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Low energy observables for BSM physics
eEDM
• Sensitive to electron-coupled CPV

Nuclear MQM
• Sensitive to nuclear CPV
• Enhanced in heavy nuclei
• Enhanced in quadrupole-deformed nuclei

Nuclear Schiff moment 
• Sensitive to nuclear CPV
• Enhanced in heavy nuclei
• Enhanced in octupole-deformed nuclei
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Multiple complementary 
probes needed for symmetry-

violating physics
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The existence of a finite permanent EDM of a particle or atom would violate time reversal (T) and parity (P) symmetry, or 
equivalently charge conjugation and parity symmetry (CP), needed to solve baryon asymmetry

nEDM 𝒅!
• 2006 ILL UCNs: 𝒅! < 2.9×10"#$ e cm

• 2020 PSI [1]: 𝒅! < 1.8	×10"#$ e cm

eEDM 𝒅"
• 2011 Imperial 174Yb19F [2]: 𝒅% < 2×10"#& e cm

• 2018, 2013 ACME 232Th16O [3,4]: 𝒅% < 1×10"#' e cm

• 2023, 2017 JILA 180Hf19F+ [5]: 𝒅% < 4.1×10"() e cm

Atomic EDM
• 2009, 199Hg: 𝒅 < 3.1×10"#' e cm

• 2015, 225Ra [6]: 𝒅 < 5×10"## e cm

• 2020, 171Yb [7]: 𝒅 < 1.5×10"#$ e cm

EDM searches
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July 2023 [5]
Scale: ~1013 eV

D. DeMille, The ACME Experiment, (2023)
https://cfp.physics.northwestern.edu/gabrielse-group/acme-electron-edm.html
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[7] PRL 129, 083001 (2020)



The existence of a finite permanent EDM of a particle or atom would violate time reversal (T) and parity (P) symmetry, or 
equivalently charge conjugation and parity symmetry (CP), needed to solve baryon asymmetry

nEDM 𝒅!
• 2006 ILL UCNs: 𝒅! < 2.9×10"#$ e cm

• 2020 PSI [1]: 𝒅! < 1.8	×10"#$ e cm

eEDM 𝒅"
• 2011 Imperial 174Yb19F [2]: 𝒅% < 2×10"#& e cm

• 2018, 2013 ACME 232Th16O [3,4]: 𝒅% < 1×10"#' e cm

• 2023, 2017 JILA 180Hf19F+ [5]: 𝒅% < 4.1×10"() e cm

Atomic EDM
• 2009, 199Hg: 𝒅 < 3.1×10"#' e cm

• 2015, 225Ra [6]: 𝒅 < 5×10"## e cm

• 2020, 171Yb [7]: 𝒅 < 1.5×10"#$ e cm

EDM searches

26.03.24 M. Au, M. Athanasakis-Kaklamanakis | Physics Beyond Colliders 3

July 2023 [5]
Scale: ~1013 eV

D. DeMille, The ACME Experiment, (2023)
https://cfp.physics.northwestern.edu/gabrielse-group/acme-electron-edm.html

[1] PRL 124, 081803 (2020)
[2] Nature 473, 493 (2011)
[3] Science 343, 269 (2014)
[4] Nature 562, 355 (2018) 

[5] Science 381, 46 (2023)
[6] PRC 94, 025501 (2016)
[7] PRL 129, 083001 (2020)

EDMs and the search for new physics, 
arXiV 2203.08103 (2022)
Already out of date



CPV searches 
(EDM searches)
• using a strong electric 

field and looking for spin 
precession

Molecular 
enhancement
• ℰ⃑"##	along molecular axis

 ~GV / cm
• Polar molecules can be 

aligned with lab axis with 
weak fields (~V / cm)

CPV in molecules

26.03.24 M. Au, M. Athanasakis-Kaklamanakis | Physics Beyond Colliders 4

HEP

Fundamental
CPV moments

Nuclear
CPV

Molecular CPV
amplification

Observable

e

q

+

-
ℰ⃑!""

e

-

∆𝐸

Nuclear 
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∆𝐸

A/M sensitivity Polarizabilty

à Molecular searches are exceptionally 
sensitive to leptonic, hadronic, and 
nuclear EDMs

Statistical uncertainty scales as  
!

"())	$ %Sensitivity
Number of 
particlesSpin precession time

Extremely large for polar 
radioactive molecules

𝑄A/M𝑄nuclear

𝑄A/M 𝑄polarizability

𝑄polarizability



Efficiently produced and trapped radioactive molecules

Pathway to improved limits on EDMs
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Statistical uncertainty scales as  
!

