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What is ISOLDE?

The On-Line Isotope Mass Separator ISOLDE is a facility
dedicated to the production of a large variety of
radioactive ion beams (RIBs)

Isolde history
Dec 1964: CERN approves the online separator project




1972: SC Improvement Program — doubles
the intensity
(now quite a nice museum)

1976: New experiments in ISOLDE Il

June 1983: ISOLDE Ill approved —
two-stage high resolution separation
using two magnets

Dec 1990: The Synchrocyclotron
beam ends

ISOLDE moves to PS booster to
utilize CERN'’s spare proton
capacity...




Why at CERN?

1.4 GeV

3.3 x 10" protonsiper pulsé
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Nuclear chart for ISOLDE

ISOLDE today offers the largest range of

available isotopes of any ISOL facility

worldwide.

» 1200 isotopes of ~73 elements

» Rich playground for fundamental studies
using hyperfine Interactions

» Novel (and sometimes unique) isotopes
which utilize hyperfine Interactions for
solid state and biophysics.
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Research with radioactive beams at ISOLDE

Search for beyond
Astrophysics Standard model
physics

Nuclear physics

and Material science
atomic physics

Radioisotopes for
medical
applications

Life sciences and
biophysics
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Groundbreaing MEDICIS building



Production: Modern-day alchemy

®High energy (1.4 GeV) protons are impacted
onto a thick target e.g. 238U

®The protons split up the heavy nucleus to
produce a wide variety of nuclei
simultaneously

Spallation

®Requirements for experiment:
@ High production
€ Pure radioactive beams: 1 kind of isotope

Fission

&®There are 3 stages of preparation
€ Production
®lonization

‘SeparatiOn y&‘ a2cg



Productlon Targets

o Rad|0|sotopes
O lons

Standard ISOLDE target unit

with surface ion source

*picture and animation courtesy of M. Delonca

€ Over 120 materials have been tested and/or used as ISOL targets
@ Choice of target material and ionizer dependent on radioactive beam of interest

& Target material and transfer tube heated to 1500 - 2000 degrees
€ Operated by robots due to radiation



ISOLDE Robots




lon Sources

* Hot-cavity
* W heated at>2000 C
* High ionization efficiencies for some nuclei

“laser beams

i excited states
Wy - experiments

ground State
®projectiles ) target material @neutrals & ions






Experiments with low-energy RIB’s

yemns( * Masses

""" « ISOLTRAP (Penning trap + MR-TOF-MS)

* Decay spectroscopy

* Modular and versatile
Isolde Decay Station (IDS) since 2015

19919z

Decay Station

CZ=LLAPS

CcRrRIS

rius  ° Moments, radii and spins

-1 - * LASER SPECTROSCOPY (COLLAPS, CRIS, RILIS)




Experiments with low-energy RIB’s

* Fundamental
Interaction Studies

® WISArD experiment

u-ou . +
a * Material research with . m
ey ¢ short lived isotopes

- * Emission channeling, PAC, 3-
NMR, Mossbauer
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Martin Henry

Defects in Semiconductors
and Radioactivity:

The early years

J. Phys.: Condens. Matter 6 (1994) L643-L650. Printed in the UK
LETTER TO THE EDITOR

Radioactive isotopes for photoluminescence spectfoscopy—
11y in silicon

S E Dalyt, M O Henryf, K Freitagi and R Viandent

T School of Physical Sciences, Dublin City University, Collins Avenue, Dublin 9, The

Republic of Iretand
1 Institut fiir Strahlen und Kemnphysik der Universitit Bonn, Nussallee 14-16, D 53115 Bonn,

Germany




Ga identified as a donor in ZnO.... B of 5
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Photoluminescence of deep defects involving transition metals in Si:
ights from highly enriched *Si
oger, A. Yang, T. Sekiguchi et al.




