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Why (radioactive) molecules?

1

HPTV

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

eV ~ 2 10-2 10-5 10-8 <10-12 <10-38

HPV

E B

-> Extremely sensitive systems to 
measure parity- and time-reversal violation  

-> Electroweak physics,
Z’ bosons, …

HPV

HPTV -> EDM, Axions, …
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Nuclear spin I=0
~ eEDM Fmol.

Molecule
~ F(Zc) /(E e - E e)

+ -

Th+

O-

ThO: Eeff ~ 80 GV/cm

Eeff

[ACME, Nature 562, 355 (2018)]
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● Molecule > 103
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~10-29 e cm

HPV ,HPTV
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Why radioactive molecules?

Nuclear spin I>0
~ ONucl Fmol.

Nuclear spin I=0
~ eEDM Fmol.

● Molecule > 103

Nuclear amplification > 103
●

3

HPV ,HPTV
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Why radioactive molecules?
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 Large Z, A
 Nuclear spin I >0
 β2 β3 > 0

Only for radioactive, short-lived nuclei!
 225Ra (Z=88), T1/2= 15 days
 227Th (Z=90), T1/2= 19 days
 229Pa (Z=91), T1/2= 1.5 days

225Ra

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

● Molecule > 103

Nuclear amplification > 103
●

HPV ,HPTV
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Why radioactive molecules?
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● Molecule > 103

Nuclear amplification > 103
●

Nuclear X Molecule

●

Radioactive molecules => Best of all worlds! 

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

225Ra

HPV ,HPTV



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

+ predicted to be good laser cooling!

●

… BUT experimental knowledge of short-lived, radioactive 
molecules was lacking  

[Isaev, Hoekstra, Berger Phys. Rev. A 82, 052521 (2010)]

RaF: An ideal candidate

 225Ra (Z=88), T1/2= 15 days
 Octupole deformation discovered 

at ISOLDE

 Large production of RaF (>107 mol/s)
at ISOLDE

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

Why ISOLDE?
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Single molecule sensitivity RaF

P,T violation: ~10-29 e cm
1st Generation

1st Generation

RaF

HPTV
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(Flux)(time) Interaction  
time

https://arxiv.org/abs/1302.5682

With W(RaF)~50 Hz
- Flux→ 1 molecule/s
- 1 h measurement time
- t=1 ms

=> 10% uncertainty
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Single molecule sensitivity RaF

P violation:
HPV



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

He Hvib Hrot Hhfs

Hmol e= H + Hvib rot+ H + … +

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

9 S. Udrescu A. Brinson S. Wilkins

Hhfs+ HPV+ HPTV



“Hot” molecules can be super cool!

Recent Results (RaF)

Hmol e= H + Hvib rot+ H + … +

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

S. Udrescu A. Brinson S. Wilkins

Hhfs+ HPV+ HPTV
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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)

A. Brinson

223RaF
224RaF

225RaF
226RaF

228RaF

S. Wilkins
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226Ra(I=0)F

Hyperfine structure
226Ra(I=0)F

223Ra(I=3/2)F

300 MHz

Recent results: Precision experiments (RaF)

Rotational Structure

~ 15 GHz
Hmol = He+ Hvib+ Hrot+ ...+12 Hhfs+ HPV+ HPTV

Experiment is 
ongoing as we speak



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

?

Symmetry-violating measurements with RaF

E B

Slow, and cold molecules
are needed! 
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A

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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i. Accelerator

ii. Charge 
exchange cell

RaF+

RaF

Symmetry-violating measurements with RaF

RaF

RaF+

(Charge exchange)
RaF+ + Na =>   RaF Co

un
ts

 (R
aF

+ )
Freq.RaF

14

T> 600 oK
∆E > 3 eV

T> 300 oK
∆E >1 eV



RaF- + g=>  RaF + e

i. Accelerator

ii. Charge 
exchange cell

iii. Gas-filled 
conical guide

iv. Cryogenic 
Ion trap

RF + 
lasers

RaF+ T> 600 oK
∆E > 3 eV

RaF

RaF-

T> 300 oK
∆E >1 eV

(photo detachment)

T< 10 oK
∆E<0.1 eV

E B

Symmetry-violating measurements with RaF

(Charge exchange)
RaF+ + 2(Na) =>   RaF- + 2(Na+)

Acquisition and construction 
of experimental equipment 

Commissioning and 
experimental test with BaF

Proof-of-principle with RaF- ions. 
Trapping and cooling of RaF

2022 2023 2024
Design and 
simulations

Timeline
2021

Symmetry violating 
measurements 



Ra RaF

Radioactive molecules offer unique opportunities to test the 
violation of fundamental symmetries and look for new physics

ISOLDE @ CERN offers an ideal place 
to perform these studies

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