
Laser	

Electrosta,c	Mirror	 Electrosta,c	Mirror	

Photomul,plier		
Tube	(PMT)	and	
lens	system*	

*	Not	to	scale	

Ion	bunch	reflects	
back	and	forth	in	MR-ToF	

Novel	methods		
to	link	RIB	and	AMO	techniques		
for	future	BSM	physics	studies

Stephan	Malbrunot-EAenauer

CERN	research	physicist	



Searches	for	BSM	physics

2
S.	Malbrunot-E:enauer:	DND	2020

Atoms

Parity and Time-reversal Viola	on

}  2μB + e
EDM

E
eZ

  E
eff

EDM	searchesnew	forces	and	
exoEc	interacEons	

anEmaAer	
• CPT

Atomic Parity Violation: Basic Processes

e- e-

N N

γ

e- e-

N N

Z0

e- e-

N N

γ

W±,Z0 exchange 
in nucleus

Standard 
Electromagnetic 

Interaction

(parity conserving)

Z0 exchange

Electron-Nucleon PNC

(nuclear spin-independent)

Intra-nuclear PNC

Anapole moment

(nuclear spin-dependent) • neutrino	physics	

• 𝛽-decays	&	BSM	
tests

nuclear	masses	

Lorentz	
invariance	

precision	tests	of	QED

dark	maAer	
searches

atomic	parity	violaEon	

• gravity

in		

AMO		
studies

M.	S.	Safronova	et	al.,	Rev.	Mod.	Phys.	90,	025008	(2018)

variaEon	of	
fundamental	
constants



Searches	for	BSM	physics

2
S.	Malbrunot-E:enauer:	DND	2020

Atoms

Parity and Time-reversal Viola	on

}  2μB + e
EDM

E
eZ

  E
eff

EDM	searchesnew	forces	and	
exoEc	interacEons	

anEmaAer	
• CPT

Atomic Parity Violation: Basic Processes

e- e-

N N

γ

e- e-

N N

Z0

e- e-

N N

γ

W±,Z0 exchange 
in nucleus

Standard 
Electromagnetic 

Interaction

(parity conserving)

Z0 exchange

Electron-Nucleon PNC

(nuclear spin-independent)

Intra-nuclear PNC

Anapole moment

(nuclear spin-dependent) • neutrino	physics	

• 𝛽-decays	&	BSM	
tests

nuclear	masses	

Lorentz	
invariance	

precision	tests	of	QED

dark	maAer	
searches

atomic	parity	violaEon	

• gravity

in		

AMO		
studies

M.	S.	Safronova	et	al.,	Rev.	Mod.	Phys.	90,	025008	(2018)

uElising		
radioacEve	
nuclides

variaEon	of	
fundamental	
constants



RadioacEve	molecules	&	EDMs

3S.	Malbrunot-E:enauer:	DND	2020

Opportuni	es for New Physics searches with 

exo	c atoms and molecules

Ronald Fernando Garcia Ruiz

CERN/MIT

New Physics on the Low-Energy Precision 
Fron	er

CERN, Geneva 2020
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• in-trap	decay

AME03 

atom traps
• in-trap	decay	
• laser	spectroscopy	
• APV		
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atom traps
• in-trap	decay	
• laser	spectroscopy	
• APV		

short	half-lives low		intensity purity
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T1/2	<	10	ms	
(∆m/m=6·10-8)

M. Smith et al., PRL 
101, 202501 (2008)

M. Block et al., Nature 463, 785 (2010) 
E. Minaya Ramirez et al.,  Science 337, 
1207(2012)

masses:	0.5	ions	/	h

Challenges

temperature

buffer	gas	cooling	
selected	cases	of	
laser	cooling

R=m/∆m>5·106	

limited	ion	capacity

S. Eliseev et al., PRL 110, 
082501 (2013)
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Collinear laser spectroscopy 
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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

