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The ISOLDE facility - recap
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Homework

What factors determine ion beam intensity in your set-up? 

ISOLDE 
• 1.4 GeV protons 
• 2 uA maximal proton intensity 
• Isol facility
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Homework
Number of extracted ions (yield) is governed by:

primary particle flux x reaction cross section x number of target particles x efficiencies

ISOLDE 
- Energy loss of protons in thick 

target (σ(E)) 
- Secondary reactions in target 
- Selectivity <> loss in yield 
- Effusion/Diffusion out of target 
- Release from target <> half-life 
- How much time do we spend on 

optimizing (gain in intensity <> 
available beam time) 

- ...



Lecture 1: ISOLDE-CERN: radioactive ion beam production 

Lecture 2: Nuclear Physics and Applications at ISOLDE
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Outline



1. Medical Applications
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CERN-MEDICIS

C E R N C our i e r      Januar y/ F e b r uar y  2 0 18

The use of radioisotopes to treat cancer goes back to the late 

Isotopes for 
precision 
medicine

The CERN-MEDICIS facility has produced 
its first radioisotopes for medical research, 
targeting novel diagnostic agents and 
treatments for diseases such as brain and 
pancreatic cancers.

The robot sample handler at MEDICIS, a unique facility for the 

M
 Brice / C

ERN

�6



7

MEDICIS @ CERN

     

• MEDical Isotopes Collected from ISolde 
• Production of non-conventional radioisotope for medical research 

• 80 – 90% of the proton beam goes through the ISOLDE target 
unaffected 

• Use these (free!) protons to create more radioisotopes  
• Benefit from 50 years of ISOLDE experience
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MEDICIS process

Target

Analysing magnet
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g-radiation (48.92 keV [17%], 57.19 keV [1.8%], and
74.57 keV [10%]) suitable for SPECT.
Beyer et al. reported promising therapeutic results for

149Tb-labeled rituximab in a mouse model carrying human
xenografts expressing the CD20 antigen (1). The same group
has proposed 152Tb as a radioisotope for kinetics studies with
PET (2). Our group has recently reported an efficient pro-
duction route for 161Tb that could be a better alternative to
the clinically used 177Lu (3). Thus, these 4 radionuclides of
one and the same element are suitable for all modalities of
nuclear imaging and radionuclide therapy, featuring identical
chemical characteristics and ultimately identical pharmaco-
logic characteristics of the corresponding radioconjugates.
The vitamin folic acid has successfully been used as

a targeting ligand for the selective delivery of attached probes
to folate receptor (FR)–positive cancer cells (4–6). For a proof of
concept of the utility of these 4 radionuclides, we took advan-
tage of a recently developed novel DOTA–folate conjugate
comprising an albumin-binding entity (cm09) (Fig. 1).
This folate conjugate has been successfully used for

targeting of the tumor-associated FR in preclinical studies
(7). Because of its extended blood circulation, as a conse-
quence of its plasma protein binding, the biologic half-
life of cm09 matches well with the physical half-lives of
the longer-lived terbium-radioisotopes.
Herein, we report the first, to our knowledge, in vitro and

in vivo study with 4 terbium radionuclides. They have been
investigated with the same targeting molecule—a novel FR-
targeting folate derivative cm09—and an identical tumor
model for their applicability for PET and SPECT as well
as for targeted a- and b2-radionuclide therapy in FR-pos-
itive tumor-bearing mice.

MATERIALS AND METHODS

Production of 149Tb, 152Tb, and 155Tb
149Tb, 152Tb, and 155Tb were produced by high-energy proton-

induced spallation of tantalum foil targets. The spallation products

were released from the hot target ionized by a surface ionization
source and mass separated at the online isotope separator ISOLDE
(CERN). The ionized products were separated according to their
mass-to-charge ratio as previously reported by Allen et al. (2,8).
The spallation products of mass numbers 149, 152, and 155 were
collected on a zinc-coated gold foil. After dissolution of the zinc
layer in 0.1 M HCl, the terbium radioisotopes were separated from
isobar and pseudoisobar impurities and stable zinc. Cation ex-
change chromatography was performed using a self-made column
(dimensions, 50 · 5 mm) filled with a strongly acidic cation ex-
changer similar to that previously described (2,3). A solution of
a-hydroxyisobutyric acid adjusted with ammonia to pH 4.75 was
used as an elution agent. To avoid time-consuming additional
steps for preconcentration by evaporation and therefore to min-
imize loss of radioactivity, the fractions of terbium radioisotopes
(obtained in less than 1 mL of a-hydroxyisobutyrate solution
[;0.15 M]) were directly used for radiolabeling of the folate
conjugate (cm09).

Production of 161Tb
The production of no-carrier-added 161Tb was recently reported

by Lehenberger et al. (3). Briefly, highly enriched 160Gd targets
were irradiated during 2–3 wk at the spallation-induced neutron

TABLE 1
Decay Characteristics of Terbium Radionuclides Useful for Medical Application (Main g-Lines Are Given)

Nuclide Decay mode and branching T1/2 Ea (MeV) Ebav (MeV) Eg (keV) Ig (%) Application

149Tb a (16.7%), b1 (7.1%) 4.12 h 3.967 0.730 165.0 26 a-therapy
352.2 29
388.6 18
652.1 16

152Tb b1 (17%) 17.5 h — 1.080 271.1 8.6 PET
344.3 65
586.3 9.4
778.9 5.8

155Tb EC (100%) 5.32 d — — 86.55 32 SPECT
105.3 25
180.1 7.5
262.3 5.3

161Tb b2 (100%) 6.89 d — 0.154 25.65 23 b2-/Auger therapy
48.92 17
57.19 1.8
74.57 10

FIGURE 1. Chemical structure of terbium-cm09 comprising 3
functionalities: black indicates folic acid as targeting agent; green,
albumin-binding entity to prolong blood circulation time; and red,
terbium radioisotope stably coordinated by a DOTA chelator. Tb 5
terbium.
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Motivation
Terbium offers a “matched quadruplet” of four radionuclides with
suitable decay properties for “Theranostics” applications in nuclear
medicine and has well-known lanthanide chemistry for stable
labelling to cancer-specific biomolecules [1]. The β+ emitter 152Tb for
Positron Emission Tomography (PET) and the low-energy γ-ray
emitter 155Tb for Single Photon Emission Computed Tomography
(SPECT) have excellent properties for diagnostic applications while
the 𝛽𝛽− emitter 161Tb and the α-emitter 149Tb provide short-range
radiation for therapeutic applications.

