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Nuclear physics, French geography and cakes

The atomic nuclei

N-body quantum system
Protons and neutrons
Unknown residual interaction

100

proton number

Bound nuclei

~300 stable nuclei

~3000 experimentally known
~7000 predicted by theorists

Nuclear physicist’s job
Characterize known regions
Explore new frontiers (driplines)
Extrapolate to unknown regions
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Nuclear physics, French geography and cakes

The atomic nuclei

N-body quantum system
Protons and neutrons
Unknown residual interaction

Bound nuclei

~300 stable nuclei

~3000 experimentally known
~7000 predicted by theorists

Nuclear physicist’s job
Characterize known regions
Explore new frontiers (driplines)
Extrapolate to unknown regions

French population
25M known people/35M unknown
North West + Paris (4 regions)
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Exercise
Knowing population properties (mass, deformation, groud state spin/parity, decay modes...)
Deduce Marseil peoples behavior and predict the existence of Corsica



M 1939 ¢

Bohr and Wheeler describe
fission with liquid-drop model

Less than a year after physicists reported thelr stunning
discovery of nuclear fission, Bohr and Wheeler use the
liquid-drop model of the nucleus fo calculate fission
parameters that agree well with experiments. The
results become essential for the development of the
atomic bomb and nuclear power.
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"Ll Shell-model predictions are found
* to break down for light, unstable
nuclei

The nuclear shell model had predicted that the most
stable nuclel are those with certain “magic” numbers of
neutrons and protons. Researchers studying unstable
sodium nuclel at CERN find evidence that this picture
breaks down for very neutron-rich nuclel.

~ READ ARTICLE n | w ‘ < MORE

Synthesis of element 118 is
reported

Sclentists working at the Joint Institute for Nuclear
Research In Dubna, Russla, had found hinis in 2002 of
a new superheavy chemical element with 118 protons.
A 2006 paper from the team reports a serles of
experiments that confirm the new element, the heaviest
ever produced In the lab. Element 118 Is eventually
named Oganesson In honor of one of Its discoverers.
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On the basis of the liquid drop model of atomic

nuclei, an account is given of the mechanism

of nuclear fission. In particular, conclusions are drawn regarding the variation from nucleus
to nucleus of the critical energy required for fission, and regarding the dependence of fission

cross section for a given nucleus on energy of the

exciting agency. A detailed discussion of the

observations is presented on the basis of the theoretical considerations. Theory and experiment
fit together in a reasonable way to give a satisfactory picture of nuclear fission.

INTRODUCTION

HE discovery by Fermi and his collaborators
that neutrons can be captured by heavy
nuclei to form new radioactive isotopes led
especially in the case of uranium to the inter-
esting finding of nuclei of higher mass and charge
number than hitherto known. The pursuit of
these investigations, particularly through the
work of Meitner, Hahn, and Strassmann as well
as Curie and Savitch, brought to light a number
of unsuspected and startling results and finally
led Hahn and Strassmann’ to the discovery that
from uranium elements of much smaller atomic
weight and charge are also formed.

The new type of nuclear reaction thus dis-
covered was given the name “fission’” by Meitner
and Frisch,* who on the basis of the liquid drop
model of nuclei emphasized the analogy of the
process concerned with the division of a fluid
sphere into two smaller droplets as the resultof a
deformation caused by an external disturbance.
In this connection they also drew attention to the

Just the enormous energy release in the fission
process has, as is well known, made it possible to
observe these processes directly, partly by the
great ionizing power of the nuclear fragments,
first observed by Frisch® and shortly afterwards
independently by a number of others, partly by
the penetrating power of these fragments which
allows in the most efficient way the separation
from the uranium of the new nuclei formed by the
fission.* These products are above all character-
ized by their specific beta-ray activities which
allow their chemical and spectrographic identifi-
cation. In addition, however, it has been found
that the fission process is accompanied by an
emission of neutrons, some of which seem to be
directly associated with the fission, others associ-
ated with the subsequent beta-ray transforma-
tions of the nuclear fragments.

