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Overview

O What are exotic nuclei?

O Why are they important?

O How can they be produced?

O Fadilities for exotic nuclei research



Exotic ...




| Exotic

Definition:
(Cambridge Dictionary)

English:
unusual and exciting because of coming (or seeming
to come) from far away, especially a tropical country

American:
unusual and specially interesting because of coming
from a country that is far away

Atomic Nuclei

Exotic Nuclei?



https://dictionary.cambridge.org/dictionary/english/unusual
https://dictionary.cambridge.org/dictionary/english/excite
https://dictionary.cambridge.org/dictionary/english/seeming
https://dictionary.cambridge.org/dictionary/english/far
https://dictionary.cambridge.org/dictionary/english/especially
https://dictionary.cambridge.org/dictionary/english/tropical
https://dictionary.cambridge.org/dictionary/english/country
https://dictionary.cambridge.org/dictionary/english/specially
https://dictionary.cambridge.org/dictionary/english/interesting
https://dictionary.cambridge.org/dictionary/english/country
https://dictionary.cambridge.org/dictionary/english/far
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Chart of isotopes
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Chart of isotopes (zoom)
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Chart of isotopes (zoom)
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important? —

‘ Why are they



Fundamental level

* How many nucleons can hold the strong force inside a nucleus?
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Fundamental level
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https://doi.org/10.1036/1097-8542.551325
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Fundamental level

* How many nucleons can hold the strong force inside a nucleus?

%  What kind of shapes do nuclei adopt?
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| Fundamental level

Deformation Halo nucleons

shallow 9 —_— — = yell-isolated
minimum and high-lying
minimum

normal retarded
transition transition
. 11L i 208Pb
main minimum
N. Marginean et al, Physical Review Letters (2020) https://cerncourier.com/a/isolde-goes-on-the-trail-of-superlatives/
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Fundamental level

* How many nucleons can hold the strong force inside a nucleus?

%  What kind of shapes do nuclei adopt?

% How are natural elements synthesized in the Universe?
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| Fundamental level

Overview of main astrophysical processes

Red Giant Stars

p-process  s-process

r-process

X-ray process -
Bursis

0
Novae Supernovae
2
Hot CNO = stable nuclide
Cycle 1o |'IJ drip line

10 [nhomogeneous
Big Bang
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* % % ot

Fundamental level

How many nucleons can hold the strong force inside a nucleus?

What kind of shapes do nuclei adopt?
How are natural elements synthesized in the Universe?

How do gigantic nuclei behave?
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Fundamental level

® Up Quark
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https://www.esa.int/Science_Exploration/Space_Science/

: 2=
XMM-Newton gives_new_insight into_ neutron. stars 121ttps.//www.bnl. gov/newsroom/news.php?a=12119
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https://www.esa.int/Science_Exploration/Space_Science/XMM-Newton_gives_new_insight_into_neutron_stars
https://www.esa.int/Science_Exploration/Space_Science/XMM-Newton_gives_new_insight_into_neutron_stars
https://www.bnl.gov/newsroom/news.php?a=121192
https://www.bnl.gov/newsroom/news.php?a=121192

‘ Applied level

% Radiopharmaceuticals (2, 31], %mTc, °F)

https://alzheimersnewstoday.com/
news/fdg-pet-scan-accurately-
assesses-cognitive-decline-
severity-alzheimers-disease/

% Gammagraphy (°Co, 3’Cs)

https://www.sciencephoto.com/media/
317009/view/male-skeleton-gamma-scan

% Dating (“C, Rb)

18



How can we i
produce them? — e —




Exotic nuclei in nature?

* Isotopes with half-live > Solar System:

235U, 238U, 232Th, 40K’ 36Cl

20



Exotic nuclei in nature?

* Isotopes with half-live > Solar System:

235U, 238U, 232Th, 40K, 36Cl

* Isotopes continously produced on Earth:

14C

cosmic ray proton

;\

. nucleus of atom

\\\ p

@
-\

Radioactive carbon-14 e
is present in all

living organisms.

Carbon dioxide ™ 14
takes it into the
food cycle.