ISOLDE/CERN
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Time-of-flight spectrum

• After resonant laser 
ionization of dysprosium 
and

• 1000 revolutions in the 
device

ISOLTRAP’s MR-ToF MS
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Isotope Half life

133La 3.9h
133g/mCe 97m/5.1h

133Pr 6.5m
149Eu 93.1d
149Dy 4.2m
149Tb 4.1h

Contaminants / 149Dy Æ almost factor 3 improved

• Foil holder, which contains gold plated zinc foils

Tu Tu
Tu Tu

Ki
Ki Ki

Ki

PET/CT 5 h after Injection of 152Tb-DOTANOC PET/CT 22 h after Injection of 152Tb-DOTANOC

Performed with Genisys8 bench-top PET/CT scanner at PSI

Radioisotope collection point

Collection at GLM/GHM of ISOLDE:

Transport and chemical separation/preparation

Isotope of interest

MR-ToF MS assisted yield studies

Outlook

• The MR-ToF MS was used to find the optimal ISOLDE target and ion-source settings to minimize the 
contaminants/Dy ratio Æ optimum production of 149Tb daughter while minimizing disturbing 
contaminants (133g/mCe and 133La)

Planed upgrades:

• To overcome the half-life limitations of short-
lived radioisotopes like 149Tb, a radiochemical 
laboratory will be built in the vicinity of the 
ISOLDE facility at CERN.

• A dedicated general purpose 30kV MR-ToF MS 
setup at ISOLDE for routine on-line monitoring 
of yields during collections will be installed.

Imaging and therapy of folate receptor positive tumors, 
e.g. ovarian cancer

In-vivo applications

PSI

Activity losses:

Decay losses during transport CERN Æ PSI 

40% for 149Tb, 10% for 152Tb

Chemical 
separation/preparation

1. Dissolve Zn layer from foil 
with diluted nitric acid. 

2. Load the solution onto 
cation exchange resin. 

3. Elute with 𝛼𝛼-HIBA. 

4. Collect the Tb fraction of 
the eluate and label with 
DOTA to the cancer-
seeking tracer (peptide, 
vitamin-derivative or 
antibody).

Map: CERN Æ PSI: 280 km

Preparation :

PET/CT with 152Tb [2] :
Sample quality improvements:

• Investigation of more target and ion-source 
(RILIS) parameters to find and establish optimal 
conditions for the isotope collections

Folate receptor targeting agent with Tb in chelator
albumin binderFolic acid = Vitamin B9

Tb-DOTA

Characteristics:
high affinity to the folate receptor
prolonged blood circulation time
stable coordination of Tb-isotopes

[1]

Tb

αβ+ (EC+e+) stableinternal transition

ISOLTRAP

RILIS on 
Dysprosium [8]

GPS
GLM/GHM

RIB

Horizontal part of the 
ISOLTRAP setup

• Cooling and bunching of 
the ISOLDE beam with the 
RFQ cooler and buncher

• Injection of 100 ns � eV
pulses into the MR-ToF MS

MR-ToF MS:

• ToF separation due to 
different m/q

• single-ion sensitivity
• non scanning

Before optimization: 6.3/1 After optimization: 2.3/1

ISOLTRAP’s MR-ToF MS
Entrance Mirror 

potential wall
Exit Mirror 

potential wall
In-trap lift

• MR-ToF MS utilize 2 axial symmetric ion mirrors to reflect 
ions back and forth between them and thus extending their 
flight path significantly.

Æ High mass resolving power (some 100 000) can be achieved 
on  short timescales.

• To capture and eject the ions from the device, the in-trap 
lift technique is used which is illustrated in the sketch on 
the left:
The initial kinetic ion energy is high enough to overcome 
the potential wall of the entrance mirror. By switching the   
potential of the in-trap  lift electrode, the ion energy can 
be reduced to trap them between the ion mirrors. 
For the ejection the inverse switching process is used.

• A realistic shape of the potential distribution is shown in 
the figure bellow. For details see [9]   

𝑅𝑅 = 𝑚𝑚/∆𝑚𝑚 ≈ 100,000, A total of 15607 ions 
were accumulated in 500 experimental cycles; 
Measurement time: 30s

Settings:

Simultaneous observation of all ion species for optimization of target and ions source parameters

In particular 149Tb is unique, since it is the only α-emitter below lead
with a half-life compatible with clinical applications. Moreover it is
the only medical α-emitter with significant β+ emission, thus enabling
to monitor the biodistribution by PET imaging during therapeutical
application [2].
While 161Tb is reactor-produced, the neutron-deficient 149,152,155Tb
isotopes are available at the ISOLDE facility at CERN [3]. Actually,
high-energy proton-induced spallation of tantalum populates the
dysprosium precursors stronger than the terbium isotopes, therefore
dysprosium is laser-ionized and collected, then decaying to the
terbium isotopes of interest (with half lives: 149Dy Æ 149Tb: 4.2min;
152DyÆ 152Tb: 2.38h; 155DyÆ 155Tb: 9.9h) [4].