Gatchina

�⌫ / �Ep
E

K.	Blaum,	et	al.,	Phys.	Scr.	T152,	014017	(2013)  
P.	Campbell	et	al.,	Prog.	Part.	and	Nucl.	Phys.	86,	127-180	(2016)	  
R.	Neugart	et	al.,	J.	Phys.	G:	Nucl.	Part.	Phys.	44,	064002	(2017)	

SensiGvity	limit	
• 103-105/s	for	atoms/ions	
• much	lower	for	molecules	
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Fast	beams	(≥30	keV) 
minimises	Doppler-
broadening	

Bunched	beams:  
reduce	background	
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CGS15, Dresden 2014
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Experimental technique
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PRL	88,	094801	(2002)	

T1/2	of	accessible	radionuclides:	
5	ms	to	seconds

effecEve	use	for	CLS	
100s	of	ns	to	a	few	μs
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the	MulE	Ion	ReflecEon	Apparatus	for	
Collinear	Laser	Spectroscopy
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trap	⇒	long	observaGon	Gme	⇒	higher	sensiGvity

MR-ToF	devices

F. Wienholtz et al., 
Nature 498, 346 (2013)

• ion	trap	⇒	long	observaGon	Gme	

• 30	keV	beam	⇒	high	resoluGon	

novel	approach	for	collinear		
laser	spectroscopy:
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• modified	exisGng	MR-ToF	(low	beam	energy)	
• adapted	for	purpose	of	CLS
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1. Motivation
�Collinear laser spectroscopy (CLS) 

is a powerful tool to access 
nuclear ground state properties [1] : 

V. Lagaki 1,2

L. Bartels 3

P. Fischer2

H. Heylen 1

S. Lechner 1,4

F. Maier 1

W. Nörtershäuser 5

P. Plattner 1,6

M. Rosenbusch 2

S. Sels 1

L. Schweikhard 2

F. Wienholtz 1,2

S. Malbrunot-
Ettenauer 1

3. Discussion of First Results

2. Proof–of-Principle (PoP) Setup

4. Conclusions

� This device is operated with a few keV beam energy → low resolution for CLS 

� In progress: design and construction of a 30 keV MR-ToF device for high 

resolution CLS

9 nuclear spin I
9 magnetic dipole moment μ
9 electric quadrupole moment Q
9 isotope shift & nuclear charge radius

But…
� requires fast beams (> 30 keV) for 

minimizing the Doppler broadening → 
short observation time of  a few μs 

� is limited to radioactive ion beams with 
yields > 100 to 10,000 ions/s

Novel approach 
for CLS                            

Basic idea: Trap 30 keV ions 
in a multi reflection time-of-
flight (MR-ToF) device

�Most exotic nuclides 
demand more sensitive 
experimental methods
(e.g. CRIS [2], ROC [3])  

h
longer 

observation 
time

h hhigh 
sensitivity

high 
resolution 

of CLS

MR-ToF serves 
also as mass 

separator More exotic
nuclides accessible

�Offers higher sensitivity for CLS

�Uses rare isotopes more efficiently by employing an MR-ToF device

� Is a novel tool to access exotic nuclides currently out of reach with CLS with 

improvements in sensitivity by a factor 20-600

�Offers new opportunities for a high ion flux MR-ToF mass separator 

→beneficial for the entire ISOLDE community

� First CLS measurements were successfully carried out in a proof of principle 

experiment with up to 150 revolutions inside the MR-ToF device

�Closed 2-level systems → Decays back into initial 
state after excitation 

� 280 nm laser light is produced by frequency 
doubling the output of a cw dye laser (Rd 560) 

First Mg ions in the PoP setup
� Identification of Mg ions stored in 

the MR-ToF device
� For CLS operation, typically a few 

1000 ions per ion shot are stored for 
up to 150 revolutions inside the 
MR-ToF device

:

2S1/2

2P3/2

2P1/2

Mg

No trapping

25Mg+

24Mg+

26Mg+

Hyperfine 
splitting 

(100 MHz)