REX-ISOLDE + MINIBALL : Octupole

deformation in 220Rn and 224Ra
L.P. Gaffney et al, Nature 497 (2013) 199

Candidates for searches for permanent EDMs:
* Radon-221 not suitable
* Radiums-223 and 225 - promising

ISOLTRAP: Mass of 54Ca and 3-body forces
F. Wienholtz et al, Nature 498 (2013), 346

S
s * Confirmation of N=32 as magic
B number far from stability
+=_._ * Validation of three-body forces
;\_5. using chiral perturbation theory
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RILIS: lonisation potential of Astatine
S. Rothe et al, Nature Communications 4 (2013), 1835
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Least abundant element on Earth
High-precision study via Rydberg states
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EXPLORING NUCLEI AT THE LIMITS

Recent studies of exotic nuclides using traps and lasers at CERN’s ISOLDE facility are not only helping researchers understand nuclear structure,
explain David Lunney and Gerda Neyens, but also offer new ways to look for physics beyond the Standard Model.
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[ Why Molecules? ] [ Why Molecules? ]
( ) / P-violation /4 P.T- violation \

EDM
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— New windows into the study of the atomic nucleus, and the
fundamental particles and interactions of nature!

Atoms Molecules
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* Parity violation > 1010 [Gaffney et al. Nature 497, 199 (2013)]

* Parity and Time reversal [ Exotic molecules - Best of all worlds ]

violation > 10° .
[ACMF Nature 562 355 (201811 . BUT, are experimentally unknown!




| Recent results |

I. Low-lying structure

Il. Feasibility of laser cooling?
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Spectroscopy of short-lived radioactive
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I ° molecules
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Solid state physics in a nutshell

| Conduction Band

I Valence Band

(b)

Structural information: location Electronic information: what
of atoms in lattice states are the electrons?



Materials being studied

Semiconductors

GaN-on-Si
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Solar cells

Copper Indium
Gallium Selenide

CIGS -
(cles) F\ Zn0, IT0 - 25004
_ \ CdS - 700A

Mo - 0.5-1pm

Glass, Metal Foil,
Plastics

L1,- MnAl

hex.- MnBI

Quantum bits

Multiferroics

Ruddlenden-Popper

AO [ABO;],
A;B,0;




Use of radioactive isotopes in materials science:

* Nuclear radiation acts as “marker” for a specific element:
Radiotracer diffusion

* Half-life of nuclear decay correlates with signal intensity from “classica
spectroscopy:
Photoluminescence (PL)
Deep Level Transient Spectroscopy (DLTS)
Hall-effect

* Nuclear radiation transmits information with atomic resolution:
Maossbauer Spectroscopy (MS)
Perturbed Angular Correlation (PAC)
Emission Channeling lattice location (EC)
Beta Nuclear Magnetic Resonance (B-NMR)
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ISOLDE Schedule 2022: weeks 12 - 48

March April May June July August September October November
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Offline labs based at ISOLDE




121Sn-vacancy: identification and quantification

e experiment best fits S + BC site
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*  30% of the implanted Sn in split vacancy configuration!
* Sn exactly at the bond-center (precision of 0.04 A)

* Other IV elements (ongoing): 31Si, 73Ge, 121Sn, 299Pb

Phys. Rev. Lett. 125, 045301 2020
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Magnesium-Vacancy Optical Centers in Diamond
" v . LV . : - . A _ ; {110} plane in
(100) Emilio Corte, Greta Andrini, Elena Nieto Herndndez, Vanna Pugliese, Angelo Costa, Goele Magchiels, diamond lattice
Janni Moens, Shandirai Malven Tunhuma, Renan Villarreal, Lino M. C. Pereira, André Vantomme,
Joio Guilherme Correia, Ettore Bernardi, Paclo Traina, Ivo Pietro Degiovanni, Ekaterina Moreva,
b) Marco Genovese, Sviatoslav Ditalia T'chernij, Paolo Olivero, Ulrich Wahl,* and Jacopo Forneris*
Cite This: hitps:/fdoi.org’ 101021 facsphotonics. 2001130 I: I Read Online
(110)
ACCESS| |l Metrics & Mare | [ Anide Recommendstions | © Supparting Information
ABSTRACT: We provide the first systematic characterization of
(c) the structural and photoluminescence properties of -I:l|:llil.'a.|.|}" active
(110) centers fabricated upon implantation of 30—100 keV "-'[g ions in 5 R
synthetic diamond. The structural configurations of Mg-related |« o,
defects were studied by the electron emission channeling |2 - -
- technique for short-lived, radicactive “My implantations at the E =
() & CERN-ISOLDE fadility, performed both at room temperature and | £
s 800 °C, which allowed the identification of a major fraction of Mg |£ -
1 atoms (~30 to 42%) in sites which are compatible with the split-
(110) 0 vacancy structure of the MgV complex. A smaller fraction of Mg .
A atoms (~13 to 17%) was found on substitutional sites. The P £o0 a0 e
photoluminescence emission was investigated both at the Wavalangth (nm)
2 ensemble and individual defect level in the 5—300 K temperature
240 12 2 1 0 Trange offering a detailed picture of the MgV-related emission properties and revealing the occurrence of previously unreported