However, the resolving power of the ISOLDE general purpose separator does
not allow to separate the wanted Dy/Tb isotopes from isobaric impurities (Gd,
Eu) and oxide sidebands (Pm, Nd, Pr, Ce, La). In particular for 149Tb collections,
the pseudo-isobars 133g/mCeO and 133LaO dominate the activity and gamma
dose rate of the collected samples. It is therefore highly desirable to optimize
the beam composition, i.e. to maximize the relative amount of 149Tb in the
sample. Multi-reflection time-of-flight mass spectrometry (MR-ToF MS) offers
online beam analysis and thus a fast method to identify the components of a
complex mixture of different ions [5]. With the MR-ToF MS of the ISOLTRAP
setup [6,7] the beam composition of the A=149 primary beam was analysed
and monitored to ensure an optimized collection of the 149Tb ions.
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PET	with	152Tb

• synthesised	at	ISOLDE	/	CERN	

➡ in	fact:	Dy,	then	𝛽	decay	to	Tb	
• chemical	separaLon		

• In	Vivo	Studies



2. Nuclear physics

https://xkcd.com/1489/



nuclear	shell	structure
sc

ie
nc

e 
m

ot
iv

at
io

n

pr
ot
on

s	

neutrons	

shell structure  
& ‘magic numbers’

11

Shell	Model	
of	Nuclei

studies	at	modern	radioacLve	ion	beam	(RIB)	faciliLes		
➡	disappearance	of	established	shell	closures		
➡	emergence	of	new	ones

Maria	Goeppert	
Mayer	
J.	Hans	D.	Jensen	
Nobel	Prize	1963

Z=8	

N=8	

N=16	
appears	

N=20	
disappears	

N=20	

explain this shell evolution from first principles
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‘ingredients’ well understood, BUT 
• neither a few nor a many body problem

nuclear	theory:	the	big	challenges

13
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nuclear forces
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• nucleons composites of quarks: force between nucleons?



modern	nuclear	forces

14Figure 2.1: Chiral expansion of nuclear forces. Figure from [37].

chiral symmetries discussed above, thus the name chiral Effective Field Theory.
The Lagrangian can be systematically expanded order-by-order with higher orders
contributing less than lower orders. Figure 2.1 shows the expansion up to next-to-
next-to-next-to leading order or N3LO. Individual terms consist of (multiple) pion
exchange reflecting the long range part of the force (see Figure 2.2a) or contact
terms (Figure 2.2b) which cover short range physics not resolved at this energy
scale. As the short range details will become visible at higher energies the theory
naturally has a hard cut-off scale �B above which it is expected to fail. For chiral
Effective Field Theory, this scale is typically �B � 0.5 GeV and the perturbative
expansion of the Lagrangian follows in orders of Q/�B . Short range physics just
above �B also manifests itself in the non-renormalizible character of the theory. As
a consequence new terms will appear order-by-order in contrast to a renormaliz-

12

• bridge	QCD	to	nuclear	forces	

• coupling	constants	fixed	to	(small)	
set	of	exp.	data	

• employ	renormalisa;on	methods	

• ‘one’	nuclear	poten;al	used	over	
whole	nuclear	chat		

• poten;al	employed	in	different	few	
and	many	body	methods

Chiral	EFT

u u u u

d

d u

d

p n

quarks nucleons

E. Epelbaum et al., Rev. Mod. Phys., 81, 1773 (2009) 
S.K. Bogner et al., Prog. Par. Nuc. Phys., 65,94, (2010)  
R. Machleidt and D.R. Entem, Phys. Rep. 503, 1 (2011)



reach	of	ab-ini;o	methods
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 H. Hergert, Front. Phys. 8, 379 (2020)

requires experimental benchmark for nuclear theory
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Energy of first excited 2+ state

TE Cocolios

T H E  S H E L L  M O D E L 23

Fig. 2. Beta decay energies in the neighborhood of N= 20.

Fig. 3. Beta decay energies in the neighborhood of N= 50.

Beta decay energies

AME03 

shell	gap

Neutron separation energies & nuclear Masses

values available in Ref. [27]. The weighted averages from
the two transitions are listed in Table I. Uncertainties were
taken as the minimum from the two transitions but not
further reduced. In 134Sn, the error has been increased by
20% to incorporate a small difference in the resulting
charge radii.
The evolution of the nuclear charge radii of the even tin

isotopes is shown in Fig. 2, based on the reference value of
hr2i1=2μe ¼ Rμ

kα=V2 ¼ 4.675ð1Þ fm of 124Sn [27]. Below
132Sn, the trend is almost linear, with a small curvature.
A clear kink is seen atN ¼ 82 that is indicative of a neutron
shell closure and compared with the kink at 208Pb shown in
the inset.
Theoretical analysis.—To understand the experimental

findings, we employed nuclear DFT [50] at a spherical
Hartree-Fock-Bogoliubov (HFB) level as in Ref. [42].
Calculations were carried out using two different energy
functionals. The parametrization SV-min [51] is based on
the widely used Skyrme functional [50], while the func-
tional FyðΔr;HFBÞ recently developed in Ref. [42] is the
Fayans functional involving gradient terms in surface and
pairing energies [20,52]. Both parametrizations, SV-min
and FyðΔr;HFBÞ, were fitted to the same large set of
ground-state data achieving the same high quality in
reproducing them. As discussed in Refs. [19,20,40], the
density-dependent Fayans pairing functional involving the
gradient term explains the odd-even staggering effect in
charge radii by producing a direct coupling between the
proton density and the neutron pair density. The blocking
effect [53,54] in an odd-N nucleus yields a reduced neutron
pairing density, which in turn impacts the proton density
and, hence, the charge radius. This argument does not apply

to open-shell systems, in which deformation effects on odd-
N nuclei can be dramatic, as is observed, e.g., in the
mercury chain [55–57].
To facilitate the discussion, we introduce the three-

point indicator of an observable O: Δð3Þ
kn OðZ;NÞ≡

1
2 ½OðZ;N þ kÞ − 2OðZ;NÞ þOðZ;N − kÞ&, where the
odd-even staggering in O corresponds to k ¼ 1 while
the curvature (or kink) parameter is given by k ¼ 2. In
the case of charge radii (O ¼ r), the staggeringΔð3Þ

