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How do complex nuclear phenomena emerge?
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Small Size – Big Science 

RISE @ FRIB

Many exciting results: 
www.garciaruizlab.com/publications

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) 
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• Can we connect the description of nuclei with QCD?
• How do nuclear phenomena emerge?
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Experimental Challenges:
1. Small quantities (a few per second)
2. Have short lifetimes ( < 1s < days)
3. Extreme environments (>2000 oC) 

& highly contaminated (1:108)
4. High precision is critical (>1:106)



[Nature Phys. 16, 620 (2020)]
[Phys. Rev. Lett. 124, 132502 (2020)
[Phys Rev Lett 116, 182502 (2016)]
[Phys Lett B 771, 385 (2017)]
...

[Phys. Rev. Lett. 122, 192502 (2019)]
[Phys Rev X 8, 041005 (2018)]...

[Nature Physics 17, 439 (2021)]
[Nature Physics 12, 594 (2016)]
[Phys Rev Lett 113, 052502 (2014)]
[Phys Rev Lett 110, 172503 (2013)]. . .

Tin (Z=50) region

Calcium (Z=20) region

Nickel (Z=28) region

VIEWPOINT

VIEWPOINT

Recent Highlights
[Phys Rev Lett 127, 033001 (2021)]
[Nature 581, 396 (2020)]

Radium (Z=88)

<r 2> I Q μ
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[Nature 607, 260 (2022)]
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[Garcia Ruiz et al., Nature Phys.12, 594 (2016)]
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Evolution of the nuclear size away from stability
Isotope shift
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40Ca 48Ca 52Ca

Theory
(ab-initio, shell-
model, DFT, 
global fits)

[Garcia Ruiz et al., Nature Phys.12, 594 (2016)]
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[Koszorus et al. Nature Phys. 17, 439 (2021)]

Evolution of the nuclear size away from stability

Ca(Z=20)



(Z~50)(Z~28) (Z~82)

Strong Z dependence

[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)]12

Evolution of the nuclear size away from stability



(Z~50)(Z~28) (Z~82)

Strong Z dependence

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).
[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)]12

Evolution of the nuclear size away from stability



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 208Pb
[Adhikari et al. Phys. Rev. Lett. 126, 172502 (2021)]

[Roca-Maza et al. PRL 106, 252501 (2011)]

Talks: Juliette Mammei
Christian Drischler
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Ni54

Radii of mirror nuclei & equation of state

28 26Fe54
26 28

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

[S. Pineda Phys. Rev. Lett. 127, 182503 (2021)]
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Ni54

Radii of mirror nuclei & equation of state

28 26Fe54
26 28

Skyrme EDF
CODF 

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

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

Skyrme EDF
CODF 

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

|Z-N|=2

15



~eV

J’

J

} < 10-6eV

F‘=I+J ’

F=I+J

{

I > 0
Atom/molecule  
Nuclear

Electromagnetic structure
Rms charge radii: <r 2> 
Nuclear spin: I  
Magnetic moment: μ  
Quadrupole moment : Qco

un
ts

I = 0
~ μB +Q EΔ

{

Hyperfine Structure

Freq.16



Simple Structure of Complex Nuclei

A. Vernon

Heyde. "The Nuclear Shell Model". Springer (1995) “Indium isotopes (Z=49): A text book example” 

Stable
Isotopes

Challenging our textbook nuclear physics!

[Vernon, Garcia Ruiz et al. Nature 607, 260 (2022)]
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Simple Structure of Complex Nuclei

A. Vernon17

Heyde. "The Nuclear Shell Model". Springer (1995) “Indium isotopes (Z=49): A text book example” 
[Vernon, Garcia Ruiz et al. Nature 607, 260 (2022)]
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|de| ≤ 1.1 x 10-29 e · cm
[ACME, Nature 562, 355 (2018)]
[Baron et al. Science 343, 269 (2014)]
[Sandars Phys. Rev. Lett. 18, 1396 (1967)]

} 2μB + eE
EDM eff

E
eff

Eext  

Eeff

~1 V/cm
~80 GV/cmTh+

O-

Molecular enhancement > 103

Molecules for EDMs measurements 
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[Source: D. DeMille. Manipulating Quantum Systems: An Assessment of Atomic,Molecular, and Optical Physics in the United States (2019)]
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~Zc /(E+
N- E-N)

E+
N- E-N  ~ 10-5 eV

Molecule > 103

Nuclear X Molecule



Molecules: Extreme sensitivity to Hadronic PV

BB

E-

E+

Molecular enhancement > 1011

●

●

●

Parity and Time reversal violation 
Parity violation

> 103

> 1011

HPV ~ F(Zc) /(E+
e – E-

e)

21

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

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

Molecule:



Molecules: Extreme sensitivity to Hadronic PV

BB

E-

E+

Molecular enhancement > 1011

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

S. MorochJ. Karthein S. Udrescu

●

●

●

Parity and Time reversal violation 
Parity violation

> 103

> 1011

HPV ~ F(Zc) /(E+
e – E-

e)

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

Molecule:



Hmol = He+ Hvib+ Hrot+ … + Hhfs+ HPV+ HPTV
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Talk: Jaideep Singh



Hmol = He+ Hvib+ Hrot+ … + Hhfs+ HPV+ HPTV

eV ~ 2 10-2 10-5 10-8 <10-12 <10-18

~ ONucl Fmol

co
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~ ONuclFmol

Experiment

Molecule > 103

Nuclear amplification > 103

225Ra

ü Large Z, A
ü Nuclear spin I >0
ü β2 β3 > 0

Nuclear X Molecule

●

Radioactive molecules=> Best of all worlds! 

