—>p—|—€_—|-176
BT decay: 5 Xn — 5 Yng1 + T +v. p—onte 4

o decay: 32Xy — 5 5Yn_o + 2Hes

N (N, Z2) = (even, odd) or (odd, even)
“~A=const. (Al soba NS

N\
N

(N-1;Z+1)

A=173

Binding energy

Proton number

29 30 31 32 33 34 35

Atomic number

44 43 42 41 40 39 38
Neutron number

Neutron number

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



Protonnumber
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Amapo of atomic nucl el
(a.k.a. thesegrechart)

Theory: ~7,000
Expt.. ~3,300

Z=11/

New magic numbers?
Impact on fprocess?

Heaviest element?

Island of stability?

80 120 160 200
Neutronnumber
M. ThoennesserRep. Prog. Phy§6, 056301 (2013



The continent of stability -has:been welhexplored..

he G‘téja[t;yvéll bf’Cﬁjng_‘by Stacy Funderburke @shutters

I o P>



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

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

Stable nuclei: 288
Experiment. ~3300
Theory: ~700610000

drip lines

shell structure
deformation

skin, halo

nuclear matter properties

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

Nucleosynthesis at accelerator facilities Su_pefconducting Ring Cyclotron (SRC

B .

Microscopic description of nuclear reactions 7
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Fusion!

The worldleading factory
of unstable nuclei!

RI Beam Factory (RIBF) @RIKEN

ScECR

FoRFON, ECR

RILAC ~ ) =

LY P

SORIT oAl ring

SR
-8

s

ey Rare RI mass ring

&~ RI Spm Lab {==)

7 ‘ AVF « D SAMURAI P
v

= 4
o e S‘! .-' TN o S5 g o3
“m _— ltu " & :

N o
> “ SLONR!"FZ‘:,J: —-— .‘,_,/’,z

RRC
‘?ws 82 slrEsTenN | P e AR
,’;—;sﬂ srgt e R o %
S o -

New mpcror Y

», ]
> Ly i




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

Let 0s | eave
of finite nuclei! ‘»

nFIl at BSiock h 86t By War s \algrianPerset@Apstation



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



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

(The Sun

" Radius: ~7 10°m (~109timesbiggerthanEarth)
" Mass: ~2 103%g (~330 thousands times heavier than Eau
" Central temp.: ~10 million
\’ Surface temp.: ~5000

Stars shine due to nuclear fusion reactions

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



Energy source of the Sun:

Proton-proton (p-p) chain

1H ﬂle 1H ﬂle
e+O 3, eb)f:;e

"o @
Q @ Proton
4He @ Neutron
2 Positron

4p +2e~ — ‘He + 6y + 2v, + 26.65 MeV

Nuclear fusion



Energy source of the Sun: “Nuclear fusion

Proton-proton (p-p) chain

What happened:
Four protons became a helium nucle

S|

(H@ @™ H @)
\/ \/

/\/

Q 0 Proton
4He 0 Neu_tron
& Positron

4p +2e~ — ‘He + 6y + 2v, + 26.65 MeV

Before After



Energy source of the Sun: “Nuclear fusion

Equivalence between mass and energ

E: Energy
m: Mass
c. Speed of light

Albert Einstein (1879.955)

This reaction generates energy
(exothermic)

oYY \
E“ @ O Proton

4He @ Neutron
= Positron

4p +2e~ — ‘He + 6y + 2v, + 26.65 MeV

What happened:
Four protons became a helium nucleps!

O e e O

Lighter than before!

o0 =

Before After

Quantum tunneling allows for
overcoming the Coulomb barrier!