In accordance with the general picture of
nuclear reactions developed in the course of the
last few years, we must assume that any nuclear
transformation initiated by collisions or irradi-
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Bohr and Wheeler describe
fission with liquid-drop model

Less than a year after physicists reported thelr stunning
discovery of nuclear fission, Bohr and Wheeler use the
liquid-drop model of the nucleus fo calculate fission
parameters that agree well with experiments. The
results become essential for the development of the
atomic bomb and nuclear power.
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| Shell-model predictions are found
* to break down for light, unstable
nuclei

The nuclear shell model had predicted that the most
stable nuclel are those with certain “magic” numbers of
neutrons and protons. Researchers studying unstable
sodium nuclel at CERN find evidence that this picture
breaks down for very neutron-rich nuclel.
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Synthesis of element 118 is
reported

Sclentists working at the Joint Institute for Nuclear
Research In Dubna, Russla, had found hinis in 2002 of
a new superheavy chemical element with 118 protons.
A 2006 paper from the team reports a serles of
experiments that confirm the new element, the heaviest
ever produced In the lab. Element 118 Is eventually
named Oganesson In honor of one of Its discoverers.
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The nuclear liquid-drop model

Gamows’s idea
Protons and neutrons behave like molecules in a drop of liquid

Weizsacker's semi-empirical mass formula
Binding energy of spherical drops at constant density :

Z(Z —1) (A—227)?
_ L ac A2 _ N et
EB = avA aSA ac A1/3 aa A

Parameters fitted on experimentally measured masses

Allow to extrapolate not-observed nuclei/processes
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Bohr and Wheeler describe
fission with liquid-drop model

Less than a year after physicists reported thelr stunning
discovery of nuclear fission, Bohr and Wheeler use the
liquid-drop model of the nucleus fo calculate fission
parameters that agree well with experiments. The
results become essential for the development of the
atomic bomb and nuclear power.
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| Shell-model predictions are found
* to break down for light, unstable
nuclei

The nuclear shell model had predicted that the most
stable nuclel are those with certain “magic” numbers of
neutrons and protons. Researchers studying unstable
sodium nuclel at CERN find evidence that this picture
breaks down for very neutron-rich nuclel.
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Synthesis of element 118 is
reported

Sclentists working at the Joint Institute for Nuclear
Research In Dubna, Russla, had found hinis in 2002 of
a new superheavy chemical element with 118 protons.
A 2006 paper from the team reports a serles of
experiments that confirm the new element, the heaviest
ever produced In the lab. Element 118 Is eventually
named Oganesson In honor of one of Its discoverers.
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Fission

Energy release by #°U —» °°Ru +*°Cd
Production of neutron rich elements

Fission fragment beta decay

Estimation of the composite beta-spectrum
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Introduction of deformation modes
Fission as a constant-volume process
Stability as heavy elements agains fission
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Bohr and Wheeler describe
fission with liquid-drop model

Less than a year after physicists reported thelr stunning
discovery of nuclear fission, Bohr and Wheeler use the
liquid-drop model of the nucleus fo calculate fission
parameters that agree well with experiments. The
results become essential for the development of the
atomic bomb and nuclear power.
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| Shell-model predictions are found
* to break down for light, unstable
nuclei

The nuclear shell model had predicted that the most
stable nuclel are those with certain “magic” numbers of
neutrons and protons. Researchers studying unstable
sodium nuclel at CERN find evidence that this picture
breaks down for very neutron-rich nuclel.

~ READ ARTICLE n | w ‘ < MORE

Synthesis of element 118 is
reported

Sclentists working at the Joint Institute for Nuclear
Research In Dubna, Russla, had found hinis in 2002 of
a new superheavy chemical element with 118 protons.
A 2006 paper from the team reports a serles of
experiments that confirm the new element, the heaviest
ever produced In the lab. Element 118 Is eventually
named Oganesson In honor of one of Its discoverers.
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On the basis of the liquid drop model of atomic

nuclei, an account is given of the mechanism

of nuclear fission. In particular, conclusions are drawn regarding the variation from nucleus
to nucleus of the critical energy required for fission, and regarding the dependence of fission

cross section for a given nucleus on energy of the

exciting agency. A detailed discussion of the

observations is presented on the basis of the theoretical considerations. Theory and experiment
fit together in a reasonable way to give a satisfactory picture of nuclear fission.