angle relative to axis [°]

spectral features. The optical excitability of the MgV center was also studied as a function of the optical excitation wavelength to

T _800°C identify the optimal conditions for photostable and intense emission. The results are discussed in the context of me_preliminarg.r
i~ axperimental data and the theoretical models available in the literature, with appealing perspectives for the utilization of the tunable

properties of the MgV center for quantum information processing applications.

KEYWORDS: diamond, ion implantation, magnesium, color cenfers, emission chamneling, lattice location

(I)SW, 30.11.2022



Perovskite related structues

Layering Ordering
Ruddlenden-Popper Dion-Jacobson  Double-Perovskite
AO[ABO;],
A;B,0, A’ (AB,0;) ABO,{ABO;)
AO(ABO,),, ABO, (AB'O; )
\ AA'B,O,

AO(ABO,)




Future possibilities: available in 2022-23

ASPIC ASCII

Surface/interface Ultra-low energy implanation
Modification & characterization Control of probe isotopes
A T ]

7

PAC

(atomically) local information

{

research into * Decelerates ions from 60 keV to < 20 eV
2D materials

e ASPIC’s lon Implantation chamber

High voltage connection

Sample holder
Viewing ports
“—
lon beam inlet —. y " —
Beam sweep Turbo pump lon pump Manipulator arm

Deceleration system



1554

High field magnetic spectrometer to study magnetic materials using PAC
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The early days

T The Nem ﬁork Times. E=a)

P prL——3

JME. CURIE PLANS
10 END ALL GANGERS

| TEREEE.. | Says Radium Is Sure Cure, Even
3 in Deep-Rooted Cases, if

_ Properly Treated.
Marie Sklodowska-Curie T o Yok T ‘
1867-1934

Courtesy prof O. Ratib



~ Molecular probe

Radioisotope!'C "B
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Gamma-ray
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Correlator

Gamma-ray

(C) Fluorodésoxyglucose (12F)



PET-CT scan imaging

ALl Jzzivons zel Daviel Townssrl

Alan Jeavons and David Townsend
built and used in Geneva Hospital
a PET system based on

high-density avalanche gas chambers
HIDACs

Courtesy Ugo Amaldi
CMASC - UA - 30.3.16 - 3

https://home.cern/news/news/knowledge-sharing forty-years—first—pet—mage-cern
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Nuclear Physics : ISOLDE and MEDICIS

14 years ago — now :

Innovative radioisotopes

Tb 149 Tb 152
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Useful for a-Therapy and PET Imaging

PET/CT scan of a AR42J tumor-bearing mouse performed 2 h after injection of #Tb-DOTANOC

Muller et al., EINMMI Radiopharmacy and Chemistry, (2016) 1:5.
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Mass separation as applied in MEDICIS in a snapshot

The CERN accelerator complex

o ”
Complexe des accélérateurs du CERN Free P roton bea m

CMSs

s (otherwise lost in the dump)

Some MEDICIS isotopes :

[ ¥ High activity Sm-153, Ba/Cs-128, Tm/Er-165
2011 66 . - ' ;

MEDICIS

ISOLDE

120MBerAuger 65Tm >99%
Produced/delivéred in
P

» H™ (hydrog

LHC §

A dedicated
medical isotope

Mass separation facility
in Europe.

