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What are the fundamental particles and forces of nature?

𝜒
?+



P-violation

Antimatter

Matter

Major Open Questions in Physics and Cosmology

Why is there more matter?

New sources of Time-reversal (CP) violation 
in nuclei can provide answers to these problems

Strong CP problem
Are there 

new particles?

Fundamental Symmetries

Parity (P): r → -r

Time (T): t → -t

Charge (C): 𝑐 → ҧ𝑐
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Matter

Major Open Questions in Physics and Cosmology

Why is there more matter?

New sources of Time-reversal (CP) violation 
in nuclei can provide answers to these problems
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Why Radioactive molecules? 

H
mol 

= H
e
+ H

vib
+ H

rot
+ … 

eV ~ 2 10-2 10-5

+ d
e
E

eff

<10-20

[Sandars Phys. Rev. Lett. 18, 1396 (1967)]
[Hudson et al. Nature 473 493 (2011)]

Th+

O-

Eeff~80 GV/cm Eeff~20 GV/cm

|de| ≤ 4.1 x 10-30 e · cm

[Roussy et al. Science 381, 46 (2023)][ACME, Nature 562, 355 
(2018)]

Nuclear spin = 0

[1 eV=241.8 THz]

4
Probing physics @ TeV scale!

Talks: Kia Boon Ng

Nick Hutzler
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Why Radioactive molecules? 

+ d
e
E

eff

<10-20

Molecules with 

heavy, exotic
nuclei: Ra(Z=88)

eV[1 eV=241.8 THz]

~ ONucl Emol

Nuclear

~ Z A2/3 β β /(EN
+-EN

-)
2 3  

Molecule

~ Z3 /(Ee
+

 - Ee
-)

 

2

β >0 β >0
2 3

Nuclear spin > 0

✔ Large Z, A

✔ Nuclear spin I >0

✔ β2 , β3 > 0
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Nuclear X Molecule

225Ra

✔ Large Z, A

✔ Nuclear spin I >0

✔ β2 , β3 > 0

[Gaffney et al. Nature 497, 199 (2013)]
Ra @ ANL [Parker et al. PRL 114, 233002 (2015)]
[Auerbach et al. PRL 76, 4316 (1996)]

225Ra (Z=88)

T1/2= 15 days

225Ra+
F-

●

Radioactive molecules => Best of all worlds! 

Enhanced in actinide, short-lived nuclei:
Fr (Z=87), Ra (Z=88), Th (Z=90), …

>103 >103 >106=>

RaF: [Isaev et al. Phys. Rev. A 82, 052521 (2010)]

(T1/2 ~ 15 d) (T1/2 ~ 19 d)(T1/2 ~ 22 min)
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Radioactive 

Molecules

Weak Force

●

Radioactive molecules => Best of all worlds! 

Window of 

Discovery



Weak Force Strong  Force

●

Radioactive molecules => Best of all worlds! 

6

Radioactive 

Molecules



Recent Results (RaF)

He
H

vib
H

rot
H

hfs

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

? ? ? ? ?

[Garcia Ruiz, Berger et al. CERN-INTC-2018-017 / INTC-P-546 (2018)]
[Isaev, Hoekstra, Berger, Phys. Rev. A 82, 052521 (2010)]
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~2000 oC

[Garcia Ruiz et al. Nature 581, 396 (2020)]8

Exotic  
cocktail

Recent Results (RaF)

Experimental Challenges:
1. Extreme environments (>2000 oC)
2. Highly contaminated (1:108)
3. Have short lifetimes ( ~ days)
4. Small quantities (< 1 ng)
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~2000 oC
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Exotic  
cocktail

Recent Results (RaF)

A lot of unknowns!
Total 

efficiency:

(𝟏𝟎
_𝟕 < 𝜺 < 𝟏)

𝜺 = 𝜺𝑹𝒂 𝜺𝑹𝒂𝑭 𝜺𝑹𝑭𝑸 𝜺𝒏𝒆𝒖𝒕 𝜺𝒗𝒊𝒃 𝜺𝒓𝒐𝒕 𝜺𝒆𝒙𝒄 𝜺𝒊𝒐𝒏

?

?

?

?
Talk: Silviu Udrescu

Thursday 3-6 pm
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10-2 10-5eV ~ 2
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Recent Results (RaF)

10-2 10-5eV ~ 2

223RaF
224RaF

225RaF
226RaF

228RaF
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Recent Results (RaF)

10-2 10-5
10-8eV ~ 2

75 GHz

110 MHz

This work

Nature 581, 396 (2020)
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Recent Results (RaF)
225RaF hyperfine spectrum

[Wilkins, Udrescu et al. arxiv:2311.04121 (2024)]13

60 MHz (250 neV)
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Recent Results (RaF)
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RaX Collaboration
NEPTUNE Project



