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[ What are the fundamental particles and forces of nature? ]

three generations of matter interactions / force carriers
(fermions) (bosens)
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[ Major Open Questions in Physics and Cosmology ]

Are there
Why is there more matter? Strong CP problem new particles?
1 a puva
Antimatter ‘C — 9 9 FF“-’F X
— 16m
Matter
= '
\ New sources of Time-reversal (CP) violation /
in nuclei can provide answers to these problems

Fundamental Symmetries
Parity (P): r — -r

Time (T): t > -¢

Charge (C):c > C




[ Major Open Questions in Physics and Cosmology ]

Are there
Why is there more matter? Strong CP problem new particles?
1 a puva
Antimatter ‘C — 9 9 FF“-’F X
Matter
= '

\ [ New sources of Time-reversal (CP) violation ] /

in nuclei can provide answers to these problems

—

Electric Dipole Moment (d) Time-reversal violation

Fundamental Symmetries
Parity (P): r — -r

Time (T): t > -¢

Charge (C):c > C




{ Why Radioactive molecules? ]

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

Nuclear spin =0 | Hoo=H* H,* H, + +dE, ]
[1 ev=241.8 THz] eV -~2 102 10° <1020 [ Talks: Kia Boon Ng
Nick Hutzler

Th+ |d.| =4.1x10%e - cm
N 2
E..~80 GV/cm E..~20 GV/cm E - [g} (m] g
5 § ‘ 27 m,
Eg«&l\gﬁ, Nature 562, 355 [Roussy et al. Science 381, 46 (2023)] U

4 ; Probing physics @ TeV scale!



{ Why Radioactive molecules?

Molecules with 10 GHz 1 GHz 100 MHz 100 Hz <1 mHz

heavy, exotic -y -
nuclei: Ra(Z=88) l ‘ 0 } 45 II a il ;%S ﬁ’

Nuclear spin >0 |Huu=H*H, +H S S E S
[1ev=2418THz @y ~2 102 10% 104 <1042 <108 <1020

~ ONucI Emol

v Large Z, A Nzuclear Molecule
v Nuclear spin |1 >0 ~ZA2/3prs /(EN,-EN) ~ 23 (e, -
v ﬁZI BB >0

Vix)

E€)



[ Radioactive molecules => Best of all worlds! }

v Large Z, A
v Nuclear spin 1 >0 Enhanced in actinide, short-lived nuclei:

v B,,B;>0 Fr (Z=87), Ra (Z=88), Th (2=90), ...

(T/2™ 22 min) (Ty2~15d) (Ty2~19d)

Nuclear X Molecule

[Gaffney et al. Nature 497, 199 (2013)] S 103 > 103 =S S 106

Ra @ ANL [Parker et al. PRL 114, 233002 (2015)] =
-
225R g+ P F

[Auerbach et al. PRL 76, 4316 (1996)]
225Ra (Z=88)
RaF: [Isaev et al. Phys. Rev. A 82, 052521 (2010)]

T,,= 15 days
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Radioactive molecules => Best of all worlds! }
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Radioactive molecules => Best of all worlds! }
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[ Recent Results (RaF) |

[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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[ Recent Results (RaF) |

F
==

/Experimental Challenges:

1. Extreme environments (>2000 °C)
2. Highly contaminated (1:108)

3. Have short lifetimes ( ~ days)

4. Small quantities (< 1 ng)

\

Mass separator

/|

Ra® —4 RaF*

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



[ Recent Results (RaF) |

mlmlmlmhﬂml
(ol B B R

(1)

Gas filled ion
cooler and buncher

Electrostatic
deflectors Nel

(IV) RaF*

Ra® —4 RaF*

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



[_Recent Results (RaF) |

F
==

Mass separator

m‘mhﬂmlnﬂd
(ol B B R

(1)

Gas filled ion
cooler and buncher

Electrostatic
deflectors  Neutralization cell

o Electrostatic RaF*‘ (V)
(V)
deflectors lon -
detector

(V)

Ra® 4 RaF* =% RaF (%)

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



[_Recent Results (RaF) |

F
==

+ lonisation
potential
| L
Mass separator 16667 A
B cm
3{ (600 nm)
==
i A
= - 16820 cm
= (780 nm)
(I OI

Gas filled ion
cooler and buncher

Electrostatic

deflectors  Neutralization cell

o Electrostatic RaF*‘ (V)
(V)
deflectors lon -
detector

(V)

Ra® 4 RaF* =% RaF (%)

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



[ Recent Results (RaF) )

F
==

(1)

% lonisation
potential
I 4
Mass separator 4
- 16667 cm
ig (600 nm)
==
i 1
o == - 16820 cm
< % = (780 nm)

o]

Gas filled ion
cooler and buncher

Electrostatic

deflectors  Neutralization cell [ ]

RaF

) C Vil
(V) Electrostatic RaF (
b deflectors delt:rgtor- ?
°
A lot of unknowns!