Excited state

Ground state

Laser photon
(eV – 108 MHz)

Detect 
fluorescence 

photons

Experimental details of PoP setup

Collimator

¾ Modified existing MR-ToF device from the University of 
Greifswald operated at a beam energy of 1.3 keV [4]

¾ Adapted for the purpose of CLS:
9 Mg ion source (modified from  [5])

9 Access for 280 nm laser beam

9 Optical detection region (based on COLLAPS 

design [6]) to count fluorescence photons 

¾ Demonstrate functionality of the novel technique

¾ Investigate spectroscopic line shape & benchmark simulations 

of future 30 keV device

Off 
resonance

On 
resonance

150 revolutions

150 revolutions

Optimization of ion injection and MR-ToF
settings → improved lineshape

Color photon counts

Color photon counts

¾ Ion trajectories inside the MR-ToF device influence the CLS lineshape
and width 

Co
un
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Laser frequency [a.u.]

Injection in 
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device

Ejection from 
MR-ToF

device

~ 2.3 GHz

~ 1.3 GHz

І
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ІІІ
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� ToF spectra for ions stored for up to 9 revolutions inside the MR-ToF device

�HFS spectra obtained for up to 150 revolutions   
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[5] T. Murböck et al., Rev. Sci. Instr. 87, 043302 (2016)
[6] K. Kreim et al., PLB 731, 97 (2014) 

of conventional CLS by addressing this mismatch between nuclear
lifetime and observation time. By reflecting the ion bunches back and
forth between the two electrostatic mirrors of a Multi-Reflection Time-
of-Flight (MR-ToF) device [7–16], they can be probed by the laser beam
during each revolution. At today’s radioactive ion beam facilities, MR-
ToF devices are mostly used for mass spectrometry or mass separation.
By confining ion bunches for several thousand revolutions, their time-
of-flight (ToF) is increased and even ion species with minute mass
differences separate over time. MR-ToF devices reach mass-resolving
powers =R m

m of several hundred thousands in less than 30ms
[17–19].

To date, MR-ToF devices usually work at ion energies of 1–2 keV
[17,20,19,10]. However, in order to preserve the high spectroscopic
resolution of conventional CLS, the final MIRALCS setup will operate at
typical CLS-energies of E 30 keV. This allows one to approach the
natural line widths, as the Doppler line-width of the atomic transition f
scales with the ion-beam energy as E/f E , where E represents the
ions’ energy spread [21]. In the current, first stage of the project, a
proof-of-principle (PoP) setup has been assembled by adapting a low-
energy MR-ToF device [22–24] for preliminary CLS tests. This PoP
setup will be utilized to experimentally demonstrate the MIRACLS
concept, further develop the technique, and benchmark simulations
[25] that are employed to design the future 30-keV apparatus.

2. Proof-of-principle setup

A schematic of the offline PoP setup is shown in Fig. 1. An electron-
impact ion source (adapted from [26]), floated to 250 V, provides a
continuous ion beam of stable magnesium. The beam is focused into a
helium-filled radio-frequency quadrupole (RFQ) cooler-buncher, where
the ions are cooled and accumulated. After being released from the
RFQ, the ion bunch is accelerated by a crown-shaped acceleration
electrode and pulsed drift tube (PDT) to an energy of 2 keV, before it
is deflected onto the MR-ToF axis by a 90° quadrupole bender. The ions
enter the MR-ToF apparatus, where they are decelerated to 1.3 keV
and captured using the in-trap-lift technique [27,28]. During the time
the ion bunches are trapped, they perform multiple revolutions between
the two electrostatic mirrors of the MR-ToF device. Each mirror consists
of 4 cylindrical electrodes to which electric potentials are applied.
These are optimized with respect to ion trapping and focusing, while
keeping the central drift region of the instrument free of fringe fields
[25]. This central drift section is fully surrounded by a mesh electrode
that defines the electrical potential. This mesh electrode has a locally-
adjusted wire-spacing which provides an enhanced photon transpar-
ency near the ODR. As part of the ODR, an optical lens system [29] and
a photomultiplier tube are mounted above the mesh electrode to detect
fluorescence photons of laser-excited Mg+ ions. The in-trap lift

