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● Nature of neutron stars and 
dense nuclear matter

● Properties of nuclear matter

● Fundamental symmetries
● Matter – Antimatter
● Dark Matter / energy
● New forces/particles 
● Neutrino properties

Radioactive atoms and molecules provide unique answers to these questions!
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✔ High resolution (~MHz)
✔ High efficiency  (<100 ions/s)
✔ High selectivity (>1/106) 
✔ Short time scales (< 1 s)  
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Nuclear charge radii (48Ca): Constrain to 
properties of nuclear matter

Nuclear theory / 
forces

 

[Hagen et al., Nature Physics 12, 186 (2016)]
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Ab-initio methods
QMC, GFMC, CC, IMSRG, GGF….

Published
Unpublished 

[Phys Rev Lett 116, 182502 (2016)] 
[Phys Lett B 771, 385 (2017)]
[Phys Rev C 97  044324 (2018)]
.
.
.
 

40-52Ca (Z=20)
38-51K (Z=19)
50-61Mn (Z=25)
44-50Sc (Z=21)
52,53K (Z=19)

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

101-131In (Z=49)
103-134Sn (Z=50)
112-134Sb (Z=51)
  

[Phys Rev Lett 121, 102501 (2018)]
[Phys Rev Lett 116, 032501 (2016)] , ...

100-130Cd (Z=48)

Sn: [Accepted in Phys. Rev. Lett. (2019)]
In:[Phys Rev X 8, 041005 (2018)]

202-231 Fr(Z=87)
222-233 Ra(Z=88)
 

65-80 Zn (Z=30)

58-78Cu (Z=29)
56-68Ni (Z=28)
68-74Ge (Z=32)

LQCD

[Phys. Rev. Lett 115, 132501 (2015)]
[Phys. Rev. X 4 (1), 011055 (2014)]
[Phys Rev. Lett. 111, 212502 (2013)]

Recent results from collinear laser spectroscopy 
at ISOLDE-CERN
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[R.F. Garcia Ruiz et al., Nature Physics 12, 594 (2016)] 

“King plot”
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 IS Precision: 150-560 kHz
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Atomic

Atomic physics results:
● [Garcia Ruiz et al. Phys Rev X 8, 041005 (2018)]
● [Sahoo, Vernon, Garcia Ruiz et al. Submitted to PRL (2019)]
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[Frugiuele et al. Phys Rev D 96, 015011 (2017)]
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[Berengut et al. Phys Rev Lett 120, 091801 (2018)]
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Great! Why are they important?
 → New window to the atomic nucleus

P- and P,T- odd effects  

[Safronova et al. Rev. Mod. Phys. 90, 025008 (2018)]

AM

EDM

Molecules

● Matter/antimatter asymmetry?
● Origin of Dark Matter?
● Physics BSM? 

Molecules: Electroweak structure
● Anapole moment: AM 
● Magnetic Quadrupole Moment: MQM
● Schiff Moment: Sschiff 
● eEDM, nEDM, ...

Sschiff 



Atoms vs Molecules

[ Wood et al. Science 275, 1759 (1997)]
[Porsev et al. PRL 102, 181601 (2009)]

PV → Mix states of different parity ~ ( E
+
-E

- 
)-1

133Cs

Atoms
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Nuclear
weak charge

[Davoudias et al. Phys. Rev. D 89, 095006 (2014)]



Nuclear
weak charge

PV → Mix states of different parity ~ ( E
+
-E

- 
)-1

133Cs

Atoms

Molecules

✔ ( E
+
-E

- 
)~0   About 105 enhancement 

[Dzuba et al. Phys. Rev. Lett. 119, 223201 (2017)] 

✔ Nuclear-Spin-Dependent PV / Anapole moment (BaF) 
[Altunas et al. Phys Rev Lett 120, 142501 (2018)]

s (P-even )
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H
w

6S
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1/2 E
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E
-