P,T-violation measurements with RaX Molecules

S. Ebadi A. Jadbabaie M. Fulghieri F. Shungo

K. Khusainova S. Munoz

J. Doyle (Harvard), N. Hutzler (Caltech), 
R.F. Garcia Ruiz (MIT) & FRIB

RaX Collaboration

Talk: Nick Hutzler



P,T-violation measurements with RaX Molecules

S. Ebadi A. Jadbabaie M. Fulghieri F. Shungo

K. Khusainova S. Munoz

J. Doyle (Harvard), N. Hutzler (Caltech), 
R.F. Garcia Ruiz (MIT) & FRIB

RaX Collaboration

S. Ganguly



✓ Beam box fabrication

✓ Cryocooler testing

✓ Laser Installation

✓ Beamline construction Cryocooler for 

shields: PT425

Cryocooler for 

buffer-gas cell: 

PT310

40K shield

4K shield

Buffer-gas 

cell

Blackened beamline for 

fluorescence collection Ti:Sa laser installed

PT310 cryocooler: 

2.2K base temp, 
1W@3K, 51W@34K

RaX @ Harvard

RaX Collaboration



RaF+

Gas filled ion 

Cooler and buncher

RaF+

T > 1000 K T~300 K

(Charge exchange)

RaF+ + Na => Na+ + RaF
+

RaF+

Towards Efficient RaF Trapping Via RaF-



RaF+

Gas filled ion 

Cooler and buncher

RaF+

T > 1000 K T~300 K

(Charge exchange)

RaF+ + 2Na => 2Na+ + RaF
-

RaF- + 𝛾 =>  RaF + e

T < 4 K

RaF- RaF

Towards Efficient RaF Trapping Via RaF-



Towards Efficient RaF Trapping Via RaF-
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Gaul, Garcia Ruiz, Berger. arXiv:2403.09320 (2024)

?

RaF-

RaF

D. Gonzales
Slide: D. Gonzales
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Towards Efficient RaF Trapping Via RaF-

Slide: D. Gonzales
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RaF-

RaF

Gaul, Garcia Ruiz, Berger. arXiv:2403.09320 (2024)

PRELIMINARY

Towards Efficient RaF Trapping Via RaF-

Slide: D. Gonzales



→ RaOH, RaOH+ and RaOCH +

3

[Fan et al. Phys. Rev. Lett. 126, 023002 (2021)]

[Yu & Hutzler Phys. Rev. Lett. 126, 023003 

(2021)]

Radioactive Molecules for Fundamental-Symmetry Tests

[Hutzler, Jayich, …]

Hutzler’s group: RaOH @ Caltech

Ω

→ Assembling molecules from cold atoms [Demille]

[New J. Phys. 23, 113039 (2021)]

• RaAg

• FrAg

→ Centrifuge Deceleration

Xing Wu 
RaOCH3 @ FRIB/MSU

[Vutha et al. PRA 98:032513 (2018)]

[Singh, Vutha,…][Boon Ng, Cornell, Fang, Malbrunot …]
→ 227ThF+

227Th2+

F-

Talk: Nick Hutzler

Talk: Kia Boon Ng

Talk: Jaideep Singh

Talk: 

Andrew Jayich



Summary and Outlook

Radioactive molecules offer a new window into our exploration of 

electroweak nuclear properties



AMO Evolution

We are here!

H
mol 
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e
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rot
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sr 
+...+ H

hfs
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PV
+ H

PTV

eV ~ 2 10-2      10-5        10-6 10-8 <10-12   <10-15

Summary and Outlook



Summary and Outlook

New opportunities!

• New Facilities (FRIB, TRIUMF, ISOLDE, FAIR,…. )

• New Era of Precision (Atomic, Molecular, Nuclear) Physics





• “Opportunities for Fundamental Physics Research with Radioactive 

Molecules” 
Review Article: Prog. Phys. 87 084301 (2024).

• Invited reviews in preparation for 
- Rev. Mod. Phys., 

- Nature Physics Reviews

Radioactive Molecules: A growing community



HPV ~ F(Zc) /(E+
e – E-

e)

NEPTUNE – Project
Nuclear Electroweak Measurements in a Penning Trap Using Near-degenerate Energy States of Molecules

| ۧ+

| ۧ−

E– - E+

e -  e - e - e -

AnapoleC2u, C2d

V𝑒

𝐴𝑁



HPV ~ F(Zc) /(E+
e – E-

e)

NEPTUNE – Project
Nuclear Electroweak Measurements in a Penning Trap Using Near-degenerate Energy States of Molecules

B
B

E
-

E+

Demille’s Group [Altunas et al. Phys. Rev. Lett. 120, 142501 (2018)]

> 1011 Enhancement sensitivity to 

electroweak nuclear properties! 

Molecular enhancement > 1011

| ۧ+

| ۧ−

E– - E+



B
B

E
-

E+

Molecular enhancement > 1011

S. MorochJ. Karthein S. Udrescu

●

●

●

Parity and Time reversal violation 

Nuclear amplification

Parity violation

> 103

> 103

> 1011

HPV ~ F(Zc) /(E+ e – E- 
e)

H. Kakiota

NEPTUNE – Project
Nuclear Electroweak Measurements in a Penning Trap Using Near-degenerate Energy States of Molecules



Lab
@MIT
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NEPTUNE – Project
Nuclear Electroweak Measurements in a Penning Trap Using Near-degenerate Energy States of Molecules
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