mechanism is also used to eject the ion bunches from the MR-ToF de-
vice [27,30]. The extracted bunches pass a second 90° quadrupole
bender and can be recorded on a multi-channel plate detector (MCP) for
monitoring and beam-tuning purposes.

The laser beam for photoexcitation enters the setup through a
quartz, Brewster-angled window and is overlapped with the axis of the
MR-ToF device. When the laser frequency is in resonance with a
Doppler-shifted optical transition of the 1.3-keV ion bunch fluorescence
photons are detected in the PMT. By scanning the laser frequency and
monitoring the photon signal, the hyperfine-structure resonances of the
trapped ions can be recorded. The improvement with respect to con-
ventional CLS is obvious, as the ion bunches pass the ODR during every
revolution in the MR-ToF device, thereby increasing the photon counts
and thus the statistical significance of the data with every additional
passing.

Stable magnesium ions will be used as an ideal test-case, since the
even-even isotopes, 24,26Mg, have no hyperfine splitting of the fine-
structure levels due to their =I 0 nuclear spin and the D1 and D2
transitions at about 280 nm both form a closed, two-level system. This
avoids that, after several revolutions in the MR-ToF device, the popu-
lation is optically pumped towards a hyperfine level or another fine-
structure state which is not probed by the laser and which would
therefore result in a decrease in photosignal. Repopulation techniques
for more complicated ionic systems will be developed at a later stage of
the project.

One of the major advances in CLS on radioactive ions was the in-
troduction of bunched beams to increase the signal-to-noise ratio
[31,32]. The reduction is due to the possibility of gating the data ac-
quisition only on the time when the ion bunch passes the ODR. Besides
bunching of the ion beam, several other measures are taken in order to
further reduce the influence of background in MIRACLS’ PoP setup,
which, due to its history, was not designed to minimize sources of laser
scattering as otherwise imperative for efficient CLS. Hence, a Brewster
window and set of three apertures are mounted on either side of the
setup as optical ports (see Fig. 1). Together with a stray-light shield
painted in photon-absorbing black paint, placed around the ODR, these
modifications reduce the laser-induced background by more than an
order of magnitude, without noticeably affecting the quality of the
vacuum. Indeed, a high vacuum better than 10 7mbar is preferential to
reduce the amount of stray-light scattering centers and collisional-in-
duced excitation. Moreover, collisions with residual gas particles has
been identified as a major reason for ion losses in the setup. The latter
motivates a series of UHV upgrades foreseen for the near future, in
particular the better separation of the vacuum section of the MR-ToF
device from the buffer-gas filled cooler-buncher.

3. Laser setup

The laser beam at 280 nm, used to resonantly excite the D2-like
S P(3 3 )2 1/2 2 3/2 transition in magnesium ions, is generated using the

setup shown in Fig. 2. A Spectra Physics 20-W Millennia eV laser,
produces the 532-nm laser light used to pump a Sirah MATISSE laser
operated with Rhodamine 560 dye dissolved in ethylene glycol. The
560-nm output light is coupled into a high-power, large-mode-area
optical fiber (LMA-15 single-mode 15 µm core fiber). Prior to the fiber
coupling, a combination of a /2-plate and a polarizing beam splitter
allows for a variable laser-beam intensity during the optimization of the
fiber coupling. An optical isolator removes undesirable effects on the
dye-laser locking caused by back reflections from the fiber coupler.