1n rðZ;NÞ
is usually negative for even-N semimagic systems; i.e., the
charge radii of odd-N proton-magic nuclei are usually
smaller than the average of their even-N neighbors. Since
in the Fayans model the magnitude of Δð3Þ

1n r is explained by
the reduced neutron pairing in odd-N nuclei, this suggests a
simple explanation of the kink in charge radii at magic
numbers. Indeed, for the magic neutron number N, the
neutron pairing is absent, while it is significant for theN ' 2

neighbors, resulting in a distinct kink Δð3Þ
2n rðZ;NÞ > 0.

The results of SV-min and FyðΔr;HFBÞ for the charge
radii along the tin isotopic chain are shown in Fig. 2; there
is a significant difference between the two models. Namely,
SV-min produces a flat trend (Δð3Þ

2n r ¼ 0.0014 fm), while
FyðΔr;HFBÞ predicts a kink of 0.0119 fm for 132Sn in
accordance with the experiment (0.0078 fm) and earlier
Fayans-model predictions [20,22]. This is similar for the
parabolic behavior of the radii below the N ¼ 82 shell
closure, which is visible in the experimental data, almost
absent in SV-min, and overexpressed in FyðΔr;HFBÞ.
Figure 2 compares experimental data for the kinks in

132Sn and 208Pb (inset) with our SV-min and FyðΔr;HFBÞ
predictions. It is seen that also in this case SV-min
(Δð3Þ

2n r ¼ 0.0021 fm2) significantly underestimates the kink
(experiment, 0.0043 fm2) while FyðΔr;HFBÞ slightly
overestimates it (0.0075 fm2). This result is consistent
with our working hypothesis about the nature of the kink
and the systematic analysis of Ref. [40]: Δð3Þ

1n rðZ;NÞ is
primarily driven by the gradient term in the Fayans pairing
functional.
As mentioned above, several mechanisms responsible

for the kink in charge radii have been proposed. A
comprehensive analysis requires the control of all ingre-
dients to a nuclear model simultaneously, which can be
achieved in a systematic fashion by statistical linear least-
square regression analysis [58]. Specifically, we look at the
statistical correlations between the kinks in radii and model
parameters as well as between the kinks and selected
observables. However, in view of 13–14 model parameters,
it is more efficient to look at multiple correlation coef-
ficients (MCCs) of a kink with groups of model parameters
[59]. Here, we closely follow the methodology laid out in
Ref. [60]. The MCCs range from 0 to 1, where 0 implies
that the kink is uncorrelated with the group of parameters or
observables and the value of 1 means total correlation.
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FIG. 2. Evolution of the nuclear charge radii along the tin
isotopic chain from the experiment (circles) and from DFT
calculations using the SV-min (triangles) and FyðΔr;HFBÞ (dots)
functionals. The experimental and predicted charge radii at the
kink at 208Pb are shown in the inset. Experimental data for
204−212Pb are taken from Ref. [27].

PHYSICAL REVIEW LETTERS 122, 192502 (2019)

192502-4

Charge radii
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Experiments to probe nuclear structure

COLLAPS
CRIS

ISOLTRAP
IDS

VITO

TAS

WISARD

NICOLE

HIE-ISOLDE
REX-ISOLDE

Travelling 
setups

Low energy experiments 
High energy experiments

MINIBALL

ISS

Scattering 
Chamber

Focus on Exotic Beams at ISOLDE: A Laboratory Portrait 
J. Phys. G: Nucl. Part. Phys. 44 (2017)
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= N . + Z . + Z . - binding energy

Atomic	Masses

Mass	[MeV/c2]

neutron 939.565	420	52(54)

proton 938.272	088	16(29)

electron 000.510	99895000(15)

nuclear	binding 		≈8	per	A

electron	binding 000.000013	(Hydrogen)	
000.115606	(inner	e-	in	U)

E = mc2}

neutrons N

pr
ot

on
s 

Z isobars		
A=N+Z=const.

The mass parabolas plotted as a function of relative decay
energy (MeV) and atomic number for the isobars A = 97, 98,
and 99 are shown in Figures 5, 6, and 7, respectively. As
mentioned previously, for both odd A (A = 97 and 99) isobars,
successive β− and β+ decays result in one stable nuclide; for A =
97, the stable nuclide is 97Mo, and for A = 99 it is 99Ru. The A =
98 is noticeably different from the other two isobar chains as
there are two stable nuclides, 98Mo and 98Ru. For 97Tc and
99Tc, the β disintegration energies (0.320 and 0.294 MeV,
respectively) are lower in comparison to that of 98Tc (1.80 MeV),
implying relative stability of the odd A 97 and 99 isotopes
of technetium. Both 97Tc and 99Tc decay in accordance with
other trending isotopes in each isobar, namely, a single decay
mode.
The isotope 98Tc is only reported to undergo β− decay to

98Ru with no appreciable decay by β+ or electron capture

to 98Mo. However, on the basis of Figure 6, 98Tc is unstable to
both β− decay and β+ or electron capture. For comparison, one
may look at the similar case of 64Cu which decays 40% by β− to
64Zn and 41% by electron capture (EC) and 19% by β+ to 64Ni.
The branching ratio of electron capture to β− decay of 98Tc is
less than 4%,35 with a corresponding maximum β+ or electron
cap-
ture half-life of 1.1 × 108 years. The calculated energy release in
β− decay for the reported decay of 98Tc is 1.792 MeV, while the
corresponding energy releases for β+ and EC for this isotope to
98Mo are 0.661 and 1.682 MeV, respectively. In summary, the
mass parabola data explains the lack of stable technetium iso-
topes due to the relative stability of the neighboring elements.

