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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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Target selection
• Cross sections
• Bulk
• Half-lives

At ISOLDE
• 1.4-GeV p
• 232Th, 238U

ISOL step 1: Production
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Ion sources
• Surface ionization
• Plasma / electron impact ionization
• Resonance laser ionization

• Resonance ionization 
spectroscopy (RIS)

ISOL Step 3: Ionization
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Front Ends
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ISOL Step 4: Mass separation
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Low energy (30-60 keV)

High energy (<10 MeV/u)

ISOL Step 5: Delivery to Experiments
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Superconducting 
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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
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Batch mode: Ra → Ac

LIST: actinides

LIST: lanthanides

ThCx VD5+CF4

Prototype target + prototype ion 
source: ISOLTRAP Cd

RaF online + winter physics
now standard beam

SnS

Back-of-line heating:
Dy collections

Prototype hot quartz: CRIS Zn

Winter physics: long-lived 
isotopes + external samples

(~ 50 kCHF)=
=

RILIS 23 : U, Np, Pu, Dy, Tm, Pm, Er, Gd, Yb, In, Cd, 
Hg, Al, Cr, Ac, Ca, Mg, Zn, Mn, Pb, Sb, Be, Ag



>1000 isotopes 
and isomers

74 elements

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

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

http://www.nucleonica.com/
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Atomic actinides
Up to 2020

Actinium
• Delivered as Ra/Fr: 

225Ac [1]
• Laser-ionized: 227Ac 

[2] IS637, Data 
under analysis

Now

Actinium
• Laser-ionized:  225,227,228Ac [3]
• In-source spectroscopy:

 224-231Ac [4,5]

Thorium
• From Ac/Ra/Fr: 229Th [6]

Protactinium
• Laser-ionized: tried, failed

Uranium
• 234,235,238U [7]

Neptunium
• Laser-ionized: 235-241Np
• In-source spectroscopy, analysis [8,9]

Plutonium
• Laser-ionized: 234-241Pu
• In-source spectroscopy, analysis [9]
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Atomic actinides
Up to 2020

Actinium
• Delivered as Ra/Fr: 

225Ac [1]
• Laser-ionized: 227Ac 

[2] IS637, Data 
under analysis

Now

Actinium
• Laser-ionized:  225,227,228Ac [3]
• In-source spectroscopy:

 224-231Ac [4,5]

Thorium
• From Ac/Ra/Fr: 229Th [6]

Protactinium
• Laser-ionized: tried, failed

Uranium
• 234,235,238U [7]

Neptunium
• Laser-ionized: 235-241Np
• In-source spectroscopy, analysis [8,9]

Plutonium
• Laser-ionized: 234-241Pu
• In-source spectroscopy, analysis [9]
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Transuranium atomic ion beams
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[1]

PI-LIST [2]
• Octupole deformation

Actinium
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[1] Verstraelen et al., Phys. Rev. C. 100, 044321 (2019)
[2] Heinke et al. (2023) NIM B. 541 (8-12) 
[3] Heinke et al., CERN-INTC-2020-029, INTC-P-556, 
https://cds.cern.ch/record/2717945 (2020)
[4] Heinke et al., in preparation (2024)

https://cds.cern.ch/record/2717945


[1]

PRELIMINARY [3,4]

PI-LIST [2]
• Octupole deformation

Actinium
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Radioactive molecular beams
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Volatilization
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Volatilization
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M. Au: AnFx 



Molecular beams
1. Volatilization 

2. Sideband extraction 

3. Research opportunities

21

+ 19F

Target nucleus 
 238U
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Molecular beams
1. Volatilization 

2. Sideband extraction 

3. Research opportunities
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Target nucleus 
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Molecular beams
1. Formation 

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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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)



Detection and identification
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[1] Au, PhD thesis (2023)



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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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]

• 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., in preparation 
(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)



T-⍺T (targeted alpha therapy)
• Damage to cancer cells

• DNA double strand breaks, membrane, mRNA damage
• Ionization through free radicals

• High linear energy transfer

Production routes
• 226Ra

• 226Ra(p,2n)225Ac
225Ra (generator)
• 226Ra(γ,n)225Ra à 225Ac

• 226Ra(n,2n)225Ra à 225Ac
Actinide
• natTh(p,x)225Ac, 225Ra (natTh(p,x)227Ac, 227Ra)
• nat/depU(p,x)225Ac, 225Ra (Nat/depU(p,x)227Ac, 227Ra)

Actinium
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Figure published in: Kratchowil et al. (2016) J. Nucl. Med. 
57 1941-1944

Figure published in: Robertson et al. (2018) Current Radiopharmaceuticals. 11 156-172

9-10 MBq



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

AcF: molecular enhancement
• Enhanced sensitivity to CP-violating observables?

Production
• IP: ? De: ?

