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>1000 isotopes 
and isomers

76 elements

CERN-ISOLDE
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Ballof et.al, (2020) NIM B 463, 211-215
Stegemann et al. (2023) NIM B 541, 169-172
cern.ch/isolde-yields

3852 nuclides, 226 stable
www.nucleonica.com
Dataset: JEFF-3.1 Nuclear Data Library, NEA (2023) 

http://www.nucleonica.com/
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Not-Giant Ion Source
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The Isotope Separation On-Line (ISOL) method
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1. Production

2. Release

3. Ionization
4. Mass 
separation

5. Delivery to 
experiments

𝐵𝑒𝑎𝑚 𝐼𝑛𝑡𝑒𝑛𝑠𝑖𝑡𝑦 = 𝜎 · 𝑗 · 𝛮𝑡 · 𝜀

𝜀 = 𝜺𝒅𝒊𝒇𝒇𝜺𝒆𝒇𝒇𝜺𝒊𝒔𝜺𝒆𝒙𝒕𝜺𝒔𝒆𝒑𝜺𝒕𝒓𝒂𝒏𝒔

𝑁! – Number of target atoms
𝑗 – Proton flux [cm-2]
𝜎 – Cross section [mb]
𝜀 – Efficiency [%]

Accelerated protons
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Ion sources
• Surface ionization
• Electron impact ionization
• Resonance laser ionization

ISOL Step 3: Ionization
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HRS
Frontend

GPS
Frontend

p+

Front Ends

Mass separator magnets

ISOL Step 4: Mass separation
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Catherall et al. (2017) J. Phys G 44, 094002 
isolde.web.cern.ch
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Low energy (30-60 keV)

High energy (<10 MeV/u)

ISOL Step 5: Delivery to Experiments
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Low E RIB

Catherall et al. (2017) J. Phys G 44, 094002 
isolde.web.cern.ch
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Catherall et al. (2017) J. Phys G 44, 094002 
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Catherall et al. (2017) J. Phys G 44, 094002 
isolde.web.cern.ch

Condensed 
matter and 
biophysics
structural, electrical, 
optical, magnetic, 
transport properties in 
materials, 
(semiconductors, 
metals, high-temperature 
superconductors, 
ceramic oxides) 
structural, 
bonding,transport
properties in biological 
materials, (proteins, 
amino acids)

Nuclear ground 
state properties 
masses, spin, size, 
shape, decay 

Fundamental 
symmetries
weak interaction

Atomic 
properties 
hyperfine interactions, 
electron correlation, 
electron affinities, 
ionization potentials

Nuclear excited 
states
astrophysics, fission 
barriers, transfer 
reactions, kinematics

RILIS



Image published in Athanasakis-Kaklamanakis et al., PRX 13 011015 (2023)

Radioactive molecular beams
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Image published in EP 
Newsletter, CERN (2020)
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Volatilization
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Volatilization
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Poster 151. W. Wojtaczka: 
Molecular beam development 
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Molecular beams
1. Volatilization 

2. Sideband extraction 

3. Research opportunities

14

+ 19F

Target nucleus 
 238U
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Matter-antimatter asymmetry
• Initial conditions of expanding universe

Sakharov’s conditions
• CP violation for baryogenesis [1]

CPV in the Standard Model
• CKM phase 𝛿"#$ (order 1)
• Strong CP-phase 𝜃̅ (tiny)
• BSM?
Required: Evaluation from complementary 
sources [2]

A small detour: Why is there more matter than antimatter?
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[1] Sakharov (1991) Sov. Phys. Usp. 34 392
[2] Alarcon et al., (2022)  arXiV 2203.08103
[3] The BICEP2 Collaboration CERN-NASA (1991) https://home.cern/news/series/lhc-physics-ten/recreating-big-bang-matter-earth

“… the occurrence of C asymmetry is the consequence of violation of CP 
invariance in the nonstationary expansion of the hot universe during the 
superdense stage, as manifest in the difference between the partial 
probabilities of the charge-conjugate reactions. This effect has not yet 
been observed experimentally, but its existence is theoretically undisputed” 
– [1] 

[3]



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

eEDM 𝒅2
• 2011 Imperial 174Yb19F: 𝒅) < 2×10&'* e cm
• 2018, 2013 ACME 232Th16O: 𝒅) < 1×10&'+ e cm
• 2023, 2017 JILA 180Hf19F+ : 𝒅) < 4.1×10&,- e cm

Atomic EDM
• 2009, 199Hg: 𝒅 < 3.1×10&'+ e cm
• 2015, 225Ra: 𝒅 < 5×10&'' e cm

EDM searches
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July 2023
Roussy et al., Science 381, 
6653, pp. 46-59 (2023) 
Scale: ~1013 eV

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



Opportunities for Fundamental Physics Research with Radioactive Molecules, arXiV 2302.02165 (2023)

Sources of BSM physics in radioactive molecules
Schiff screening
• non-relativistic, point-like constituents in a bound, 

neutral system interacting only electrostatically

CPV
• Imperfect screening

• Relativistic effects, ℰ⃑)..

