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Nuclear-physics research: aim
Status o,(,ﬂd:ory: ab-initiorapproaches
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Nuclear-Physics Research - Aim

« Unravel the fundamental properties of nuclei from their basic constituents
* |nvestigating the strong and weak interaction at work the nuclear medium

spectators

* Links to
« Atomic Physics / Chemistry (e.g. heavy element region)
* Nuclear Astrophysics / Nucleosynthesis
* Fundamental Interaction Studies
« Societal Aspect (e.g. medical radioisotopes)
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Application Domain of the Theoretical Approaches
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A tour around the chart of nuclei

Nobelium - laser spectroscopy - central depletion

229Th — towards a nuclear clock

126
225Ra(F) — octupole deformation and EDM "1 ﬁ
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Probing the neutron drip line for Oxygen (Z=8)

See e.g.: Hebeler,- Annu. Rev. Nucl. Part. Sci. (2015)

neutron drip line
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Charge radii: sensitive to shell gaps and deformation
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Courtesy: G. Neyens — CERN and R.F. Garcia Ruiz et al., Nature Physics 12 (2016) 594




Charge radii: sensitive to shell gaps and deformation
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First spectroscopy of the doubly-magic nuclei "8Ni
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Courtesy: A. Obertelli — TU Darmstadt Taniuchi,- Nature 569 (2019)
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Neutron number, N

« ’8Nj is doubly magic
« Comparison with ab-initio and phenomenological shell model

« Possible disappearance of the N=50 shell closure beyond "8Ni
(Dobaczewski,- Phys. Rev. Lett. 72 (1994))

» Impact nuclear astrophysics (r-process nucleosynthesis)

« Challenges — increased production rate at F-\lR

See: G. Martinez Pinedo




Gamow-Teller 3 decay of 199Sn (Z,N=50)
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* Increased radioactive beam rates expected at: P -
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Lubos,- PRL 122 (2019) — Gysbers,- Nature Physics (2019)




Gamow-Teller 3 decay of 199Sn (Z,N=50)

» Discrepancy between experimental and theoretical B decay rates resolved from
first principles (see e.g. Towner “Quenching of spin matrix elements in nuclei” Phys. Rep.
155 (1987)) = g, (1,27) quenched ~ 0.75

 EFT based ab-initio calculations including maximum correlations and coupling

of weak interactions via two-body currents (2BC)

* Impact on Neutrinoless Double 3 Decay - 1.8/2.0 (EM)
1 OOS N | r2020Ew
- 2.2/2.0 (EM)
5, | 2.0/2.0 (PWA)
§ - 2820 (EM) 2
- 24" - NN-NLO+3N, |
g ) \"—i‘l i - NN-NLO+3N,,
s | ) - NNLO_, %62
§ ™ | Ref. 2 "
EE o I 2 | Ref.
-1 ( < _: O EsPM 2
P —> 3 - SMMC -
A — A § - LSSM
| S | ] - QRPA 72
Z A 4 - = - FFS

KU LEUVEN

Gysbers,- Nature Physics (2019)
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XENON coll. Nature 568 (2019) - J. Suhonen Nature 568 (2019)



Pear-shaped nuclei at ISOLDE
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Gaffney,- Nature (2013) - Butler,- Nature Comm. (2019)




Octupole enhanced atomic EDM

related to Qs ~ P, T-violating n-n interaction

J <8, ><Vy >
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Shiff moment enhanced by ~ 3 orders of See: N. Severijns

magnitude in pear-shaped nucleir
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Dobaczewski,- Phys. Rev. Lett. (2018)



225Ra Atom Traps (ANL - Parker,- PRL (2015))
Radium fluoride (RaF) spectroscopy
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First Experimental Spectroscopy
=» Transitions observed
=>» Suitable scheme for laser cooling established
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Courtesy: G. Neyens, R. Garcia Ruiz - Garcia Ruiz,- submitted to Nature (2019)




Fundamental Interaction studies: why molecules?

Generic models

(=] -
& Y SUSY variants
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Standard
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eaug
Nalve SUSY sFérmions de(e cm)

1.0-25 10-26 10-27 10-23 10-29 10-30 10-31 10-32 ]!0-33




The 229MTh |somer — towards a Nuclear Clock

e 4.845; 4.90
194; 211...

Courtesy: Ch. Dullmann - Mainz



Unique properties of the 22°"Th [somer

« Bridge between nuclear physics / atomic physics / laser physics/ metrology / solid state physics

e Nuclear isomers
- 229Th isomer state 107F SR AomIeShel
d [631] transitions
2 ang Optical clock
M1 transition 108 region -
E*~8.28(17) eV .
( ) 105_ ® 7
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T~ min. — h. > 104f -
5 e
= [633] i
2 229Th ground state or ]
2 g oy
102 3, 40Cg+ o
4, 2701+ 229mTh
101 5 5, 1T1Yb -
- AE/E ~ 10-20: extremely stable nuclear 6, 87Sr . 3204 . -
‘ y 171 + ® -~ ]
frequency standard: ‘nuclear clock SN 000 . , .
1010 1075 100 105 1010 1015 1020
Half-life (s)

» Applications of an ultra-precise clock (Peik and Tamm EPL (2003)):

= |mproved precision of satellite-based navigation
= Search for time variation of fundamental constants (Flambaum,- PRL (2006))

= 3D gravity sensor (‘relativistic geodesy’) (Mehlstaubler,- Rep. Prog. Phys. (28
KU LEUVEN

Courtesy: P. Thirolf - Munich




Recent Progress on the 22°Th isomer
von der Wense,- Nature 533 (2016)

= Existence of 22°MTh: first direct detection via IC decay

= Half-life of neutral 2°"Th: t,, =7 pus

= Hyperfine structure of 22°MTh

= [someric excitation energy:

> o~ 10°

Seiferle,- Phys. Rev. Lett. 118 (2017)
Thielking,- Nature 556 (2018)

Seiferle,- Nature 573 (2019)

E*=828+£017eV - A=149.7+3.1 nm

= Improved isomer population
schemes:

- X-ray pumping of 2nd
excited state
Masuda,- Nature 573 (2019)

- via 3 decay from 22%Ac

Verlinde,- PRC (2019)

= Challenges: observation of
the radiative decay

= The door is open for the
realization of a first nuclear
clock
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What is known about the heaviest elements?