Actinium (Fluoride)
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[1] Verstraelen et al., Phys. Rev. C. 100, 044321 (2019) 
[2] Heinke et al., CERN-INTC-2020-029, INTC-P-556, 
https://cds.cern.ch/record/2717945 (2020)
[3] Flambaum, Feldmeier, Phys. Rev. C. 101, 015502 (2020)
[4] Flambaum, Dzuba, Phys. Rev. A. 101, 042504 (2020)
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• 225Ac: Targeted-alpha therapy
• Ac: enhanced extraction
• AcF spectroscopy - characterization

Production of AcFx
+
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[1] Au, PhD thesis (2023)
[2] Au, submitted to Nat. Comms (2024)



Experimental [1,3]
• (8)Π1 ← X 1Σ0

Nuclear theory
• previous values from scaling factors

• Sint ⟷ Q03 [2]
• DFT: Sint(227Ac) vs. 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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[1] Athanasakis-Kaklamanakis and Au, (2023) CERN EP newsletter
[2] Dobaczewski, Engel, Kortelainen, Becker, Phys. Rev. Lett. 121, 232501 (2018)
[3] Athanasakis-Kaklamanakis, Au, Kyuberis, Zülch, Wibowo, Skripnikov, Reilly, Lalanne  et al., in prep. (2024)
[4] Skripnikov et al., J. Chem. Phys 159 124301 (2023)
[5] Skripnikov et al., Phys. Chem. Chem. Phys 22 18374-18380 (2020)

PRELIMINARY [1]

[5]

[4]



• RaFx: developed, available*
• AcFx: developed, available*
• NpFx, PuFx: observed
• PaFx, ThFx, UFx: not observed
• ScFx, TbFx: ongoing development
• VFx: requested 

Next steps
• TbFx TISD beamtime (2024)
• PaFx from external samples (2024)

Fluoride beams current status
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*Yield publication in progress

11 shifts approved

Image published in EP 
Newsletter, CERN (2020)
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Behind the scenes: Offline developments
33

ISOLDE OFFLINE 1
© 2019-2022 CERN

ISOLDE OFFLINE 2 
© 2019-2022 CERN
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ISOLDE 
PUMP STAND
© 2019-2022 
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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!"##



Non-actinide development and characterization lab

Gas pycnometry
 Apparent density 

determination

Planetary ball mill – Powder particle size reduction 

Carburization 
pumpstand
Target development, 
sintering studies

Laser diffraction particle size analyzer Gas sorption – Pore size distribution (BET)

TGA-MS – Reaction kinetics
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EDMS : 2596262

Reactor setup
Photos courtesy of V. Berlin, E. Reis, L. Lambert, S. Rothe

08.03.24

https://edms.cern.ch/document/2596262/1


The Nanolab: Production and Research

36

5 Glove boxes
• 4 connected in T shape: non-pyrophoric
• 1 inert atmosphere: carbides

Production alternating with development

Oxide lab

Carbide lab

EDMS No. 189693 V.0

Storage 
capsules

M. Au | INT-24 | Seattle, USA

Carbide lab

Oxide lab

Photos courtesy of L. Lambert

08.03.24



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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[1] Maldonado (2023) PhD thesis 
[2] Martinez Palenzuela (2020) PhD thesis
[3] Ballof . et al., 2022) J. Phys.: Conf. Ser. 2244 012072 
[4] Heinke et al. (2023) NIM B. 541 (8-12)
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Detection, implantation, ion counting

RILIS for molecules

Gas injection and mixing
• Remote control of HV gas systems and partial 

pressures

Offline upgrades for molecular beam development
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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

[1] J. Ballof "Radioactive molecular beams at CERN-ISOLDE." CERN PhD Thesis (2021). [2] G. Arrowsmith-Kron et al. "Opportunities for fundamental physics research with radioactive molecules." arXiv:2302.02165 (2023). [3] U. Köster et al. "(Im-) possible ISOL beams." Eur. Phys. J. Special Topics 150 (2007): 285-291. 

[4] S. Stegemann et al. "A porous hexagonal boron nitride powder compact for the production and release of radioactive 11C."  J. Eur. Ceram 41.7 (2021): 4086-4097. [5] J. Lettry, Off-Line Isotope Separator, 1994. URL https://cds.cern.ch/record/2691985

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 



Discussion
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RIB facilities, ISOL method: 
Radioactive species are available1

RaF, AcFx:
Initial characterization of new 

probes
2

Offline developments: formation, 
characterization3

Towards precision measurements: a question to the workshop?4

Precision 
experiments
• experimental 

sensitivity

Theory
• nuclear structure
• molecular structure
• CPV sensitivity

Online experiments
• characterization

Production
• yield
• purity
• isotopes/molecules

Observables

BenchmarksFeasibility,
Statistics

Probes

Techniques

?
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