"())	$ %

𝑄!"#$%&',)*,+,$&'-.&/-$-01𝜏𝑁
Atom (spherical nucleus)

Atom (deformed nucleus)

Molecule (spherical nucleus)

Molecule (deformed nucleus)

𝑄A/M

𝑄nuclear

𝑄A/M

𝑄polarizability

𝑄polarizability

CPV

𝑄A/M

𝑄A/M

𝑄nuclear

State of the art

~1000x

~1000x

~106 x

Conceptualization courtesy of N. Hutzler (2024)
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Roussy et al., Science 381, 46 (2023) Fitch et al., Q.Sci.T. 6, 014006 (2021) 

Ion trapping MOT → Optical lattice Solid-state ensembles

Morris et al., Phil. Trans. R. 
Soc. A. 3822 (2023)
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Statistical uncertainty scales as  
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Roussy et al., Science 381, 46 (2023) Fitch et al., Q.Sci.T. 6, 014006 (2021) 

Ion trapping MOT → Optical lattice Solid-state ensembles

Morris et al., Phil. Trans. R. 
Soc. A. 3822 (2023)

How do you bridge the gap between radionuclide production and 
precision experiments with trapped molecules?



Proposal

6M. Au, M. Athanasakis-Kaklamanakis | Physics Beyond Colliders26.03.24

Access to new probes for online 
experiments1

Production for offline experiments2

Precision for online experiments3

Towards precision measurements with radioactive molecules4

Precision 
experiments
• experimental 

sensitivity

Theory
• nuclear structure
• molecular structure
• CPV sensitivity

Online experiments
• characterization

Production
• yield
• purity
• isotopes/molecules

Observables

Benchmarks
1. Feasibility,
Statistics

1. Probes

3. Techniques

2. Access to 
isotopes 



>1000 
isotopes and 
isomers

74 elements

CERN-ISOLDE
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www.nucleonica.com, Dataset: 
JEFF-3.1 Nuclear Data Library, 
NEA (2023) 
Ballof et.al, (2020) NIM B 463, 211-
215
cern.ch/isolde-yields

http://www.nucleonica.com/
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1. Access to nuclei
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1. Access to nuclei



Facilities for ISOLDE TISD
• MEDICIS, GLM, LA1, YOL

Proposal
• Feasibility studies, efficiency 

characterization of isotope collection 
and transport 

Extension and collaboration
• Ablation and measurement: 
• Imperial College London, Hutzler lab 

(Caltech), EMA (MIT), RAFICI 
(University of Edinburgh)

2. Production of radioactive molecules for offline 
experiments
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Outlook
The system has been successfully used for diffusion studies. Qualititaive insight, 
complementary to mass scans on FC, has been gained into Tb diffusion out of Ta. This 
insight will be used in future online tests using molecular extraction.
Several upgrades are planned to allow the chamber to remain hot during the isotope 
release to prevent species from condensing on the chamber - this will be most important 
for refractory species.

Wiktoria Wojtaczka1, E. Reis2,3, M. Au2,4, M. Bovigny², T.E. Cocolios1, S. Stegemann2, S. Rothe2

 1KU Leuven, IKS, Leuven, 3000, Belgium, ²CERN, ISOLDE, CH-1211 Geneva 23, Switzerland, 
³University of Duisburg-Essen, 45141, Essen, Germany, ⁴Johannes Gutenberg-University, Mainz, 55099 Mainz, Germany

Motivation
The ISOL (Isotope 
Separation On-Line) 
method is widely used for 
production of radioactive 
ion beams. Isotope 
extraction via molecular 
sidebands [1,2,3,4] has 
potential to provide access 
to less volatile elements 
that are otherwise not 
possible to extract out of 
the target.

The set up
Ion beams are implanted into the sample, after which an oven heats 
up the sample to release implanted species which are subsequently 
studied in the RGA.  

There is a heating coil wrapped around the system used for bake 
out. A gas system with a calibrated leak allows for injection of vola-
tile gases for diffusion studies.  

Diffusion of Tb out of Ta
1. Tb was implanted in Ta foil 
(extracted as a terbium fluoride 
beam with FEBIAD ion source)
2. The chamber was isolated and 
baked 
3. The foil was heated in vacuum 
to 2100oC to observe Tb release
4.  The foil was cooled down 
5. 1bar of CF4 was injected into 
the gas line
6. The foil was heated again to 
2100oC to observe Tb release.

 References
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Proof of concept 
Ar was implanted in Ta foils to study the release profile in the 
RGA. The temperature of release was observed to be 20A 
which corresponds to 1200oC, measured with Ircon Modline 5 
infrared thermometer sensor.

The shape of Tb species release 
before CF4 injection closly 
corresponds to that of F at the 
same temperatures - some F was 
still present in the chamber.