New elements / names (2016)

AN

utherfordium| dubnium | seaborgium | bohrium hassium | meitnerium |dammstadtium | roentgenium | copermicium §~ nihoniumf flerovium | moscovium ff livermoriumf{ tennessine 0ganesson
104 105 106 107 108 109 110 111 112 113 114 115 116 117 118
- ) I 1

Chemistry: Cn (Z=112)
A. Turler,- NPA 944 (2015)

Atomic physics: No (Z=102) Atomic physics: IP Lr
M. Laatiaoui,- Nature (2016) Sato,.- Nature (2015)

— Laser spectroscopy in the heavy element region

Atomic observables: levels, transition strengths, IP
Nuclear observables: I, u, Q, Isotope Shift > 6<r?>
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Atomic levels and lonization potential: nobelium (Z= 102)
‘one atom at a time” TN

75 -60
| 52 P
% 6.0 20
; - Ay, =351 Nm Pl
-40
%4_5_ ‘ <« Za > 1:large QED contribution
= s L 4 p lwz2 & relativistic effects
g 3.0- 2 ?1 ! S in the electronic structure
= 120 8
T | . '
£ o] [r=3223850m "\ Strong electron correlations
Ej ] 10 « Benchmark predictive power of atomic theory
1
] i = S
oo Nobelum|(Z=102) 2 |, - lonization potential (IP) = chemical properties

Atomic ground state: [Rn]5f147s2 1S,

Determination of nuclear properties

1, 2 (MCDF): S.Fritzsche, 4 (RCC): V.A.Dzuba et al., 6 (MCDF): P.Indelicato et al.,
Model Eur. Phys. J. D 33 (2005) 15 Phys. Rev. A 90 (2014) 012504 Eur. Phys. J. D 45 (2007) 155
calculations . A.Borschevsky etal., 5 (MCDF): YlLiuetal, 7 (extrapolation); J.Sugar,
Phys. Rev. A 75 (2007) 042514 Phys. Rev. A 76 (2007) 062503 J. Chem. Rhys..60.(1974).4103_
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Courtesy: S. Raeder, M. Laatiaoui



Laser ionization spectroscopy of 252:293.254No

» Theory-guided search for the atomic transition

045 V1 (Cm-1) Akl (8-1) X 108
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- 0.053
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000 | T (N TR (N TR AT N et W 1 ‘ FA'R E 5 ][

20 15 <10 -5 0 5 10 15 20 25 30 35 40
Laser detuning (GHz)
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Laatiaoui,- Nature 538 (2016), Raeder,- PRL120 (2018), Chhetri,- PRL120 (2018)




Laser ionization spectroscopy of 292:253.254No
« Isotope shift for 252-254No measured = change in charge radii: input from atomic theory
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Laatiaoui,- Nature 538 (2016), Raeder,- PRL120 (2018), Chhetri,- PRL120 (2018)




The Chart of Nuclides — Nuclear Medicine Perspective

SPECT (Single-photon emission computed tomography)

PET
Therapy
13612133;';'-'

177
sagm LU
133

123I131|

111}

SMWTc

See: M. Durante
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PSA =294 ng/ml PSA =419 ng/ml PSA=35 ng!ml PSA<0.1n g!ml
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courtesy: U. Koster (ILL-Grenoble) Kratochwil,- The Journal of Nuclear Medicine 57 (2016)




* Innovative radioisotopes for Medicine
* Terbium: a unique element for nuclear medicine

Nuclear Physics European Collaboration Committee (NuPECC)
Nuclear Physics for Medicine

b

B~ (T4,=6.9d)
Mzaicis 2919z
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courtesy U. Koster



Conclusion and Outlook

* Alimited number of highlights tailored to this symposium were shortly
presented, covering different aspects of nuclear-physics research

Not included: 2 » 1l ?.%J:TERCRUST
» EOS of neutron-rich nuclei and neutron stars 5

2| INNER CRUST

» Developments in fission modeling
180Hg

Isoscalar (In phase) |sovector (Out of phase)
AT=0 AT=1

» Low-momentum transfer hadronic probes
(nuclear matter distributions, Giant Monopole Resonances,...)




Conclusion and Outlook

» Ab-initio models are progressing fast and will have a strong impact on the
predictability of nuclear properties

« Upcoming facilities (and upgrades) like e.g. FAIR, SPIRALZ2, HIE-ISOLDE,
SPES, MYRRHA, ... and developments/improvements of instrumentation is
boosting the field (see M. Lewitowicz)

» Nuclear-physics research is a multi-facetted research area reaching out to
many different field of science and applications

* Thanks to G. Neyens, R. Garcia Ruiz, M. Laatiaoui, S. Raeder, W. Nortershauser, K.
Blaum, I. Moore, N. Kalantar, T. Aumann, A. Obertelli, P. Thirolf, Th. Duguet, V. Soma,
S. Goriely, W. Nazarewicz,...
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