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[Safronova et al. RMP 90, 025008 (2018)]
[Wood et al. Science 275, 1759 (1997)]
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Long range Short range  (< 0.1 fm)Electroweak structure 
● Nuclear force → QCD
● Emergence of nuclear phenomena
● Understanding of nuclear matter

Atoms

Electromagnetic structure
● Fundamental symmetries, BSM physics
● Matter / Antimatter asymmetry
● Dark matter

Molecules AAM     ,  eEDM   ,   Sschiff  ,  MQM
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Atoms

Ra+ F- Σ

I, μ , Q, ...<r 2>

Molecules

AAM     ,  eEDM   ,   Sschiff  ,  MQM
● Parity violation  >  1011

[Phys Rev Lett 120, 142501 (2018)]
[Phys. Rev. Lett. 119, 223201 (2017)]   
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Atoms: ( E
+
- E

- 
) ~ 1 eV

Molecules: ( E
+
- E

- 
) ~ 10-5 ev

E
eff

E
ext 

 ~1 V/cm
E

eff 
 ~80 GV/cm

Th+

O-
● Parity and Time reversal 

violation   > 103

~ Z n

[ACME, Nature 562, 355 (2018)]
[Baron et al.  Science 343, 269 (2014)]
[Sandars Phys. Rev. Lett. 18, 1396 (1967)] 

Why (radioactive) molecules?

2



[Source: D. DeMille. Manipulating Quantum Systems: An Assessment of Atomic,Molecular, and Optical Physics in the United States (2019)]
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EDM Sschiff 
P,T- violation

~Z3 R(Z) ~Z3 β
2
β

3 
 A2/3 /(E

+
-E

-
)

e- e- P- violation 

~ Z 3 ~ Z 2A2/3R(Z)
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EDM Sschiff 
P,T- violation

~Z3 R(Z) ~Z3 β
2
β
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 A2/3 /(E

+
-E

-
)

e- e- P- violation 

~ Z 3 ~ Z 2A2/3R(Z)
[Gaffney et al. Nature 497, 199 (2013)]
[Parker et al. Phys. Rev. Lett. 114, 233002 (2015)]

225Ra
DE = 55 keV

Radioactive molecules: Best of all worlds3

● Max.  
 
Z, A, I>0

● Max.  β
2
, β
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● Min.  (EN
+
-EN

-
)   

Radioactive nuclei
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Collinear resonance ionization spectroscopy of Ra(Z=88)F molecules 
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]
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Recent Results (RaF)

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

1.Dominant f
00

? 

2.Short-lived excited state (T
1/2

)?

3.Electronic states of lower energy (E)?

SrF: First evidence of laser cooling
[Shuman et al. Nature 467, 820-823 (2010)] >1 s ?



Neutralization
Cell

Detector

Mass separator 
?

? ? ?

Collinear resonance ionization spectroscopy of Ra(Z=88)F molecules 
[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 (2018)]

Neutral

Gas-filled
Ion trap~2000 oC

[Garcia Ruiz et al. Nature 581, 396 (2020)]5

Recent Results (RaF)

Production State preparation Study
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“Hot” molecules can be super cool!
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S. Udrescu

[Udrescu et al. 
In preparation (2020)]

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

Isotope shifts
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226Ra(I=0)F

Graduate students @ MIT

A. Brinson S. Udrescu
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Hyperfine structure
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Rotational Structure

Graduate students @ MIT

A. Brinson S. Udrescu8
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e- e- P- violation 

Molecular enhancement > 1011
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EDM Sschiff MQMP,T- violation

Molecular + Nuclear amplification
 → E

eff
 > 10 GV/cm

11

→ AcF, RaO, PaO,
     RaOH, ….
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Lots of opportunities!
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...collaboration in the making!
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ISOLTRAP (F. Wienholtz) , RILIS (S. Wilkins, K. Chrysalidis)

Target group (S. Rothe), ISOLDE Technical group

Nuclear theory: W. Nazarewicz  (FRIB/MSU), 
         P.-G. Reinhard ( Erlangen-Nürnberg),

                           G. Hagen (ORNL), 
                           J. Holt (TRIUMF),

R. Stroberg (U. Washington)...

Quantum chemistry: R. Berger (U. Marburg, Germany), 
                                   T. Isaev (PNPI NRCKI, St. Petersburg)
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A. Brinson S. Udrescu
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