■ CONCLUSION
The radioactive nature of technetium can be described using a
combination of the nuclear shell model, properties of nuclear
structure, and trends within the chart of the nuclides. For
technetium, an odd Z element, only isotopes with odd A could
possibly exhibit a stable configuration. The unique condition
that the elements situated one proton above and below tech-
netium have five consecutive stable isotopes is due to the
nuclear properties exhibited by nuclei with A ≈ 100. Mattauch’s
isobar rule, which states that no two adjacent isotopes in an
isobar can both be stable, reflects the fact that the odd

Figure 4. Isobar parabola for even mass number nuclides decaying into
two stable nuclides.

Table 5. Mass Defect Values for Mo, Tc, and Ru Isotopes

Atomic Weight 42Mo, MeV 43Tc, MeV 44Ru, MeV

97 −87.54a −87.22 −86.11
98 −88.11a −86.43 −88.22a

99 −85.97 −87.32 −87.62a

100 −86.18 −86.02 −89.22a

101 −83.51 −86.34 −87.95a
aThese are stable nuclei.

Figure 5. Isobar A = 97 decay scheme. No excited states are shown.

Figure 6. Isobar A = 98 decay scheme. No excited states are shown.

Figure 7. Isobar A = 99 decay scheme. No excited states are shown.

Journal of Chemical Education Article

DOI: 10.1021/acs.jchemed.6b00343
J. Chem. Educ. 2017, 94, 320−326
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F. Wienholtz et al., Int. J. Mass Spectrom. 421, 285-293 (2017)

Multi-reflection Time-of-
Flight (MR-ToF) 

• Fold 1000s m of flight-
path in device of ~1m 

• Limitation 
o < 1 pps 
o 10 ms half-life 

• Resolving power 
o 105 in ~20 ms 

ISOLTRAP MR-ToF mass spectrometer

𝛅m
m

mass		
resoluLon

mass	

≈
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ISOLTRAP mass spectrometer
maxime.mougeot@cern.ch

• Ca-isotopes 
• Z = 20 closed shell: benchmark for nuclear models 
• New magic numbers at N = 32 and N = 34?



laser	spectroscopy	of	radionuclides

2121

Collinear laser spectroscopy 

laser photon 
(eV – 108 MHz) 

detect fluorescence 
photons 

λ1 laser photon 

λ2 

second step laser 
photon 

detect a resonantly 
excited ion 

atomic ground state 

atomic excited  state Hyperfine splitting 
(100 MHz) 

at COLLAPS at CRIS 

Atomic ground state 

excited  state Hyperfine 
splitting 

continuum 

- low background  
• bunched beams 
• new detection system 

- high resolution (~ 50 MHz) 
- need about 10.000 ions/s from ISOLDE 
- atoms or ions 

- very low background 
- high resolution (~ 30 MHz) 

 (see poster 36 by R. De Groote) 
- need about 100 ions/s from ISOLDE 
- atoms (and ions) 

Hyperfine	
splicng	
(100	MHz)

detect	
fluorescence	
photons

nucleus	-	electrons	interacLon	

⇒	atomic	hyperfine	structure

magne;c	moment	𝝁 quadrupole	moment	Qs rms	charge	radiusspin	I

benchmark for modern nuclear structure theory
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Collinear	Laser	Spectroscopy	(CLS)

Collinear laser spectroscopy 

J. Papuga et al., PRL 110, 172503 (2013) 

Measure in a model-independent way 4 properties of an exotic isotope/isomer: 
 - the nuclear spin I 
 - the magnetic dipole moment P�
 - the electric quadrupole moment Q (if electronic and nuclear spin J,I>1/2) 
 - the isotope shift Æ nuclear charge radius 
by resonant excitation of hyperfine transitions in an atom or ion. 

PMTs

ion	beam	

laser	beam

>	30	keV	to	eliminate	
Doppler	broadening �⌫ / �Ep

E



CLS	and	nuclear	charge	radii
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in mean-square charge radii �hr2i are extracted according to

�⌫A,A

0
= M

A0 � A

A · A0 + F �hr2iA,A

0
, (1)

where M and F are mass and field shift factor, respectively. For 26g,26mAl, collinear
laser spectroscopy allows the direct measurements of the isomer shift since the hyperfine
structure centroids for both the ground state and the isomer can be determined in a single
hyperfine spectrum. The advantage of this direct determination was clearly demonstrated
for 38K [1] where a previous indirect determination of the isomer shift by the combination
of two data sets, led to large error bars and as a consequence, to the wrong conclusion on
the relative size of the ground state and isomer.
Due to a lack of suitable transitions in Al ions, spectroscopy is performed on atoms which
are formed when Al ions delivered by ISOLDE are neutralized in COLLAPS’ charge
exchange cell which is filled with Na vapour. Based upon our previous work (IS457) on
Ga atoms, which have very similar structure and transitions, we expect that the two states
of the 2P o doublet are populated roughly equally in the charge exchange. Several strong
transitions can be considered (compare also with Fig. 4a). We exclude the transitions
to the 2D doublet at 308 nm and 309 nm, respectively, since the two 2D states are
very close in energy (�E ⇡ 0.2 meV) resulting in mixing of the two transitions [27].
This could lead to anomalies in the optical isotope shifts in analogy to what has been
observed in Sm isotopes [28]. Such complications are naturally avoided in the transitions
to the 2S1/2 singlet at 396 nm and 394 nm, respectively. Due to the finite probability
density of the s-electron at the nuclear site, these transitions are also more sensitive to
the nuclear charge radius. The 2P o

3/2 ! 2S1/2 transition with an Einstein coe�cient

of A = 1.0 · 108/s is stronger than 2P o

1/2 ! 2S1/2 (A = 5.1 · 107/s). Moreover, it is
also sensitive to the quadrupole moments of the investigated Al isotopes (not known for
24,29,30Al) and is hence the preferred transition. Laser light at this wavelength can be
produced by frequency doubling 792 nm provided by a Ti:Sa laser.
As mentioned before, the transition dependent mass and field shift M and F are required
to extract the changes in the mean-square charge radii �hr2iA,A

0
from the measured isotope

shift. Corresponding atomic-physics calculations of M and F for the 2P o

3/2 !2 S1/2

transition are currently underway [29]. Finally, the charge radii of the studied Al isotopes
can be determined by comparing �hr2iA,A

0
to the root-mean-square charge radius of 27Al

[15], which is known from muonic-atom and electron-scattering measurements.