• Finite-size nucleus: 𝑆 ∝ /!/"!01!/"

∆3±
, MQM (𝐼 ≥ 1)

21.09.23 M. Au | ICIS'23 | Victoria, Canada 17

dn

de
ℰ!"#

[1] Alarcon et al., (2022)  arXiV 2203.08103
[2] Safronova et al. (2018) Rev. Mod. Phys. 90. 2, 
[3] Skripnikov et al. (2020) Phys. Chem. Chem. Phys. 
22. 33, 18374

+

-
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Molecular beams
1. Formation and ionization

2. Detection and identification

3. Characterization
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Au and Ballof, (2022) Zenodo 10.5281/zenodo.6884293
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Formation: how do we make the molecules?
In-source
• Reactive gas

In-trap
• Radio-frequency quadrupole cooler-

buncher (RFQ-cb)
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Detection and identification
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Au, PhD thesis (2023)



Surface:
• Low IPs
• Surface ionization efficiency

• P: ~4.9 eV

FEBIAD:
• High/unknown IPs
• High efficiency
• Dissociation

• IP: ? De: ?

Ion sources and effects
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Au et al. (2023) NIM B. 541 (375-379)
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Surface:
• Low IPs
• Surface ionization efficiency
• Production of RaF+

• IP: ~4.9 eV

FEBIAD:
• High/unknown IPs
• High efficiency
• Dissociation
• Production of AcF+

• IP: ? De: ?

Ion sources and effects
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Au et al. (2023) NIM B. 541 (375-379)



Collinear Resonance Ionization Spectroscopy (CRIS) technique
• Fast (10s keV) beams reduce velocity spread
• Collinear geometry: linewidth dominated by laser linewidth 

RaF production
• Surface ion source
• CF4 injection

RaF production and CRIS
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Image published in Garcia Ruiz et al, 
(2020) Nature 581



RaF characterization
Laser cooling [1] Excited states [2]

• High-order electron 
correlation and QED 
corrections

• FS-RCC 
• calculations: agreement 

≥ 99.71% (∼8 meV)
• Ground state sensitive 

to eEDM and nuclear 
parity violations [4]
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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)



Ac: Nuclear and atomic properties
• Octupole deformation
• Low-lying opposite parity states
• Schiff moment enhancement

AcF: molecular enhancement
• Enhanced sensitivity to effective T,P-violating 

interaction [1] 

• Electronic structure: ?

Production
• IP: ? De: ?

Actinium Fluoride
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[1] Flambaum, Feldmeier, Phys. Rev. C. 101, 015502 (2020)
[2] Flambaum, Dzuba, Phys. Rev. A. 101, 042504 (2020)



• AcF spectroscopy - characterization
• Ac: enhanced extraction
• 225Ac: Targeted-alpha therapy

Production of AcFx
+
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Au, PhD thesis (2023)

In preparation (2023)



Experimental
• CRIS

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

• (6.06 eV)
• De = 57,214 cm-1

• (7.09 eV)

AcF spectroscopy
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Athanasakis-Kaklamanakis et al, INTC-LOI-615 (2021)

M. Athanasakis-

Kaklamanakis et al., 

(2023) In preparation

First spectrum of an electronic transition in AcF
obtained with broadband laser spectroscopy at the 
CRIS experiment, 
Figure published in Athanasakis-Kaklamanakis and Au, 
(2023) CERN EP newsletter
https://ep-news.web.cern.ch/content/isolde-lays-ground-cp-
violation-tests-radioactive-molecules



Conclusions
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The ISOL method for molecular beams: 
In-source and in-trap formation1

Radioactive molecules for BSM physics 2

RaF production, spectroscopy, characterization3

AcFx production, ID, AcF spectroscopy4

Z=9

F
Z=89

Ac
Actinium
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Dissociation after acceleration, 
before mass separation.

apparent mass: 𝑚∗ =
5%
!

5&

• 𝑚.: mass of fragment ion 

• 𝑚6: mass of precursor ion

Ex: UF2+ into UF+ + F 

• 𝑚∗ = ',*78+ !

',*7'(8+)
= 239.31

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



UOx, TaOx
• Residual gas and primary mass-separated beam
• ID by ToF and revs vs ToF

In-trap: identification
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Au et al. (2023) NIM B. 541 (375-379)