The approximately 25-m long optical fiber transports the laser light
from the laser laboratory to the MR-ToF lab with a typical efficiency of
50–70%. The laser light leaving an optical fiber is usually randomly
polarized. As unwanted circular polarization would lead to losses (at a
second polarizing beam splitter cube further downstream) a quarter
wave plate is installed behind the fiber to remove any undesired portion
of the polarization. Then, the second-harmonic at 280 nm is generatedFig. 1. Schematic of the MIRACLS proof-of-principle setup. See text for details.

S. Sels, et al.
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1:106 effect. These isotope shifts, while small, were extracted from 
the data and were used to determine the changes in the mean-
squared charge radius (see Methods for more details).

Using this sequence of techniques, we could extend our knowl-
edge of the charge radii of the copper isotopes by another three neu-
tron numbers, up to 78Cu (N = 49). Our new data thus represent 
an important step towards understanding the nuclear sizes in close 
proximity to the very neutron-rich doubly magic system of 78Ni (ref. 
11). The high efficiency and selectivity of the CRIS technique allows 
the observation of signals with detection rates of less than 0.05 ions 
s–1 on resonance (Fig. 1). Thanks to the ultra-low background rates 
inherent to the method, these detection rates were sufficient for a 
successful measurement of the charge radius of 78Cu in less than one 
day, while other isotopes typically only require a few hours of beam 
time. The signal-to-background ratio obtained is similar to those 
achieved in the state-of-the-art in-source measurements12, but with 
much narrower linewidths of <100 MHz, typical for conventional 
fast-beam collinear laser spectroscopy techniques, thus demonstrat-
ing a best-of-both-worlds performance.

The changes in the mean-squared charge radii extracted from 
the hyperfine structure spectra are plotted in the bottom panel of 
Fig. 1 (white dots), complemented by literature values for 58−62,67Cu 
(ref. 9) (white diamonds). The radii of the isomeric states are shown 
with black markers. The shaded area shows the uncertainty due to 

the atomic parameters (see Methods for more details). While these 
atomic uncertainties influence the slope of the charge radii curve, 
smaller-scale effects such as the odd–even staggering (OES) of the 
charge radii are largely unaffected. Values of the three-point OES 
parameter of the radii Δð3Þ

r
I

, defined as

Δð3Þ
r ¼ 1

2
rAþ1 % 2rA þ rA%1ð Þ; ð1Þ
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Fig. 1 | Overview of the experimental results. Top: ion rate obtained during 
the laser scan of 78Cu as a function of resonant laser frequency relative to 
the hyperfine structure centroid. Error bars show the statistical uncertainty 
(one standard deviation). The solid line shows the best-fitting set of Voigt 
profiles centred at the resonance locations (see Methods). Bottom: values 
of δ r2

! "

I
 for 63−66,68−78Cu (relative to 65Cu) from this work as a function of 

neutron number N, alongside the literature values for 58−62,67Cu (ref. 9). 
The inset shows the OES of the radii defined by equation (1). Error bars 
are statistical (one standard deviation). In the main plot, these errors are 
too small to be seen except for 78Cu. The blue shaded area represents the 
systematic uncertainty due to the atomic parameters.

Fig. 2 | Comparison of selected experimental data ( r2
! "

I
, E/A and δ r2

! "

I
)  