Total

efficiency: & = Epg €rar ERFQ Eneut Evib Erot €exc Eion [Talk: Silviu Udrescu

(107<e<1) Thursday 3-6 pm

]
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Explore content v  About the journal v

[_Recent Results (RaF) |

Publish with us v

Article | Open Access | Published: 27 May 2020

Spectroscopy of short-lived radioactive molecules

R. F. Garcia Ruiz &, R. Berger &, [....]

Nature 581, 396-400 (2020) | Cite this article

PHYSICS TODAY

gﬁ“gctrbscopy of molecules with
unstable nuclei

Andeew Ceant

physicsworld
AFOMIC AND MOLECULAR | RESLARCH UFgATE

Exotic radioactive molecules could reveal physics beyond the
Standard Model

05 Jus 2020

10

CHEMISTRY\\ORLD

Molecular experiments hope to reveal
new physics
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PHYSICAL REVIEW LETTERS

Highlights Recent Accepted

Isotope Shifts of Radium Monofluoride Molecules
S.M. Udrescu et a 9 Q\ Q
Phys. Rev. Lett. 127, 033001 ~ Published 14 July 2021 QN QN
Phy‘sTc‘s See Viewpoint: Sz Q S
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coove s | Recent Results (RaF) |

12

nature > nature physics > articles > article
Article | Published: 09 January 2024

Precision spectroscopy and laser-cooling scheme of a
radium-containing molecule

S, M. Udrescu <, S. G, Wilkins B‘ A A Breier, M, Athanasakis-Kaklamanakis, R._F. Garcia Ruiz 8, M. Ay, L,

4+ Show authors

Nature Physics 20, 202-207 (2024) | Cite this article

75 GHz
¥ Nature 581, 396 (2020)

Rate [a.u0.]

This work

13,283 13.284 13,285
Wavenumber [cm™1]

<10-12

<10-18

[Talk: Silviu Udrescu
Thursday 3-6 pm




[_Recent Results (RaF) |

225RaF hyperfine spectrum

80

60 MHz (250 neV)
60

M

13,298.20 13,298.40

Rate [a.u.]

Wavenumber [cm™!]

I Experimental uncertainty
-0.70 3 Total uncertainty

H Atomic Ra measurement

Ra& Ra ’ F—
e” e i

fBe du # uB,

1o

13  [Wilkins, Udrescu et al. arxiv:2311.04121 (2024)]
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[Talk: Silviu Udrescu ]
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[ P,T-violation measurements with RaX Molecules ]

[Talk: Nick Hutzler ]

[ RaX Collaboration ]

J. Doyle (Harvard), N. Hutzler (Caltech),
R.F. Garcia Ruiz (MIT) & FRIB
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[ P,T-violation measurements with RaX Molecules ]
[ RaX Collaboration ]

J. Doyle (Harvard), N. Hutzler (Caltech),
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[ RaX Collaboration ]

v Beam box fabrication .
v Cryocooler testing IR
] RaX @ Harvard
v Laser Installation -
) Cryocooler for
. . £ TP buffer-gas cell:
v Beamline construction Cryocooler for 453 PT310
' 40Kshield
' |
| 4K shield
Buffer-gas
cell

&

— : \ PT310 cryocooler:
Blackened beamllng for TiSal stalled 2.2K base temp,
fluorescence collection I.oa laser installe IW@3K, 51W@34K



| Towards Efficient RaF Trapping Via RaF-

l :

T>1000 K T~300 K
RaF RaF* RaF*

®

(Charge exchange)

Gas filled ion RaF*+ Na => Na* + RaF+
Cooler and buncher



| Towards Efficient RaF Trapping Via RaF- |

[

T > 1000 K T<4K
RaF* RaF- RaF

(Charge exchange)
Gas filled ion RaF"+2Na =>2Na" + RaF RaF-+y=> RaF +e

Cooler and buncher



| Towards Efficient RaF Trapping Via RaF* |

40000

35000

30000

25000

,, ON T
E 20000
'!"__" - < |
A\, <115000
10000
5000
0

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

Slide: D. Gonzales D. Gonzales ;¢



| Towards Efficient RaF Trapping Via RaF- |

RaF

Mass separator

~ 1416.4 nm (7060 (640) cm )

RaF
+ -
Electrostatic RaF " .
deflectors Neutralization cell 2-3-;— RaF
RaF

RaF*

deflectors = N\

Electrostatic Raf’ ~‘, RaF”

. ITO

Photo
detachment

laser
Slide: D. Gonzakes



Slide: D. Gonzaks

| Towards Efficient RaF Trapping Via RaF- |

PRELIMINARY

RaF-

RaF

Table I. Dissociation wavenumbers ﬁ,, adiabatic photo-
electron detachment wavenumbers (ADW), equlibrium bond
length r. and harmonmic vibrational wavenumber &, of MF~

computed at the level of RECP-CCSD(T)
Molecule D./em™! ADW/em™! r./A &./cm™’