✔ >105 enhancement of E
eff

 for eEDM measurements
[Baron et al.  Science 343, 269 (2014)]
[Hardvard-Yale Nature 562, 355 (2018)] 

E
ext 

 ~1 V/cm
E

eff 
 ~80 GV/cm}  2μB + e

EDM
E

eff
  E

eff

Atoms vs Molecules

[ Wood et al. Science 275, 1759 (1997)]
[Porsev et al. PRL 102, 181601 (2009)]
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● .
● .
● .
● SrF →  Nature Physics 13, 1173(2017)
● YbF → Phys. Rev. Lett. 120, 123201 (2018)
● CaF → Nature Physics 14, 890 (2018)

            Phys. Rev. Lett. 120, 163201 (2018)
● RaF → Radioactive

            Coming soon … Is it needed?

Fluoride molecules

● SrF → First evidence of laser cooling
           [Nature 467, 820-823 (2010)]

● YbF → Nature 473, 493 (2011)
● .
● .
● .



Radioactive Molecules: Ra(Z=88)F Results

P-odd and P,T -odd effects

[Gaul & Berger J. Chem. Phys 147, 014109(2017)]
[Fleig. Phys. Rev. A 96, 040502 (2017)]
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Radioactive Molecules: Ra(Z=88)F Results

P-odd and P,T -odd effects

[Gaul & Berger J. Chem. Phys 147, 014109(2017)]
[Fleig. Phys. Rev. A 96, 040502 (2017)]

RaF

BaF

Ws
Eeff

RaFYbFHfF+BaF

SrF
CaF

RaF →  Superior sensitivity for both P- and P,T- odd effects  

… BUT all parameters experimentally unknown!



→ New window to study the atomic nucleus
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]

[Garcia Ruiz, Berger et al. In preparation (2019)]
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Enhanced sensitivity in radioactive molecules
(composed of heavy and octupole deformed nuclei)  

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

Octupole deformed 
nuclei?
Ra @ CERN

→ New window to study the atomic nucleus
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]

[Garcia Ruiz, Berger et al. In preparation (2019)]
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Enhanced sensitivity in radioactive molecules
(composed of heavy and octupole deformed nuclei)  

Why radioactive molecules?
✔ Large Z → E

ef 
(x 5)

✔ Deformed nuclei (>102)
✔ Large enhancement of the MQM (>102)
✔ Study of NSD interactions (I>0)

Radioactive Molecules

→ New window to study the atomic nucleus
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]

[Garcia Ruiz, Berger et al. In preparation (2019)]



Collinear resonance ionization spectroscopy of RaF molecules 
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]
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Collinear resonance ionization spectroscopy of RaF molecules 
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]

Theory: 
Scanning 1000 cm-1 at 10 MHz/min (1 cm-1 = 30 GHz)
→ 2080 days!!!
Impossible with a radioactive molecules? (<106 molecules/s)

Molecules have complex structures
→ More than 104  states can be populated
Vibrational / rotational / hyperfine
Impossible with a hot (> 300 K) molecule?

Radioactive Molecules: RaF Results

? ?

?

?Uranium 
target

Ion trap

Neutralization
Cell

AtomsIons

Detector

Mass separator 

More than 15 laser 
systems in operation 
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Molecules can be 105 times more exciting but are 106 more challenging!



226RaF

~1000 cm-1  (30 THz) → only 4 hours!

PREL
IM

IN
ARY 

PREL
IM

IN
ARY 

~106 /s

[Garcia Ruiz et al. In preparation (2019)]

RaF: Results (November 2018)

Strategy → Take advantage of all possible disadvantages in precision 
   spectroscopy (laser linewidths, power broadening, energy spread, ….) 

...The impossible became possible!
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[Garcia Ruiz et al., Nature Physics 12, 594 (2016)]
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Conclusions

… this is just the beginning!
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Thanks for your attention! 
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