From CERN- MEDICIS to the lab/Hospital



From CERN- MEDICIS to the lab/Hospital

Gd-149 @ 9.28E+e00 D ©0.632 8.36E+005 * 14.9%
Tb-149 @ 4.12E+000 H 0.964 1.71E+006 + 9.4%
Er-165 1.04E+001 H ©0.894

Tm-165 @ 1.25E+000 D 0.979 1.21E+008 * 6.3%

“aad Isotope separation for experiment MEDO11
-- from external 168/169Er SOUrCErom CERN- MEDICIS to the lab/Hospital

(Countries: BE, CH, FR, PK, PT, LV, UK)



How to supply “nove

separation

* PRISMAP proposes to federate a consortium of high energ — @
_eycletrons, reseaﬁéﬁOPealétSGFBarﬁnd isotoffe°ifias¥$¥paratior . ©

|II

I[pps] ~ F[pps] S[barn] N[glcmZ] production rate
10%%ps  100ccA (6.10%*) Imbarn 1g/cm? for Aiyge=30g/mol

I[pps]

~ F[pps] S[barn] N[glcm2] e [%]
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radionuclides with mass

European Commission
ENER/17/NUCL/SI2.755660

(2018)
€, $ - AAA bought by Novartis form= /
t . 3.8Bi$in 2017 (7Lu-based drug)

REEEE
Figure 8: Possible market evolution for radiotherapeutics — source MedRaysIntell (301 6

Economics, Innovators



PRISMAP — The European medical radionuclides programme (2021-2025)

= Achievements in 2022:

= 15 projects for biomedical research with novel radionuclides were selected for services across Europe

https://medical-radionuclides.eu

www.prismap.eu/access/user-projects (BE, CZ, DE, ES, FR, IT, PT, UK)

Radiopharmaceutical Cancer Research Dresden (/CZ)
Pharmaceutical Radiochemistry TU Munich

In vivo cellular & molecular imaging lab (ICMI} VU Brussels
Imaging and Pathology KU Leuven

Molecular Imaging Center Antwerp

Biomedical Engineering and Imaging Science London
UGA - Inserm La Tronche

Radiopharmacy Bordeaux

CEMHTI Radiochemistry Orleans

Radiochemistry Hopital Frederic Joliot Orsay

Inserm Montpellier {/PT)

Radiochemistry unit, Hospital Gregorio Marafidn Madrid
Fondazione IRCCS Istituto Nazionale dei Tumori Milano
Dep Molecular Biotechnology Health Sciences Torino

[ Y E AR AN | I IV IV W VW U el T T e

> FAIR |-
|

¥ AGORA |

S SPIRALZ 1
.

0
) BR2 |+ NURA |> MYRRHA i

O ARRONAX |

223 225 227
Ra Ac Th
Radium Actinium Thorium

ch needs in the field of novel biomedical radionuclides

to the EU Commissioner for research and education Mariya Gabriel

MEDICIS PSI Hevesy Laboratory
European organization for Paul Scherrer Institut - PSI Danmarks Tekniske

nuclear research - CERN Universitet - DTU

BR2

Belgian Nuclear Research
Centre — SCK CEN

ARRONAX RHF

Groupement interet public
ARRONAX — ARRONAX

Langevin - ILL

Hevesy AGORA NURA Nuklearmedizin POLATOM

JRC Karlsruhe NCBJ Laboratory Centre hospitalier Studiecentrum voor Klinikum rechts der Isar der Narodowe Centrum Badarh
Danmarks Taknisi universitaire vaudois Kernenergie / Centre Technischen Universitat Jadrowych - NCBJ
Institut Max von Laue - Paul Joint Research Centre - Narodowe Centrum Badari onmaris 1okmske d'étude de I'énergie Miinchen — TUM

Universitet - DTU

KL B

European Commission - JRC Jadrowych — NCBJ nucleaire — SCK CEN



http://www.prismap.eu/access/user-projects
https://medical-radionuclides.eu/