3 Beam time request

Following our science motivation, we request ISOLDE beams of 24�33Al (see Tab. 1).
27Al will serve as the reference throughout the entire measurement. Two shifts of stable
27Al beam are requested for setup and confirmation of the spectroscopic scheme prior to
the measurements of radioactive nuclides. Operation and use of HRS and the cooler and
buncher ISCOOL will be required from the beginning. Moreover, RILIS will be essential
to increase the yields of the Al isotopes.
To date, all yields for Al isotopes (see Fig. 4b) listed in the ISOLDE yield database as well

7

mass	and	field	shig	factors	

isotope	shi\
difference	in	ms	
charge	radii

Experimental results.—The isotope shifts with respect to
124Sn are related to changes in the mean-square charge radii
δhr2i124;A by

δν124;Ai ¼ mA −m124

mAm124

Mi þ Fiδhr2i124;A; ð1Þ

with the field-shift factor F and the mass shift factor M of
the respective transition i ¼ SP, PP and the atomic masses
mA. Spectra in the SP transition were fitted using Voigt
profiles with the Lorentzian width fixed to the natural
linewidth, with the exception of 134Sn for which it was a
free parameter. The FWHM obtained from fitting is below
100 MHz for all isotopes. Resonances in the PP transition
had larger width (∼200 MHz) and were fitted with a free
Lorentzian width. Typical hints of asymmetric profiles due
to the charge exchange processes [3,48] were not observed.
The spectra of 128;130Sn are afflicted with an underlying
partially resolved structure of an isomer. The additional
uncertainty caused by insufficient knowledge of the sign of
the hyperfine B factor has been estimated by fitting with
both possibilities and adding the shift of about 3 MHz to the
statistical error. Further details on the fitting routine,
especially on combined fitting of the isomers in the two
transitions, will be reported in a forthcoming publication.
The largest systematic uncertainty on the isotope shift

arises from the relative voltage uncertainties ΔUacc=Uacc ≈
ΔUoffset=Uoffset ≈ 1.5 × 10−4 of the starting potential Uacc
at ISCOOL and the Doppler tuning voltage Uoffset at the
charge exchange cell. Our isotope shifts for 112−124Sn in the
SP transition are in excellent agreement, i.e., better than
statistically expected, with those reported in Ref. [37].

For the PP transition, we agree statistically sound with
values in Ref. [36], but we have a considerable discrepancy
on the order of 70 MHz (≈5σ) for 130;132Sn with Ref. [39].
The commonly used King-plot analysis (see, e.g.,

Ref. [49]) was performed for both transitions to determine
the atomic factors M and F. Therefore, we used muonic
data as well as V factors from electron elastic scattering
provided in Ref. [27] and our isotope shifts of the stable
isotopes. A detailed description of the procedure for the
determination of δhr2i can be found in Ref. [28], where a
similar analysis was performed. Here, we obtained field-
shift factors of FSP ¼ 2.42ð48Þ GHz=fm2 and FPP ¼
2.74ð57Þ GHz=fm2 for the SP and PP transition, respec-
tively. The corresponding mass-shift factors are MSP ¼
−494ð402Þ GHz u and MPP ¼ −455ð479Þ GHz u. The
ratio of the field-shift factors is in excellent agreement with
the slope of aKing plot between the two transitions, inwhich
data from the even isotopes 112−134Sn are used. Moreover,
both field-shift factors are in reasonable agreement (within
1σ) with literature values FSP ¼ 2.24ð27Þ GHz=fm2 [37],
FPP ¼ 2.39ð27Þ GHz=fm2 [37], FPP¼2.18ð17ÞGHz=fm2

[27], and FPP ¼ 3.3ð3Þ GHz=fm2 [36], which were
either based on a Dirac-Fock calculation in the Snþ

6s 2S1=2 → 6p 2P3=2 (λ ¼ 645.6 nm) transition, projected
onto the respective transitions in neutral Sn with a King-
plot procedure [37], by the analysis of the hyperfine splitting
in the 645.6 nm line in Snþ [36], or by a similar King-plot
procedure as performed here [27].
Changes in hr2i were determined from both transitions

and are in good agrement with each other as well as with

TABLE I. Isotope shifts δν124;A and changes in mean-square
nuclear charge radii δhr2i124;A for even isotopes with mass
number A in the 5p2 1S0 → 5p6s 1P1 (SP) and the 5p2 3P0 →
5p6s 3P1 (PP) transitions. The numbers in parentheses for δν124;A

show statistical and systematic uncertainties. Total uncertainties
are listed for δhr2i124;A, arising primarily from the field-shift-
factor uncertainty, since the voltage-induced systematic uncer-
tainty of the isotope shift largely cancels in the King-plot
procedure [47].