and nuclear theory predictions. a–c, The data are plotted as a function 
of neutron number N (bottom axis) and mass number A (top axis). 
Experimental values are shown with white circles (error bars representing 
statistical uncertainties are too small to be visible). For the DFT 
calculations, green squares are used for the Fy(std) functional and blue 
diamonds for the Fy(Δr) functional, while the VS-IMSRG calculations are 
displayed using red squares for the PWA interaction and orange diamonds 
for the EM1.8/2.0 interaction. Panel a compares to experimental squared 
charge radii, b to binding energies28,29 per nucleon and c to differential 
squared charge radii. For clarity, only Fy(Δr) and EM1.8/2.0 results are 
shown in b and c.
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FIG. 2. Measured vibronic spectra for 226RaF. Wavenumbers in the spectra are in the rest frame of the molecule. The counts
on the particle detector were measured as a function of the laser wavenumber of the resonant step. A fixed wavelength (355 nm)
was used for the ionisation step. Panel a) shows the observed peaks corresponding to the vibronic spectra of the �v=0 band
system of v00=0, 1, ..4, scanned by the grating Ti:Sapphire laser. The pulsed dye laser was used to scan electronic transitions
in di↵erent wavelength ranges: b) the �v=+1 band system of the A 2⇧1/2  X 2⌃+ transition with v00=0, 1, ..4, and c) the
(v0, v00) = (0,1) and (1,2) band. The corresponding transitions to other electronic states are shown in panels: d) A 2⇧3/2  
X 2⌃+, e) B 2�3/2  X 2⌃+ (tentatively assigned), and f) C 2⌃+  X 2⌃+. The shape of the spectra is due to population
distribution of di↵erent rotational states. The solid lines show the fit with skewed Voigt profiles. Three essential properties
for laser cooling of RaF molecules were identified: i) the short lifetime of the excited states 2⇧1/2 (T1/2 < 50 ns) will allow for
the application of strong optical forces, ii) dominant diagonal transitions, (�v=0)/(�v=±1) > 0.97, indicate a large diagonal
Franck-Condon factor, and iii) the expected low-lying electronic states B 2�3/2, A

2⇧3/2, and C ⌃+ were found to be above the
A 2⇧1/2 states, which will allow e�cient optical cooling cycles to be applied.

tem. Three essential properties for the laser cooling of
RaF molecules were identified: i) the short lifetime of
the excited states A 2⇧

1/2 (T
1/2 < 50 ns) will allow for

the application of strong optical forces, ii) dominant di-
agonal transitions, indicating a large diagonal Franck-
Condon factor, and iii) the expected low-lying electronic
states B 2�

3/2, A 2⇧
3/2, and C 2⌃+ states were found

to be above the A 2⇧
1/2 states, which will allow e�cient

optical cooling cycles to be applied.
The ability to produce, mass-select, and spectroscop-

ically study radioactive molecules is expected to pro-
foundly impact several fields of research. For example,
astronomical observations have recently suggested the
presence of the long-lived radioactive molecule 26AlF,
based on theoretical predictions of its molecular structure
[29]. Our experimental method will enable spectroscopy
studies of this radioactive molecule. These studies can be
extended to other radioactive compounds of astrophysi-
cal interest (e.g. 14CO).
The new experimental technique can also be employed
for the laser spectroscopy of a wide variety of neutral
molecules and molecular ions, including those with very
short-lived isotopes ( 1 day). Radioactive molecules

can be specifically tailored to enhance the sensitivity to
parity- and time-reversal-violating e↵ects by introducing
heavy and deformed nuclei. Moreover, by systematically
replacing their constituent nuclei with di↵erent isotopes
of the same element, both nuclear-spin-independent and
nuclear-spin-dependent e↵ects can be comprehensively
studied. Thus, electroweak interactions and the influ-
ences from possible P,T-odd nuclear moments can be
investigated as a function of the nuclear spin quantum
number, I, of their constituent isotopes. In the case of
RaF molecules, for example, Ra isotopes with a variety
of nuclear spins are available, such as the I = 0 nuclei
224Ra, 226Ra, 228Ra, the I = 1/2 nuclei 213Ra, 225Ra,
the I = 3/2 nuclei 223Ra, 227Ra, and the I = 5/2 nuclei
229Ra. Future high-precision measurements will allow for
the study of nuclear structure e↵ects, as well as still un-
explored subatomic properties such as the P-odd T-even
nuclear anapole moments, the P,T-odd nuclear Schi↵mo-
ment and magnetic quadrupole moments.
Currently, most of our knowledge of nuclear ground-state
electromagnetic properties of unstable nuclei has been
obtained from the study of radioactive atoms [30–32],
but very little is known about the nuclear weak struc-