IxTRODUCTION

HE discovery by Fermi and his collaborators
that neutrons can be captured by heavy
nuclei to form new radioactive isotopes led
especially in the case of uranium to the inter-
esting finding of nuclei of higher mass and charge
number than hitherto known. The pursuit of
these investigations, particularly through the
work of Meitner, Hahn, and Strassmann as well
as Curie and Savitch, brought to light a number
of unsuspected and startling results and finally
led Hahn and Strassmann’ to the discovery that
from uranium elements of much smaller atomic
weight and charge are also formed.

The new type of nuclear reaction thus dis-
covered was given the name “fission” by Meitner
and Frisch,* who on the basis of the liquid drop
model of nuclei emphasized the analogy of the
process concerned with the division of a fluid
sphere into two smaller droplets as the result of a
deformation caused by an external disturbance.
In this connection they also drew attention to the

Just the enormous energy release in the fission
process has, as is well known, made it possible to
observe these processes directly, partly by the
great ionizing power of the nuclear fragments,
first observed by Frisch® and shortly afterwards
independently by a number of others, partly by
the penetrating power of these fragments which
allows in the most efficient way the separation
from the uranium of the new nuclei formed by the
fission.* These products are above all character-
ized by their specific beta-ray activities which
allow their chemical and spectrographic identifi-
cation. In addition, however, it has been found
that the fission process is accompanied by an
emission of neutrons, some of which seem to be
directly associated with the fission, others associ-
ated with the subsequent beta-ray transforma-
tions of the nuclear fragments,

In accordance with the general picture of
nuclear reactions developed in the course of the
last few years, we must assume that any nuclear
transformation initiated by collisions or irradi-
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Bohr and Wheeler describe
fission with liquid-drop model

Less than a year after physicists reported thelr stunning
discovery of nuclear fission, Bohr and Wheeler use the
liquid-drop model of the nucleus fo calculate fission
parameters that agree well with experiments. The
results become essential for the development of the
atomic bomb and nuclear power.
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) Synthesis of element 118 is

"Ll Shell-model predictions are found

to break down for light, unstable
nuclei

The nuclear shell model had predicted that the most
stable nuclel are those with certain “magic” numbers of
neutrons and protons. Researchers studying unstable
sodium nuclel at CERN find evidence that this picture
breaks down for very neutron-rich nuclel.
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reported

Sclentists working at the Joint Institute for Nuclear
Research In Dubna, Russla, had found hinis in 2002 of
a new superheavy chemical element with 118 protons.
A 2006 paper from the team reports a serles of
experiments that confirm the new element, the heaviest
ever produced In the lab. Element 118 Is eventually
named Oganesson In honor of one of Its discoverers.
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Modern nuclear fission studies

Fission experiments

Fission fragment mass/charge/energy measurement (GANIL, GSI)
Neutron, gamma and charged particle multiplicities

Used to produce exotic nuclei beams

240241py (E*=9 MeV

238 +12C (E*=45 MeV)

238y +12C (Eqy=210-274 MeV)
v 28

Delaune, Ph.D. thesis
Ramos, PRL 123 (2019) 092503

Fission models

Liquid-drop models + Langevin/Metropolis
Global coordinate methods (GCM)
Time-dependant stochastic mean field (SMF)

Scamps, Nature 564 (2018) 382

Z (tm)

t=204zs

Recent highlights
Fission fragment internal properties
Impact of octupole shell closures
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Bohr and Wheeler describe
fission with liquid-drop model

Less than a year after physicists reported thelr stunning
discovery of nuclear fission, Bohr and Wheeler use the
liquid-drop model of the nucleus fo calculate fission
parameters that agree well with experiments. The
results become essential for the development of the
atomic bomb and nuclear power.
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Shell-model predictions are found
to break down for light, unstable
nuclei

The nuclear shell model had predicted that the most
stable nuclel are those with certain “magic” numbers of
neutrons and protons. Researchers studying unstable
sodium nuclel at CERN find evidence that this picture
breaks down for very neutron-rich nuclel.
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2006