Residual gas analyser: 
RGA SRS 200

Dual pressure 
gauge

Calibrated 
gas leak

Turbo pump

Implantation
 flange

VAT valve

      for molecular beam development and diffusion studies 

Implantation
foil

Heat screen
/collimator

Heat screen
readback

IMPLANTATION 
CHAMBER 

40A 
1970oC

There is ~100x more Tb species 
released before CF4 injection. 

During bake out that followed the 
diffusion tests, the signal of Tb 
species was comparable to that 
during the tests - some Tb 
condensed on chamber walls 
during the release out of the foil 
after CF₄ injection.

20A 
1200oC

110V
~110oC

40A 
1970oC

10-10

10-12

10-12

25A 
1500oC

10-8

30A 
1685oC

Adapted from: J.P. Ramos. EMIS Xlll 2018

[1] Au et al. (2023) NIM B. 541 (144-147)
[2] Wojtaczka et al. (2023) ICIS’23, Victoria, Canada 

ISOLDE OFFLINE 1
© 2019-2022 CERN

ISOLDE 
PUMP STAND

© 2019-2022 
CERN



3. Online experiments
In-source
• Reactive gas

In-trap
• Radio-frequency quadrupole cooler-

buncher (RFQ-cb)
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CF4, NF3, SF6

Target He buffer gas

U

z

Transfer 
line

Target 
container

Hot 
cathode

Anode

Target 
vacuum 
vessel

Transfer 
line

Target 
container

Hot cavity

Target 
vacuum 
vessel

RIB
p+

RIB
p+

Au et al. (2023) NIM B. 541 (375-379)



RaF characterization at CERN-ISOLDE
Laser cooling [1] Excited states [2]

• agreement ≥ 99.64% (∼12 meV)
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[1] Udrescu et al., Research Square 10.21203/rs.3.rs-
2648482/v1 accepted in Nat. Phys. (2023)
[2] Athanasakis-Kaklamanakis et al., arXiv 
2308.14862 submitted to PRL (2023)
[3] Athanasakis-Kaklamanakis et al., arXiV 
2403.09336 submitted to PRA (2024)
[4] Wilkins et al., arXiV 2311.04121 submitted to 
Science (2024)

State lifetimes [3]
• Radiative lifetime of A 2Π1/2 state

Nuclear magnetization 
effect [4]
• µ(225Ra)



Characterization
•  t1/2 and radioactivity challenging 

for offline setups
• 1 y proposal to beamtime

Multiple probes: AcF
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[1] Athanasakis-Kaklamanakis, Wilkins, Au et 
al., (2021) https://cds.cern.ch/record/2782407, 
INTC-P-615 
[2] Athanasakis-Kaklamanakis and Au, (2023) 
CERN EP newsletter
[3] Athanasakis-Kaklamanakis, Au, Kyuberis, 
Zülch, Wibowo, Skripnikov, Reilly, Lalanne  et 
al., in preparation 2024

https://cds.cern.ch/record/2782407


Preparation of molecule
• Maximizing polarizability, inherent sensitivity
• Low-temperature molecular formation 
• Control and selectivity of chemical reactions

Preparation of “science state”
• Deceleration from extraction energy
• Cooling 
• Noise – E, B systematics

Proposal
• test feasibility of delivering cold, prepared ensembles 

for precision measurements
• initial upgrades to existing infrastructure

Towards precision experiments at RIB facilities
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Summary: radioactive molecules for PBC
1. Beam development 
at CERN-ISOLDE
• Provision of heavy, 

octupole deformed nuclei 
with sensitivity to symmetry 
violations

• Molecular formation 
techniques for delivery of 
sensitive, polarizable 
complementary probes for 
characterization

3. Beam preparation 
towards precision for online 
experiments
• Feasibility of delivering cold, 

prepared ensembles for precision 
measurements
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Image published in EP 
Newsletter, CERN (2020)

Z=9

F
Z=89

Ac
Actinium

2. Radioactive species 
for offline precision 
experiments 
• Collection and transportation 

of radioactive nuclei to 
precision experiments

Opportunities for Fundamental Physics Research with 
Radioactive Molecules, arXiV 2302.02165 (2023), Rep. 
Prog. Phys. (2024) doi: 10.1088/1361-6633/ad1e39



Community: rapidly growing, particle, 
nuclear, AMO physics, experimental 
and theory
• “In the next 10 years gains in sensitivity by several 

orders of magnitude over current bounds are 
possible and even likely for electrons, nucleons, 
atoms and molecules, with the very real chance of 
discovery.” – Snowmass contribution, 2021

• INT Program INT-24 (March 2024) 
https://www.int.washington.edu/programs-and-
workshops/24-1

• New Opportunities for Fundamental Physics Research 
with Radioactive Molecules, Virtual Meeting (2021)

Conclusion: a tipping point
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European EDM community
• ECT*, Trento (March 2024)
• Outcome: Formation of Europe-wide matterEDM 

network where experiments with unstable nuclei 
will be a major aspect for future work

https://www.int.washington.edu/programs-and-workshops/24-1
https://www.int.washington.edu/programs-and-workshops/24-1


Thank you!
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Radioactive molecules community: growing every day



Catalyst to solidify an active and rapidly growing community with expertise in fundamental symmetries, nuclear, 
atomic, molecular, and optical physics, experimentalists and theorists.