R.	F.	Garcia	Ruiz	et	al.,	Nature	581,	396	(2020)
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was used for the ionisation step. Panel a) shows the observed peaks corresponding to the vibronic spectra of the �v=0 band
system of v00=0, 1, ..4, scanned by the grating Ti:Sapphire laser. The pulsed dye laser was used to scan electronic transitions
in di↵erent wavelength ranges: b) the �v=+1 band system of the A 2⇧1/2  X 2⌃+ transition with v00=0, 1, ..4, and c) the
(v0, v00) = (0,1) and (1,2) band. The corresponding transitions to other electronic states are shown in panels: d) A 2⇧3/2  
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• operaGon	at	4	K	
• cooling	of	ions	and	molecules	
• emi:ance	improvement	

• axial	and	radial	laser	access

4 Simulations 20

4.4 Extraction

The resulting ion distribution after re-acceleration out of the Paul trap is a key as-
pect for MIRACLS. Hence, it is important to know which parameters (e.g. extraction
electrodes, extraction mode, gas density) have which e↵ect on the emittance. This
section starts with a quick reminder of the emittance concept (Section 4.4.1), followed
by a discussion about the extraction electrode design in Section 4.4.2 and the extrac-
tion mode in Section 4.4.3. Next comes a comparison between cryogenic and room
temperature using the best geometry and various collision models (Section 4.4.4) and
in Section 4.4.5 space-charge e↵ects are taken into account as well.

4.4.1 Emittance

As briefly mentioned in Section 1 the emittance of an ion ensemble produced in a Paul
trap scales linearly with bu↵er gas temperature. One has to di↵erentiate between the
longitudinal emittance ⇠long ⇡ �E · �T, which is a product of the energy and time
spread of a bunch at the time-focus point and the transverse emittance ⇠trans ⇡ �x ·�⇥,
which is related to the spatial- and angular distribution of a beam. Assuming a
harmonic trap potential it can be derived that [4]

⇠95%,long ⇡ 2⇡ ln(20)
kBT
!z

(4.4)

where !z is the longitudinal oscillation frequency and

⇠95%,trans ⇡ 2⇡ ln(20)
kBT

!m
p

2mE
(4.5)

where !m is the radial macro-motion frequency, m is the mass and E the energy
(after re-acceleration) of the ion. Eq. 4.4 and Eq. 4.5 refer to 95 % of the ions from
an ensemble. For Gaussian beams the 95 % emittance can be divided by 6 to get the
root-mean-square emittance (rms). At LEBIT they achieved a very good agreement
between experiment and theory [2], but these formulas are only valid if there is no
re-heating during the extraction.

Paul trap report CERN, 2019
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• Isotope Separation On-Line (ISOL) method can 
produce some RAM’s at the target, however: 

• Very difficult or impossible to control, i.e.: 

• temperature, radiation effects, target 
materials, chemistry, vacuum conditions, 
input of reaction gases, reaction 
dynamics, extraction, yields, etc. 

• Limited or unknown knowledge of target 
conditions & effects on performance for 
RAM and radioactive ion beams (RIB). 

• Issues of target degradation, failure or 
effects on beam delivery. 

• Complex isobaric interferences. 

• Extreme conditions = difficult or impossible 
to produce a full-range of molecules, 
especially delicate or large molecules. 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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 E+ emitter 152Tb for
Positron Emission Tomography (PET) and the low-energy J-ray
emitter 155Tb for Single Photon Emission Computed Tomography
(SPECT) have excellent properties for diagnostic applications while
the ିߚ emitter 161Tb and the D-emitter 149Tb provide short-range
radiation for therapeutic applications.
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Isotope Half life

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

133Pr 6.5m
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149Dy 4.2m
149Tb 4.1h

Contaminants / 149Dy Æ almost factor 3 improved

• Foil holder, which contains gold plated zinc foils
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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 ߙ-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

