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[ What are the fundamental particles and forces of nature? ]

[ Energy frontier ] TeVv <1014 [ Precision frontier ]
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, [ How do complex nuclear phenomena emerge? ]
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[ Small Size - Big Science |

C>LLAPS

Recent highlights: \
Nature 607, 260 (2022)
Physical Review Letters 128, 022502 (2022)
Nature Physics 17, 439 (2021)
Physical Review Letters 127, 033001 (2021)
Physical Review Letters 127, 192501 (2021)
Nature 581, 396 (2020)
Nature Physics 16, 120 (2020)
Nature Comm. 11, 3824 (2020)
Physical Review Letters 124, 132502 (2020)/

Many exciting results: _
www.garciaruizlab.com/publications
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Why atoms & molecules?
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[ Theoretical/Experimental Progress
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Can we connect the description of nuclei with QCD?
How do nuclear phenomena emerge?




[ Theoretical/Experimental Progress ] 7
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[ Theoretical/Experimental Progress ] 7
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Recent Highlights
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( reg [Phys Rev Lett 127, 033001 (2021)]
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[ Evolution of the nuclear size away from stability ]
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[ Evolution of the nuclear size away from stability ]
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[ Evolution of the nuclear size away from stability ]

Isotope shift , [Garcia Ruiz et al., Nature Phys.12, 594 (2016)]
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[ Evolution of the nuclear size away from stability ]

[Garcia Ruiz et al., Nature Phys.12, 594 (2016)]
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[ Evolution of the nuclear size away from stability ]
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[Koszorus et al. Nature Phys. 17, 439 (2021)]
[Barzakh et a. Phys. Rev. Lett. 127, 192501 (2021)]
[Reponen et al. Nature Comm. 12, 4596 (2021).
[Degroote et al. Nature Phys. 16, 620 (2020)]
[Kaufmann Phys. Rev. Lett. 124, 132502 (2020)]
[Garcia Ruiz & Vernon EPJ A 56, 136 (2020)]
[Gorges et al. Phys. Rev. Lett. 122, 192502 (2019)]
[Garcia Ruiz et al. Nature Phys. 12, 594 (2016)]



[ Evolution of the nuclear size away from stability }
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Similar trends for neutron-rich

[Koszorus et al. Nature Phys. 17, 439 (2021)]
[Barzakh et a. Phys. Rev. Lett. 127, 192501 (2021)]
[Reponen et al. Nature Comm. 12, 4596 (2021).
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[Radii of mirror nuclei & equation of state ]

Can we use the properties of nuclei to
constraint the properties of neutron stars?

E.g. PREX: neutron skin thickness of 2%8Pb
[Adhikari et al. Phys. Rev. Lett. 126, 172502 (2021)]

Equation of state of nuclear matter

E(p,8) = E(p,0) + Egym (p) 62+ O (6)"*

L _
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energy Slope ?

Talks: Juliette Mammei

Christian Drischler

[Roca-Maza et al. PRL 106, 252501 (2011)]
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[Radii of mirror nuclei & equation of state ]

[S. Pineda Phys. Rev. Lett. 127, 182503 (2021)]

[Brown. Phys. Rev. Lett. 119, 122502 (2017)]
[Yang & Piekarewicz, PRC 97, 014314 (2018)]

AR = R(®*Ni) — R(%4Fe)
Equation of state of nuclear matter
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Radu of mirror nuclei & equation of state ]

[S. Pineda Phys. Rev. Lett. 127, 182503 (2021)]
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[Radii of mirror nuclei & equation of state ]
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[ Hyperfine Structure
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[ Simple Structure of Complex Nuclei ]

“Indium isotopes (Z=49): A text book example” Heyde."The Nuclear Shell Model". Springer (1995)
[Vernon, Garcia Ruiz et al. Nature 607, 260 (2022)]
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Challenging our textbook nuclear physics!

A. Vernon



[ Simple Structure of Complex Nuclei ]

“Indium isotopes (Z=49): A text book example” Heyde."The Nuclear Shell Model". Springer (1995)
[Vernon, Garcia Ruiz et al. Nature 607, 260 (2022)]
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{ Molecules for EDMs measurements

— }2uB_ +eE

EDM eff

n E_~1 Vicm
E E, ~80 GV/icm

Tht

|de| <1.1x102°e - cm Molecular enhancement > 103

[ACME, Nature 562, 355 (2018)]
[Baron et al. Science 343, 269 (2014)]
[Sandars Phys. Rev. Lett. 18, 1396 (1967)]
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[ Recent Results (RaF) ]
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[ Molecules: Extreme sensitivity to Hadronic PV ]

Demille’s Talk: ZOMBIES: an experiment to
measure nuclear anapole moments

Molecule:
Hpy ~ F(Z°) /(E,2— E )
E Molecular enhancement > 10"

.( \

- Parity and Time reversal violation > 103

- Parity violation > 10

5 NN J

21  [Altunas et al. Phys. Rev. Lett. 120, 142501 (2018)]



[ Molecules: Extreme sensitivity to Hadronic PV ]

In collaboration with: D. Demille’s group (U Chicago & ANL),
J. Dilling (TRIUMF), N. Hutzler (Caltech), K. Blaum (MPIK),

R. Ringle (FRIB)

Inside Penning trap

Molecule: A

Hpy, ~ F(Z9) J(E,e—E.*) J. Karthein S.Udrescu  S. r

s (:\' . 1 3 / Ni ‘;,,j;r

Molecular enhancement > 1011

E

- ~N

Parity and Time reversal violation > 103
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: —

B B - /.