CO,

O,
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Nuclear reactors

Neutron capture reactions, followed by
beta decay

Uranium-238 Uranium-239 Neptunium-239 Plutonium-239
92 protons 92 protons 93 protons 94 protons
|46 neutrons 147 neutrons 146 neutrons 145 neutrons
. Q_b s ::1 e @
Cuplure
nentron
[": emission p zmn'.\ffm
T =23 minutes =23 dupy
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Accelerator production methods:

ISOL
*

Light beam (protons)
Heavy targets (W,U)

*
% High purity
secondary beams
% Relatively long half-lives
(ms)

lonization
Low-energy

o of fragments ISOL method
| j M— Isotope/isobar
=l separator
Production '
beam Thick-hot
target
Charge-breeding system I\
‘-. line
Post-accelerator
Reaction
expenments

Radloactlve ion beam

Low energy
experi ments

Taken from M.J.G. Borge (IEM/CSIC, Spain)
23



Accelerator production methods:
ISOL ISOLDE Yield Database

Production

. . , https://isoyields2.web.cern.ch/
Find the produced isotopes independent on the target

1 ) on source ) 2
H + | Surface - He
5 B [ hot |[FElAD| cold | 5 & 7 8 g 10
Li | Be ' Laser | ' B C N o F Ne
11 12 13 14 15 16 17 18
Na Mg Al Si P 5 Cl Ar
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36
K Ca Sc Ti \ Cr | Mn | Fe Co Ni Cu | Zn | Ga As Se Br Kr
37 38 39 40 41 42 3 44 45 46 47 48 49 50 51 52 53 54
Rb Sr Y Zr Nb Mo Tc Ru Rh Pd Ag Cd In sn Sb Te | Xe
55 56 ¥ 71 72 73 74 75 76 77 78 79 80 81 83 84 85 86
Cs Ba Lu Hf Ta W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
87 88 103 | 104 | 105 | 106 | 107 | 108 | 109 | 110 | 111 | 112 | 113 || 114 | 115 | 116 | 117 | 118
Fr Ra Lr Rf Db Sg Bh Hs Mt Ds Rg Cn Nh Fl Mc Lv Ts Og

57 58 59 60 61 62 63 64 65 66 67 68 69 70

La Ce Pr Nd | Pm | Sm | Eu Gd | Th Dy | Ho Er | Tm | Yb

89 90 91 92 93 94 95 96 a7 98 99 100 | 101 | 102

Ac Th Pa Np Pu | Am | Cm | Bk Cf Es Fm | md No

Find yields by mass number range: || || Find |
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Accelerator production methods:
ISOL ISOLDE Yield Database

Production
https://isoyields2.web.cern.ch/

Tin - Yield Overview

Filter by driver beam: | PSB only i| Show All

Isotope Half life Driver Yield / pcC Target
105 gn 31s6 PSB 8.00e+4 U Carbide
106 gny 11555 PSB 1.60e+6 La Carbide
107 gp 2.90m5 PSB 6.00e+6 La Carbide
108 g 10.30m 8 PSB 1.40e+8 La Carbide
109 g 18.0 m 2 PSB 1.00e+9 La Carbide
110 gp 411h10 PSB 1.80e+9 La Carbide
113 gp 21.4ma PSB 6.00e+9 U Carbide
132 g 39.7s5 PSB 3.00e+8 U Carbide
133 gp 14553 PSB 1.50e+7 U Carbide
134 g 1.12s8 PSB 2.00e+6 U Carbide
135 5n PSB 1.00e+5 U Carbide
136 g PSB 4.00e+3 U Carbide
137 gn PSB 1.00e+2 U Carbide

In the ISOLDE Yield Database the beam intensities for isotopes of the elements measured at ISOLDE PSB (PS Booster with 1.0 or
1.4 GeV protons) are presented. For isotopes where no new yields are listed yet from the PSB, one can get an idea from looking at
the available SC yields (0.6 GeV protons).