[Gaffney et al. Nature 497, 199 (2013)]

Recent Results (RaF)
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Talk: Jaideep Singh

Atom/moleculeNuclear
~Za Abβ2β3 /(E+
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N- E-N  < 10-5 eV



Recent Results (RaF)

He Hvib Hrot Hhfs

S. Udrescu A. Brinson S. Wilkins

Hmol e= H + Hvib rot+ H + … + Hhfs+ H + HPV PTV

10-2 10-5 10-8eV ~ 2 <10-12 <10-15

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

Production

Selection

Study

Lasers
+

Electromagnetic 
fields

Traps
+

lasers

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

25



I. Low-lying structure 
II. Feasibility of laser cooling?

1. Dominant f00? → f00/fij > 0.97 
2. Short-lived excited state (T1/2)?→T1/2 < 50 ns
3. Electronic states of lower energy (E)?→ 2000 cm-1 above 

[Garcia Ruiz et al. Nature 581, 396 (2020)]26

Recent Results (RaF)



“Hot” molecules can be super cool!

Recent Results (RaF)

S. Udrescu S. Wilkins

Hmol e= H + Hvib rot+ H + … + Hhfs+ H + HPV PTV

10-2 10-5 10-8eV ~ 2 <10-12 <10-15

27



S. Udrescu

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

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

Recent Results (RaF)

223RaF
224RaF

225RaF
226RaF

228RaF

S. Wilkins

28



75 GHz

110 MHz

Nature, 581(7809), 396, 2020

This work

PRELIMINARY

✓

226RaF vibronic spectrum

Recent Results (RaF)

✓
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Nature, 581(7809), 396, 2020
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✓ ✓ ✓
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75 GHz

110 MHz

Nature, 581(7809), 396, 2020
PRL 127(3), 033001, 2021

This work

PRELIMINARY

Wavenumber [cm!"]

This work

60 MHz (250 neV)

226RaF rotational spectrum 225RaF hyperfine spectrum

Recent Results (RaF)

I=1/2I=0

✓ ✓ ✓ ✓
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→ RaOH+ and RaOCH +
3 [Fan et al. Phys. Rev. Lett. 126, 023002 (2021)]

[Yu & Hutzler Phys. Rev. Lett. 126, 023003 (2021)]

Designer Molecules for Fundamental-Symmetry Tests

31

→Assembling molecules from cold atoms [Fleig & Demille]
[New J. Phys. 23, 113039 (2021)]• RaAg

• FrAg



Lig
ht Nucle

i (Z< 20)

Actinides (Z>88)New opportunities at FRIB

[Cao et al. Phys. Rev. C 102, 024311 (2020)]
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RISE (Resonance Ionization Spectroscopy Experiment) @ FRIB



Major milestones achieved!
ü December 2020: RiSE project started Dec 2020
ü April 2021: Beamline Design completed
ü May 2021: Experimental parts are being ordered
ü September 2021: Laser setup for FRIB completed at MIT
ü Commissioning at Bates, MIT in February 2022
ü Installed at FRIB in March 2022
ü Successful experiments with 27Al performed.

K. Minamisono

In collaboration with:

RISE beamline @ FRIB

Resonance Ionization Spectroscopy Experiment (RiSE) at FRIB

RISE lasers @ FRIB

First results with 27Al @ FRIB
Ready for FRIB Beams!

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

We are ready to study short-lived atoms & molecules at FRIB!
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N

Z

Two accepted proposals at FRIB:
• Proton halo/skin of Aluminum isotopes
• Atoms and molecules containing octupole deformed

Thorium isotopes

“Proton skin” 
of Aluminum isotopes

Atoms and molecules containing octupole 
deformed Thorium isotopes

34

Resonance Ionization Spectroscopy Experiment (RiSE) at FRIB
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Summary and Outlook
• Atoms:  Nuclear electromagnetic structure

Properties of nuclear matter
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Summary and Outlook
• Atoms: Nuclear electromagnetic structure

Properties of nuclear matter
• Molecules: Symmetry violating

nuclear properties

e - e - e - e - e - e - e - e -

• Parity and Time reversal violation 
• Nuclear amplification

• Parity violation

> 103

> 103

> 1011

RaF

Hmol = He+ Hvib+ Hrot+ Hsr +...+ Hhfs+ HPV+ HPTV



Summary and Outlook
Precision measurements of radioactive atoms and molecules 

offer unique opportunities in Nuclear Science

36



Nuclear EM 
structure

Quantum 
chemistry

Astrophysics

Nuclear 
chemistry

Fundamental  
symmetries

Nuclear EW 
structure

Summary and Outlook

… this is just the beginning!

Precision measurements of radioactive atoms and molecules 
offer unique opportunities in Nuclear Science

36



A Bright Future Ahead!

37

Once-in-a-lifetime opportunity!
• New Facilities (FRIB) 
• Precision (atomic, molecular, nuclear) Physics
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