A δν124;ASP (MHz) δν124;APP (MHz) δhr2i124;A (fm2)

108 −2416.3 (94)(98) −1.081 (18)
110 −2014.9 (75)(84) −0.907 (11)
112 −1383.3 (22)(84) −1652.1 (56)(71) −0.747 (7)
114 −1115.3 (19)(69) −1335.6 (62)(58) −0.605 (5)
116 −841.8 (14)(55) −1007.6 (79)(45) −0.461 (4)
118 −585.6 (19)(40) −695.0 (67)(33) −0.324 (5)
120 −360.5 (13)(27) −448.6 (80)(22) −0.206 (5)
122 −167.3 (16)(13) −206.3 (75)(10) −0.097 (3)
126 147.2 (13)(13) 189.4 (47)(12) 0.089 (4)
128 273.2 (53)(26) 338.9 (49)(21) 0.165 (10)
130 395.9 (65)(37) 486.6 (38)(31) 0.240 (15)
132 497.7 (11)(50) 624.0 (32)(42) 0.307 (21)
134 981.0 (36)(62) 1196.5 (74)(51) 0.533 (10)
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FIG. 1. Optical spectra of even neutron-rich Sn isotopes for the
determination of the isotope shift in the 5p2 1S0 → 5p6s 1P1 (SP)
transition. The number of photomultiplier events is plotted as a
function of the Doppler-tuned frequency relative to the resonance
center of 124Sn. The red line represents the fitted Voigt profile. For
128;130Sn, the contribution of an isomer (dashed, blue line) and the
I ¼ 0 ground state (dotted, olive line) are plotted individually,
with a significantly smaller isomer-to-ground-state ratio in 128Sn.

PHYSICAL REVIEW LETTERS 122, 192502 (2019)

192502-3

G.	Gorges	et	al.,		PRL	122,	192502	(2019)

• king-plot	analysis	of	stable	isotopes	
• atomic	theory



CLS	of	exo;c	Ni	isotopes

24S. Kaufmann 4

results 2016 beam time

Cu-radii: M.L. Bissel et al., PRC 93, 064318 (2016)
Zn-radii: L. Xie et al, to be published

M.	L.	Bissell	et	al.,	PRC	93,	064318	(2016)

L.	Xie	et	al.,	PLB	797,	134805	(2019)

SME	et	al.,	Phys.	Rev.	LeT.	128,	022502	(2022)

[1–7] as well as in the development of nuclear forces based
on chiral effective field theory (EFT), rooted in symmetries
of QCD and based on pion exchanges and short-ranged
interactions [8–10]. A significant theoretical effort has been
dedicated to the description of electromagnetic properties
such as nuclear charge radii Rc. Since charge radii can be
measured with high accuracy, they serve as robust bench-
marks for nuclear theory. Presently, the region of medium-
to heavy-mass nuclei constitutes the testing ground for
developing the coherent theoretical nuclear framework. An
important element of this endeavor is to connect ab initio
models to nuclear density functional theory (DFT). In
addition to ab initio calculations, well-calibrated energy
density functionals, such as the Fayans functional, are
capable of a successful description of nuclear charge
radii for multiple isotopic chains ranging from potassium
(Z ¼ 19) all the way to tin (Z ¼ 50) [11–17].
In this Letter, we report nuclear charge radii of nickel

isotopes (Ni, Z ¼ 28) which, in terms of Rc, constitutes the
last unexplored “magic" isotopic chain in this mass region.
While the charge radius of 68Ni was reported earlier [18],
we here present additionally the results for 59;63;65−67;70Ni.
The experimental data are compared with two DFT
approaches as well as three independent ab initio methods
based on chiral EFT interactions.
Experiment.—The experiment at ISOLDE/CERN has

been described previously in [18]. Details on the general
setup can be found in [19]. In brief, Ni isotopes were
produced in a uranium carbide target bombarded with
proton pulses of 1.4-GeV energy. Ions were formed by
resonant laser ionization with RILIS [20] and accelerated in
a first and a second beamtime to about 30 and 40 keV,
respectively. Different ISOLDE targets were used with
the aim to increase production and to suppress isobars, but
they behaved comparably. After mass selection in a high-
resolution mass separator, the ions were injected into the
radio-frequency quadrupole (RFQ) ion beam cooler and
buncher ISCOOL [21] where they were accumulated for
typically 10–100 ms. After extraction as a short ion bunch,
the ions were transported to the collinear laser spectroscopy
beam line COLLAPS, where the beam was superimposed
with a copropagating laser beam. Bunching reduces the
otherwise dominant background of scattered laser light
compared to a continuous beam [22]. The ion beam energy
was determined by the high-voltage applied to ISCOOL,
which was recorded by a precision high-voltage divider. In
the first beamtime, a 30-kV divider was available, while a
50-kV divider was provided by PTB Braunschweig later
on. This allowed independent voltage calibrations and the
use of a higher beam energy, favorable for laser-spectro-
scopic resolution.
Laser spectroscopy on the neutral Ni atoms was per-

formed after neutralization of the ions in a charge-exchange
cell [23,24] filled with potassium vapor. A frequency-
doubled single-mode cw titanium-sapphire laser stabilized

with a high-resolution wavemeter [25,26] was used to
excite the 3d9 4s 3D3 → 3d9 4p 3P2 transition at 352.45 nm.
The wavemeter was calibrated regularly with a stabilized
helium-neon laser. Fluorescence photons from spontaneous
emission were detected by four photomultiplier tubes. All
isotopes were measured alternating with the reference
isotope 60Ni to compensate for remaining long-term drifts
in ion velocity or laser frequency.
For the present Letter, a new data acquisition system