Beam development
• 1 postdoc, 2-3 years

Feasibility and precision techniques
• 1 postdoc, 2-3 years
• Collaboration with leaders in the European precision EDM community 

• S. Hoekstra (Precision Frontier, University of Groningen)
• M. Tarbutt (Centre for Cold Matter, Imperial College London)
• M. P. Reiter (The Univerity of Edinburgh)
• P. Schmidt-Wellenburg (PSI)

Infrastructure and consumables
• ~200k

Funding request
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Published:
• eEDM: Cs, Tl, YbF (Imperial) [1], ThO 

(ACME) [2,3], HfF+ (JILA) [4]
• Schiff, MQM: 129Xe, 199Hg, 225Ra [5], 

171Yb [6]

Planned / under development:
• 225Ra, 223Ra molecules, FrAg, 221/210Fr, 

RIKEN, 229Pa, PaF3+ MSU/FRIB, 
225/227AcF, 229Th, 175Lu, Old Dominion, 
Grau , 181Ta, UNLV, Zhou

Existing and planned searches
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Gas injection
• Reactive/corrosive 

gases

Reactants

• Mass markers

Target materials

• Particle size

• Open porosity

Material developments
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Accelerated p+

Release
Ionization

Diffusion
Effusion

𝐵𝑒𝑎𝑚	𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 𝜎 · 𝑗 · 𝛮𝑡 · 𝜀
𝜀 = 𝜺𝒅𝒊𝒇𝒇𝜺𝒆𝒇𝒇𝜺𝒊𝒔𝜺𝒆𝒙𝒕𝜺𝒔𝒆𝒑𝜺𝒕𝒓𝒂𝒏𝒔𝑁$ – Number of target atoms

𝑗 – Proton flux [cm-2]
𝜎 – Cross section [mb]
𝜀 – Efficiency [%]
𝜇 – diffusion delay parameter
𝐺 – grain size

Adapted from:
J.P. Ramos. EMIS Xlll, CERN, Geneva, 2018. 
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Increased 𝜀!"##          Increased sintering and grain growth 
Small G, high T Increased 𝜀!"##



Volatilization
yield and purity for online 
experiments
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W. Wojtaczka: TbFx
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E. Mamis: ScFx



Volatilization
yield and purity for online 
experiments
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W. Wojtaczka: TbFx

E. Mamis: ScFx

M. Au: AnFx 



Detection and identification
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𝑬 = 𝑬𝒆𝒍 + 𝑬𝒗𝒊𝒃 + 𝑬𝒓𝒐𝒕 + 𝑬𝒉𝒇

Electronic
• > 5000 cm-1

Vibrational
• 300 - 3000 cm-1

Rotational
• 1 - 100 cm-1

Molecular structure
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Figure published in [1][1] Athanasakis-Kaklamanakis et al., PRX 13 011015 (2023)

𝑬𝒗𝒊𝒃 = 𝒉𝝊(𝝊 + 𝟏)

𝑬𝒓𝒐𝒕 = 𝒉𝒄𝑩𝑱(𝑱 + 𝟏)



Experimental [1]
• (8)Π1 ← X 1Σ0

Nuclear theory
• previous values from scaling factors

• Sint ⟷ Q03 [2]
• DFT: Sint(227Ac) = 37.1(16) e fm3, 

=1.4 Sint(225Ra) = 26.6(19) e fm3 [3]

Molecular theory
• IH-FS-RCCSD 
• IP = 48,866 cm-1 
• De = 57,214 cm-1

AcF spectroscopy
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Molecular formation
• Ion source developments:

•  FEBIAD, photocathode, LIST
• RFQ gas mixing and injection tests (+TRIUMF)
• Implantation/ablation (+KUL)

Laser setup
• YOL2 laser lab development (+KUL)
• New end of beamline
• Laser path to RFQ

Scheme development / spectroscopy
• In-source: Offline LIST – fluorides, oxides
• In-trap: pending molecular formation studies – polyatomics

Beam preparation
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Wien filter 
upgrade

Reactants



Molecular breakup and characterization studies
• FEBIAD-type ion sources [1,2]
• Electron energy and source optimization
• Ion source systematics

Photocathode ion sources [3]
• Cold (room-temperature) environments

In-source spectroscopy [4]
• PI-LIST: sub-Doppler hot-cavity in-source spectroscopy
• CERN-ISOLDE implementation

Ion source developments
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