Synthesis of element 118 is
reported

Sclentists working at the Joint Institute for Nuclear
Research In Dubna, Russla, had found hinis in 2002 of
a new superheavy chemical element with 118 protons.
A 2006 paper from the team reports a serles of
experiments that confirm the new element, the heaviest
ever produced In the lab. Element 118 Is eventually
named Oganesson In honor of one of Its discoverers.
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Shell closure ? Magic numbers ?
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The nuclear shell model

N o
A A
i N 1939 @

Bohr and_ Whegler describe
s s H=T+V=(T+U)+(V-U)=Ho+H
ﬁfj?;fifip"%ﬂFZ’HATE:T’L%’? o E%Zﬁf'ﬁ:?aéh;iim T kinetic part
pwdg‘pp" V nucleon-nucleon interaction part
S o U external central potential
Ho :  single particle energy
: l|:‘:“f_m Hi residual interaction o —dgm

1975 @

| _ | (112)
Shell-maodel predictions are found Spherlcal magIC numbers

" to break down for light, unstable

nuclel Harmonic potential - 2, 8, 20, 46, 76 o =3

The nuclear shell model had predicted that the most

stable nuclel are those with certaln “magic” numbers of WOOdS—Saxon Or l2 - l Splitti ng (70) _Zf-

I
I
=
)
=

neutrons and protons. Researchers studying unstable 3g —
sodlum nuclel at CERN find evidence that this picture - - H H 1 ( : [ N > —
breaks down for very neutron-rich nuclel. Spl n _Orblt COU pll ng - NObel prlce Al 4 R - h: -_—

(o)
N
N

#~ READ ARTICLE Il | ¥ | < MORE \\\ Zd-\\\\

i

Single particle model J—

Magic numbers = shell gaps s (BO
a — 3/2

Spin/parity of ground state ="

==,
e R
e ettec s e
ot e
v note 00
so el
[ .
ssfens Y
% T
e g s ®
aant 8 fagy ®
el YV, tey

2006 @ 2 — » (2 8)
> = s . \\1::\‘—25-\\ S 7/2
e ot i e Excited states close to shell closure e
reported (8) RN, d 3/2
Sclentists working at the JoInt Institute for Nuclear \\‘\_\ 5/2
Research In Dubna, Russla, had found hinis in 2002 of 1 .. /
a new superheavy chemical element with 118 protons. \\*—1 p-v:\; (8) 1/2
A 2006 paper from the team reports a serles of \*::\:“—/ /
experiments that confirm the new element, the heaviest (2) e 3/2
ever produced In the lab. Element 118 Is eventually (2)
named Oganesson In honor of one of Its discoverers. 1/2
~ READ ARTICLE | ¥ | < MORE O _”_15 >
U .
\_O‘ <\ \\(\%
NG o Y
(,C\ o ©
© ot ot

journals.aps.org/125years W@ WO £



PHYSICAL REVIEW C VOLUME 12, NUMBER 2 AUGUST 1975
N W 2 & -
S o5 & Direct measurement of the masses of 'Li and 26*’Na with an on-line mass spectrometer
Bohr and Wheeler describe C. Thibault, R. Klapisch, C. Rigaud, A. M. Poskanzer,* R. Pricels, L. Lessard,* and W. Reisdorf®
fission with liquid-drop model Laboratoire René Bernas du Centre de Spectrométrie Nucléaire et de Spectrométrie de Masse, 91406 Orsay, France
Less than a year after physicists reported thelr stunning (Received 17 March ]975)
discovery of nuclear fission, Bohr and Wheeler use the
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The quest of super-heavy nuclei
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Bohr and Wheeler describe
fission with liquid-drop model

Less than a year after physicists reported thelr stunning

Heaviest element
ot e e oot oo Liquid drop model : Z~-104 (Wrong)

parameters that agree well with experiments. The

e e St o e devlopment e Super-heavy only possible with shell closure
S B Many microscopic models predict an island of stability (Corsica ?)