BeF~ 28 700 8590 1.42 1060
MgF~ 21600 10 800 1.82 577
CaF~ 26 200 8300 2.01 516
SrF~ 25000 7950 2,15 434
BaF"~ 26 800 6770 227 439
RaF~ 23600 7210 2,36 401

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

31



[ Radioactive Molecules for Fundamental-Symmetry Tests }

— RaOH, RaOH*and RaOCH + [Talk: ]—> Assembling molecules from cold atoms [Demille]
3

[Hutzler, Jayich, ...] Andrew Jayich - RaAg B A

- FrAg |

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

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

Hutzler’s group: RaOH @ Caltech — Centrifuge Deceleration

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

2 0Nk -5 . - | i/,
\3 A :s,}" ;{‘% :
3 LSy
E Vi

Sk Nick Hutzler ] Xing Wu

RaOCH; @ FRIB/MSU

[Boon Ng, Cornell, Fang, Malbrunot ...] [Singh, Vutha,...]

= [Vutha et al. PRA 98:032513 (2018)]
@ Talk: Kia Boon Ng
[Talk: Jaideep Singh]




[ Summary and Outlook

10 GHz 1 GHz 100 MHz 100 Hz <1 mHz

i L LR
5 (r?) <)
ONNEGS®™

Radioactive molecules offer a new window into our exploration of
electroweak nuclear properties




[ Summary and Outlook

afsh

We are here!

100 MHz 100 Hz

H 'H+H t+H +H +..+H +H +H

mol vib rot

£ F § § f 1 t

eV ~2 102 105 10° 10® <102 <10-'°




[ Summary and Outlook )

New opportunities!

« New Facilities (FRIB, TRIUMF, ISOLDE, FAIR,.... )

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







Radioactive Molecules: A growing community

Home About ~ Registration Contact
1 | (_ =
[5=11] . H‘ . I I I = =
New Opportunities for Fundamental Physics Research il

with Radioactive Molecules
Virtual Meeting

June 28 - July 2,2021

INSTITUTE NUCLEAR THEORY ABOUT ~ PEOPLE~ PUBLICATIONS ~ EVENTS~ JOBS~  VISITORS ~

Program Overview

Fundamental Physics with Radioactive Molecules
March 4, 2024 - April 12, 2024
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HIGHLIGHTS REPORT
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Radioactive Molecules orkshop

Sep 1920, 2024 a
Bldg. 1505
America/New_York timezone

“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

Technical Workshop:
Precision Measurements wit
Octupole-Deformed Nuclei
October 5, 2024

Ory Forum, Goel QSE Building
60 Oxford St, Cambridge, MA

Registration Required:




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

{ NEPTUNE - Project }

Hpy ~ F(Z¢) /(E, c—E_¢) i -)
N (s| Vev |p)
\8>—|ST>+E__E+ p) E_-E,
: +)




{ NEPTUNE - Project }

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

Hoy ~ F(Z9) /(E, = E.9 .
Vev |p)
sy =s) + ! P -
) =1+ S e -E,
: |+)
E Molecular enhancement > 10!

> 10" Enhancement sensitivity to
electroweak nuclear properties!

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




NEPTUNE — Project

Nuclear Electroweak Measurements in a Penning Trap Using Near-degenerate Energy States of Molecules
Hpv N F(Zc) /(E+ *—E. e)

no_ (s| Vev |p)
)=+ 5—p P

VAN SN
¥ %

S. Moroch

J. Karthein S. Udrescu H. Kakiota

I h nning tr
side the penning trap PHYSICAL REVIEW LETTERS

L)
E ’."_\ ) z \ \'-, ~ Highlights Recent Accepted Collections Authors Referees Search Press About
A : \ y ko]
g B ' P i N Electroweak Nuclear Properties from Single Molecular lons in a
<' W > \/ Penning Trap
( 25t J. Karthein, S. M. Udrescu, S. B. Moroch, I. Belosevic, K. Blaum, A. Borschevsky, Y. Chamorro, D. DeMille, J.
Dilling, R. F. Garcia Ruiz, N.R. Hutzler, L. F. Pasteka, and R. Ringle

Phys. Rev. Lett. 133, 033003 — Published 19 July 2024
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Nuclear amplification >103
Parity violation >10" y
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NEPTUNE — Project

Nuclear Electroweak Measurements in a Penning Trap Using Near-degen

;‘ | / «

PHYSICAL REVIEW LETTERS

Highlights Recent Accepted Collections Authors Referees Search Press About

Electroweak Nuclear Properties from Single Molecular lons in a
Penning Trap

J. Karthein, S. M. Udrescu, S. B. Moroch, |. Belosevic, K. Blaum, A. Borschevsky, Y. Chamorro, D. DeMille, J.
Dilling, R. F. Garcia Ruiz, N. R. Hutzler, L. F. PaSteka, and R. Ringle

Phys. Rev. Lett. 133, 033003 — Published 19 July 2024
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