25



Accelerator production methods:
In-Flight

* Heavy beams (O - U)

Thin target

In Flight method

Primary

% Light targets (Be) g
Magnetic
Isoto
Y Low purity S

secondary beams (cocktails)

* Much shorter half-lives (b)

(us)

https://hal.archives-ouvertes.fr/hal-02899285
26



Production methods: In-Flight

CCF PRIMARY BEAM

An estimate of the yield of rare isotopes produced at NSCL can be calculated with the program LISE++.
an estimate of the beam rates. The facility does not guarantee that rates and purities will be in exact agr

1o continuously improve the LISE++ calculations. e —— e EE————— AD-Plot 20-Plot Daiabuses  Help
’ . ) . 8 oo o B =g wal 2R B! b te 4

Instructions for downloading and using LISE** to calculate rare isotope yields at NSCL are availal [ 12 S @ewnlad ] HT] Hiziolel i B 2o il

General information on LISE** is available here
A Element Energy (MeV/nucleon) Intensity (pnA)
16 o] 150 175
18 [e] 120 150 1 THE -‘l-mvirw-ll 1= 2E Matarial
20 Ne 170 80
22 Ne 120 80 e
2 Ne 150 100
24 Mg 170 60
28 Si 160 10
32 S 150 60

= g & ) = s
36 Ar 150 75 Total anergy (MaV) efors Material 3
Hesk=7 S s Bl Mochogn itale: OG0 02/ NP=12 FieGell]

40 Ar 140 75

oo e * https://lise.nscl.msu.edu/lise.html

48 Ca 90 15

https://nscl.msu.edu/users/beams.html#al 27



Exotic nuclei in the
World




RIBs ATLAS

(for fundamental science)

Rare Isotopes Facilities Internationally

Lou\zain-la-Neuve Beljing Atomic  KORJA

AREN 5 : | Energy Institute, -, .NSCLCDUPbd
GSI-FAIR 100kW T Gyclotorh Facility,
V/u 50 kW ANL TR
i GeV/u 50 RIKEN B ol FRIB
"~ ons (TP TRUME e \1‘. 400kW
Dllena - i ]00 kW ISAC Iand 1] EBNL "&.._
Lanzhiou S8 k 50 kW draver & Fhintra Dame
" JAERI/KEK TwinSol
DelhiCNs Calcutta YECC Texas A&M \FSU Al
G | i "tegl"iafCFSPES """""""""""" Upgrade /1 F RESOLOT =5 e
LISE/LISE2 ) Y\ CERN . : ST _
SPIRALZ '\ gexlisoLDE i w
~ HHSOLDE . SaoPaulo
Catania 5
EXCYPT

Black — production in target
Magenta — in-flight production
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FRIB - MSU

,"'Q U.S. DEPARTMENT OF

{#)ENERGY

Office of g‘ MICHIGAN STATE
Science 6@ UNIVERSITY

FRIB
frib.msu.edu

Michigan State University is establishing FRIB as a scientific user facility for the
Office of Nuclear Physics in the U.S. Department of Energy Office of Science.

https://www.youtube.com/watch?v=EPG9191JK8s&t=253s
30


https://www.youtube.com/watch?v=EPG919lJK8s&t=253s


RIBs ATLAS

(for fundamental science)

Rare Isotopes Facilities Internationally

Louvain- Ia Neuve Beijing

Atomic  KORIA
ARENAS® itute

Institute S NSCL Coupled !

G| FAIR 100kw Sychia (81

1
GE\HU 50 kW RIKEN . Q:I:IBU { e
IBF
- b : TRIUMF
: F_yp+ \' 400kW
D'.Jb"a ' ~100 kW isac i and i gBNL —
Lanzhou $83 'k 50 kw draver ‘

“GANIL

Notre Dame

" JAERI/KEK
P % Calcutta VECC \ Hineot

TexasA&M Fot
YA “I:egﬁardSPES _________________ Upgrade /1 F RESOLUT =S
LISE/LISEZ ' A-EERN

SPIRALZ . | gexisoLbe 3::; w
HI-ISOLDE . Sao Paulo
Catania !
EXCYPT

Black — production in target
Magenta — in-flight production
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‘ FAIR - GSI

The Universe in the Laboratory
Research at the world-wide unique
international particle accelerator facility
Facility for Antiproton and lon Research,
Darmstadt, Germany

https://www.youtube.com/watch?v=iZmC6Q6aXGY
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https://www.youtube.com/watch?v=iZmC6Q6aXGY


| What's next?

Hypernuclei

33



| Closing

Freshly mounted Table of Isotopes at FCUL
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