ɲɴ+ (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 ȉ 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]   

ܴ = ݉/ο݉ ൎ 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 D-emitter below lead
with a half-life compatible with clinical applications. Moreover it is
the only medical D-emitter with significant E+ 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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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 E+ emitter 152Tb for
Positron Emission Tomography (PET) and the low-energy J-ray
emitter 155Tb for Single Photon Emission Computed Tomography
(SPECT) have excellent properties for diagnostic applications while
the ିߚ emitter 161Tb and the D-emitter 149Tb provide short-range
radiation for therapeutic applications.
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• 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, 
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In-vivo applications
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40% for 149Tb, 10% for 152Tb
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4. Collect the Tb fraction of 
the eluate and label with 
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Map: CERN Æ PSI: 280 km
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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
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• 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]   

ܴ = ݉/ο݉ ൎ 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 D-emitter below lead
with a half-life compatible with clinical applications. Moreover it is
the only medical D-emitter with significant E+ 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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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 E+ emitter 152Tb for
Positron Emission Tomography (PET) and the low-energy J-ray
emitter 155Tb for Single Photon Emission Computed Tomography
(SPECT) have excellent properties for diagnostic applications while
the ିߚ emitter 161Tb and the D-emitter 149Tb provide short-range
radiation for therapeutic applications.
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• MR-ToF MS utilize 2 axial symmetric ion mirrors to reflect 
ions back and forth between them and thus extending their 
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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 
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In particular 149Tb is unique, since it is the only D-emitter below lead
with a half-life compatible with clinical applications. Moreover it is
the only medical D-emitter with significant E+ 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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new	opportuniEes	for	purified	RIB	

23
S.	Malbrunot-E:enauer:	DND	2020

faster	isobaric	separaGon	in	MR-ToF	while	keeping	high	mass	resolving	power		
➡ higher	ion	flux	through	MR-ToF	device	(‘bypass’	space-charge	limits)		
➡ MIRACLS:	excellent	synergy	to	development	of	MR-ToF	with	high-ion	capacity	
➡ iniGal	goal:	a	few	pA	(ulGmate	goal:	>100	pA)
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• AMO	studies:	high-precision	searches	for	new	physics	

• RadioacEve	beams	&	RadioacEve	Molecules	

• new	developments

Summary	&	Conclusions
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➡ intriguing	new	opportuniGes	for	BSM	physics		
➡ truly	interdisciplinary		
➡ experimental	challenges:	link	RIB	and	AMO	technology

➡ laser	spectroscopy	methods	

➡ cooling	methods	
- cryogenic	Paul	trap	
- integraGon	of	cryogenic	buffer	gas	cell	in	RIB	environment	
- laser	cooling	

➡molecule	formaGon	
➡mass	separaGon	and	idenGficaGon	
➡….		



25
S.	Malbrunot-E:enauer:	DND	2020

P.	Fischer,	V.	Lagaki,	C.	Karnitz,	S.	Lechner,	F.	Maier,		
P.	PlaAner,	M.	Rosenbusch,	S.	Sels,	F.	Wienholtz,	M.	Vilen,	
R.	Wolf,	W.	Nörtershäuser,	L.	Schweikhard,	
S.	Malbrunot-	E:enauer	(Spokesperson)

Medical		
ApplicaEons		
Funds

MIRACLS	Alumni:	
H.	Heylen	(2018-2020)	F.	Hummer	(2019),	
L.	M.	Bartels	(2018),	F.	Maier	(2018),	L.	Fischer	
(2017),	F.	Stabel	(2017),	S.	Sailer	(2017)

h:ps://miracls.web.cern.ch

collaboraEon:

team	members:

Thanks	for	contribuEons	to	this	talk	to
S.	Sels,	S.	Lechner,	C.	R.J.	Charles,		R.	F.	Garcia	Ruiz	

https://miracls.web.cern.ch