called “TILDA” [27] was employed for the first time at
COLLAPS. It is based on photon tagging with reference
to ISCOOL’s release trigger [28] and relaxes the need for
hard-wired gates set during a beamtime. Comparable
schemes have previously been employed at other laser
experiments with bunched ion beams [29–33]. A typical
spectrum recorded with TILDA is shown for 65Ni in
Fig. 1(a): The x axis represents the laser frequency
calculated from the scanning voltage at the charge-
exchange cell, while the y axis is the time elapsed since
the RFQ extraction pulse was recorded. The color repre-
sents the number of photons detected within a 100-ns
interval during 900 extractions from the RFQ. The time
structure of the ion bunch is shown in Fig. 1(b), where the
counts at a specified time are integrated over all frequen-
cies. Similarly, summing all counts at a fixed frequency
within the (adjustable) time interval between 53 and 57 μs
reveals the resonance spectrum of the isotope in Fig. 1(c).
According to an analysis with ISOLTRAP’s multire-

flection time-of-flight mass spectrometer [34], the beam
of the most exotic isotope 70Ni was dominated by the isobar
70Ga with a ratio of of ≈1∶104. The large amount of
isobaric ions can cause an overfilling of ISCOOL and a
corresponding shift in beam energy due to the ions’ space-
charge potential, which can degrade the accuracy of the
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FIG. 1. Frequency-time spectrum of (a) a 65Ni resonance,
(b) the temporal ion-bunch structure, and (c) the laser-
spectroscopic resonance spectrum. (d) A resonance of 70Ni.
See text for details.

PHYSICAL REVIEW LETTERS 128, 022502 (2022)

022502-2

Most	exoLc,	studied	Ni	isotope:	70Ni	
• T1/2=	6	sec.	
• typical	ISOLDE	yield	104	ions/sec	
• 70Ni	:	70Ga	=	1	:	104
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Standard	Model
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S.	Malbrunot-Ejenauer:	TRIUMF	2020

The Hubble Space Telescope

where is all the antimatter? 

Macrocosmos Microcosmos

|ma_er|=|an;ma_er|

ingredient to resolve universe’s matter-antimatter asymmetry:
Sakharov, 1967

C P  
violation

only	ma_er
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• local	separaLon	of	the	electric	charge	along	a	parLcle’s	spin	axis	

• implies	Lme-reversal	(T)	violaLon	⇒	violaLon	of	CP	symmetry	(assuming	CPT)

ma_er-an;ma_er	asymmetry	in	the	universe

Best of all worlds → Radioactive molecules containing heavy and octupole deformed nuclei

Precision studies in atoms and molecules
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Miniball: Coulomb excitation

• Coulomb excitation 
o Inelastic scattering of nuclei with electromagnetic 

force only 
o Nuclei never collide 

• Observables 
o Gamma-decay energies 
o Probability to excite to final state

accelerated 
nucleus

target 
nucleus
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Miniball: Coulomb excitation

• Miniball set-up 
o Si detectors for particle identification 
o Ge detectors for efficient γ-ray detection  

▪ Compact and high-solid angle coverage 
▪ Segmented: position sensitive

Joonas.konki@cern.ch

Detect scattered 
beam particle 
velocity and 
direction 
! Doppler 
correction

4.0 MeV/A (~ 5 hours)
2.8 MeV/A (~ 16 hours)

74Zn

! HIE-ISOLDE advantage
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Coulomb excitation

• Information 
• Level scheme 
• Nuclear shape of excited states

Prolate 
e.g. watermelon

Oblate 
e.g. pumpkin

Observation of vibrating pear-shapes 
in radon nuclei 
P.A. Butler et al., Nature Comm. 10 
(2019) 2473



Summary

Laser  
spectroscopy

Beta-
detected 

NMR

Ion traps

Decay  
spectroscopy

Coulomb 
excitation

Nucleon-
transfer 

reactions

half-
life

mass

e-m 
moments

Transition 
probability

radius

Spin, 
parity

decay 
pattern



4. Research with radioactive isotopes
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Emission channeling
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• Information on: 
o Probe atom lattice site location as 

function of implantation/annealing 
temperature 

o Diffusion of probe atom 
o Annealing of implantation defects 
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Materials research with RIBs

     

• Use radioactive ion as probe to characterise different materials 
• Solid state physics  
• Biophysics 

• Advantages from radionuclides 
o Wide variety of isotopes with different half-lives and decay properties 
o High detection efficiency for radiation 
o Low quantities need to be implanted (no interference with host)

More info: J. Phys. G: Nucl. Part. Phys. 44 (2017) 104001



Beta-NMR at ISOLDE
Metal ions in living organisms (Na, Mg, 
Cu, Zn …) 
➢ Right concentration crucial for correct 

functioning of cells 
➢ Very important but not very abundant 
➢ Difficult to study with techniques on stable 

isotopes (e.g. NMR) 

beta-NMR 
➢ Asymmetry in beta decay in space (due 

to parity non-conservation by weak 
interaction) 

➢ Up to 1010 more sensitive than 
conventional NMR 

➢ Structure and dynamic of the interaction 
of metal ions with biomolecules 

B = 0.5 T 
Meas. time 5min

26Na (t1/2=1.1 s)

1st Na beta-NMR signal in a liquid

http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/
http://www.levkingroup.com/


Beta-NMR at ISOLDE

36

T = 0.5 T 
Meas. time, ca 5min 
T1 = ca 150 ms

Asymmetry relaxation of 
26Na in folded in DNA

M. Kowalska et al., J. Phys. G: Nucl. Part. Phys. 44 (2017) 084005 
W. Gins et al., Nucl. Instr. and Meth. A (2019)

Magdalena.kowalska@cern.ch



Summary

• ISOLDE is the world’s first ISOL-type facility and is still a reference for 
radioactive ion beam production over 50 years later 

• The upgrade of HIE-ISOLDE provides high-energy beams of up to 10 MeV/u 

• ISOLDE is host to a dozen permanent experiments (and many travelling 
setups) studying: 
o Nuclear physics 
o Nuclear astrophysics 
o Solid state physics 
o Bio-physics 
o Fundamental physics 

• The new facility MEDICIS produces radioactive isotopes dedicated to medical 
applications



Questions?

ISOLDE workshop and users meeting 2018