[ Experimental strategy
=il — *8Ca beam (4.110") on heavy *°Cf and **>Cf target for Z=116,118
“L| Shell-model predictions are found Energy close to the Coulomb barrier to maximize survival probability

to break down for light, unstable

nuclel No heavier target available — find the new golden projectile

The nuclear shell model had predicted that the most . . . 3 .
stable nuclel are those with certain “magic” numbers of C haracte rlzatl O n Of these n UClel - S @S P I RA L2 | n GAN | L
neutrons and protons. Researchers studying unstable
sodium nuclel at CERN find evidence that this picture
breaks down for very neutron-rich nuclel.
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reported 4
Sclentists working at the Joint Institute for Nuclear
Research In Dubna, Russla, had found hinis in 2002 of 3
a new superheavy chemical element with 118 protons.
A 2006 paper from the team reports a serles of 2
experiments that confirm the new element, the heaviest
ever produced In the lab. Element 118 Is eventually
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Bethe predicts stellar nuclear

reactions

Bethe shows that two types of hellum-ylelding nuclear
reactions could power stars: the fusion of hydrogen and
the so-called carbon-oxygen-nitrogen cycle. Nine years
later, Bethe, Alpher, and Gamow propose an
explanation for the abundance of the chemical
elements using one of the first models of the posi-big-
bang Universe.
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1956

Parity violation is found in weak
interaction

Mirror symmetry or, as physicists call It, parity
symmeiry, holds the staius of a sacred principle uniil
theorists Lee and Yang show that they can explain
puzzling cosmic-ray data by assuming that the
symmetry Is violated In weak Interactions. A year later,
beta-decay experiments by Wu and her collaborators
prove that parity Is, In fact, violated.
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LIGO reports observation of
gravitational waves

The collaborations behind the Laser Interferometer
Gravltational-Wave Observatory (LIGO) and the Virgo
experiment report that LIGO's sensitive Interferometers
have picked up a gravitational-wave signal from the
merger of two black holes—the first detection of the
waves that Einsteln had predicted in 1916. LIGO's
success sefs the stage for a new era of gravitational-
wave astronomy, and It Is soon followed by a Joint
detection with Virgo of a binary neutron star merger.
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Nuclear physics in astro/particle physics

Stellar fuel and nuclear abondances

Introduction of the C-N-O circle by Bethe

Prediction of nuclear abundances on cosmologic arguments by Gamow
Still a strong interplay between nuclear structure and astrophysics

— Please wait for the Chloé Fougere's Talk

Fundamental symmetries

Lee and Yangs prescription : two experiment for parity violation test
Evidence of parity violation in ¢©°Co beta decay by Madame Wu's team
Triggered a lot of experiment looking for CP violation in beta decay

— Please wait for the Nishu Goyal's talk

Nuclear equation of state

First BH-BH and NS-NS gravitational wave signal by LIGO/VIRGO
NS-NS merger electro-magnetic counterpart detected

New window on dense matter equation of state

Also accessible in violent heavy-ion collisions

— See the Joél Quicray’s talk



Quick overview of GANIL

DESIR
Low energy radioactive beams
Traps and lasers

MORA
S3 PIPERADE
Superheavy element

Production and spectroscopy C
ACTAR

_ ? I MUGAST

SIRIUS
FALSTAFF

INDRA-FAZIA
NFS
Neutrons from 0.1 to 40MeV
High flux ~10" n/s/cm?

SPIRAL1
Radioactive beams
From ~1to 10MeV/A

SPIRAL2
p-Ni from 0.75 to14MeV/u
High beam intensity ~10*pps

C-U from 1 to 95MeV/u
Beam intensity ~10" pps



La suite des hostilites

Armel ‘the correlator Kamenyero
Etude des corrélations neutron-neutron dans le noyau de “Be

Chloé ‘cosmic Fougeres
Understanding cosmic abundance of 2Na

Joél Quicray also known as ‘jojoleBG’
Transport d'isospin dans les collisions nucléaires

Nishu ‘Wu’ Goyal
Detection of the decay of laser oriented radioactive isotopes

Nicolas Dray alias ‘the activator
Développement dun module tout-en-un dactivation neutronique

Quentin ‘PIXE" Mouchard
Hight energy PIXE : K-shell ionization cross section for Ti, Cu, and Ag atoms
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