21  [Altunas et al. Phys. Rev. Lett. 120, 142501 (2018)]



[ Recent Results (RaF) ]
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[ Recent Results (RaF) ]
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Talk: Jaideep Singh uet-mo
[Gaffney et al. Nature 497, 199 (2013)]
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[ Radioactive molecules=> Best of all worlds! ]




[ Recent Results (RaF)

[Garcia Ruiz, Berger et al. Nature 581, 396 (2020)]

70 \

" —

A\
NN\

S. Udrescu A. Brinson S. Wilkins



[ Recent Results (RaF)

[Garcia Ruiz, Berger et al. Nature 581, 396 (2020)]
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Experimental details

The following video contains bright,
flashing lights that may cause
discomfort or seizures for those
With photosensitive epilepsy.

We overlap the isotopes with lasers



[ Recent Results (RaF) ]

I. Low-lying structure v
Il. Feasibility of laser cooling? 1
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[ Recent Results (RaF) ]

“Hot” molecules can be super cool!

nature

Explore content v  About the journal v  Publish with us v

Article | Open Access ' Published: 27 May 2020
Spectroscopy of short-lived radioactive molecules

R. F. Garcia Ruiz &2, R. Berger &, [....].

Nature 581, 396-400 (2020) | Cite this article

vy g
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T F 1§ ¥

eV ~2 102 105 108 <10-2 <1015

S. Wilkins

S. Udrescu

PHYSICS TODAY

HOME BROWSE™ INFO¥ RESOURCES™Y JoBs
DOI:10.1063/PT.6.1.20200611a

Spectroscopy of molecules with
unstable nuclei

Pinning down the energy transitions of radium monofluoride, and eventually other short-lived molecules,
could reveal the ways they are influenced by the properties of heavy radioactive nuclei.

Andrew Grant

physicsworld
ATOMIC AND MOLECULAR | RESEARCH UPDATE

Exotic radioactive molecules could reveal physics beyond the
Standard Model

05 Jun 2020

CHEMISTRY\\ORLD

Molecular experiments hope to reveal
new physics

Detecting extremely short-lived radium fluoride can explore standard

model’s limits



Recent Results (RaF)

New opportunities for nuclear structure studies
of the heaviest elements (e.g. ThO, PaO,...)

[Udrescu et al. Phys. Rev. Lett. 127, 033001 (2021)]

PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors Referees Search Press About Staff

Featred n Pysics
Isotope Shifts of Radium Monofluoride Molecules

S. M. Udrescu et al.
Phys. Rev. Lett. 127, 033001 — Published 14 July 2021

= g
Ph)’SICS See Viewpoint: Sizing up Exotic Nuclei with Radioactive Molecules

S. Udrescu S- Wilkins
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[ Recent Results (RaF) ]

226RaF vibronic spectrum
75 GHz

Nature, 581(7809), 396, 2020
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[ Recent Results (RaF) ]

226RaF rotational spectrum

75 GHz
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[ Recent Results (RaF) ]

226RaF rotational spectrum 225RaF hyperfine spectrum
1=0 1=1/2
75 GHz
K ——————— This work
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[ Distribution of nuclear magnetization in 22°Ra ]

I Experimental uncertainty (this work)

Theoretical uncertainty (J. Chem. Phys., 153(11), 114114, 2020)

Phys. Rev. Lett. 59.7, 771, 1987

—0.70

—0.72

—0.74



[ Distribution of nuclear magnetization in 22°Ra ]

I Experimental uncertainty (this work)

n

Theoretical uncertainty (J. Chem. Phys., 153(11), 114114, 2020)

Phys. Rev. Lett. 59.7, 771, 1987
Ra*

—0.70

magnetization distribution

Effect of the nuclear

—0.74
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Designer Molecules for Fundamental-Symmetry Tests J

— RaOH" and RaOCH * [Fan et al. Phys. Rev. Lett. 126, 023002 (2021)]
[Yu & Hutzler Phys. Rev. Lett. 126, 023003 (2021)]

— Assembling molecules from cold atoms [Fleig & Demille]

.- RaAg [New J. Phys. 23, 113039 (2021)]
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[ RISE (Resonance lonization Spectroscopy Experiment) @ FRIB ]




[ Resonance lonization Spectroscopy Experiment (RiSE) at FRIBJ

Major milestones achieved!

December 2020: RiSE project started Dec 2020

April 2021: Beamline Design completed

May 2021: Experimental parts are being ordered
September 2021: Laser setup for FRIB completed at MIT

Commissioning at Bates, MIT in February 2022
Installed at FRIB in March 2022

Successful experiments with 2’Al performed.
RISE beamline @ FRIB

First results with 27Al @ FRIB
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We are ready to study short-lived atoms & molecules at FRIB!

Two accepted proposals at FRIB:
* Proton halo/skin of Aluminum isotopes
33* Atoms and molecules containing short-lived thorium isotopes



[ Resonance lonization Spectroscopy Experiment (RiSE) at FRIB]

Atoms and molecules containing octupole
deformed Thorium isotopes
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: 28 Two accepted proposals at FRIB:
2. 20  Proton halo/skin of Aluminum isotopes
2 8 e Atoms and molecules containing octupole deformed
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Atoms: Nuclear electromagnetic structure \
Properties of nuclear matter
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[ Summary and Outlook

Properties of nuclear matter

L Atoms: Nuclear electromagnetic structure
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Molecules: Symmetry violating
nuclear properties
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[ Summary and Outlook
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Precision measurements of radioactive atoms and molecules
offer unique opportunities in Nuclear Science
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[ Summary and Outlook

Precision measurements of radioactive atoms and molecules
offer unique opportunities in Nuclear Science
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... this is just the beginning! |




[ A Bright Future Ahead!

[ New opportunities @ FRIB J &
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Once-in-a-lifetime opportunity!
* New Facilities (FRIB)
37  Precision (atomic, molecular, nuclear) Physics






